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This study provides a scientific basis for interspecies extrapola-
tion of nasal olfactory irritants from rodents to humans. By using
a series of short-term in vivo studies, in vitro studies with nasal
explants, and computer modeling, regional nasal tissue dose esti-
mates were made and comparisons of tissue doses between species
were conducted. To make these comparisons, this study assumes
that human and rodent olfactory epithelium have similar suscep-
tibility to the cytotoxic effects of organic acids based on similar
histological structure and common mode of action considerations.
Interspecies differences in susceptibility to the toxic effects of
acidic vapors are therefore assumed to be driven primarily by
differences in nasal tissue concentrations that result from regional
differences in nasal air flow patterns relative to the species-specific
distribution of olfactory epithelium in the nasal cavity. The acute,
subchronic, and in vitro studies have demonstrated that the nasal
olfactory epithelium is the most sensitive tissue to the effects of
inhalation exposure to organic acids and that the sustentacular
cells are the most sensitive cell type of this epithelium. A hybrid
computational fluid dynamics (CFD) and physiologically based
pharmacokinetic (PBPK) dosimetry model was constructed to
estimate the regional tissue dose of organic acids in the rodent and
human nasal cavity. The CFD-PBPK model simulations indicate
that the olfactory epithelium of the human nasal cavity is exposed
to two- to threefold lower tissue concentrations of a representative
inhaled organic acid vapor, acrylic acid, than the olfactory epi-
thelium of the rodent nasal cavity when the exposure conditions
are the same. The magnitude of this difference varies somewhat
with the specific exposure scenario that is simulated. The in-
creased olfactory tissue dose in rats relative to humans may be

attributed to the large rodent olfactory surface area (greater than
50% of the nasal cavity) and its highly susceptible location (par-
ticularly, a projection of olfactory epithelium extending anteriorly
in the dorsal meatus region). In contrast, human olfactory epithe-
lium occupies a much smaller surface area (less than 5% of the
nasal cavity), and it is in a much less accessible dorsal posterior
location. In addition, CFD simulations indicate that human olfac-
tory epithelium is poorly ventilated relative to rodent olfactory
epithelium. These studies suggest that the human olfactory epi-
thelium is protected from irritating acidic vapors significantly
better than rat olfactory epithelium due to substantive differences
in nasal anatomy and nasal air flow. Furthermore, the general
structure of the hybrid CFD-PBPK model used for this study
appears to be useful for target tissue dosimetry and interspecies
dose comparisons for a wide range of inhaled vapors. © 1998 Academic

Press

A variety of volatile compounds induce toxic effects in the
rodent nasal cavity following inhalation exposure. Interes
ingly, the distribution of histopathological lesions is ofter
localized in specific regions or is limited to one epithelial typ
(reviewed in Morgan and Monticello, 1990; Megy al.,1994).
The regional distribution of toxic effects from inhaled vapor:
has been correlated with the nasal air flow patterns, i.e., regic
of high air flow tend to exhibit a higher incidence and greate
severity of toxic effects than regions of low air flow (Morgan
and Monticello, 1990; Kimbelét al., 1993, 1997; Menet al.,
1994). This pattern of localized toxicity emphasizes the impo
tance of local tissue dose for interspecies extrapolation and r
assessment. Furthermore, observation of toxic effects localiz
in specific epithelial types (variable depending on the inhale
vapor) emphasizes the importance of chemical-specific diffe
ences in mode of action and tissue susceptibility.

Typically, high vapor concentrations of irritating organic
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tory epithelium in the nasal cavity (e.g. Keenanal., 1990;
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Trela and Bogdanffy, 1991; Milleet al., 1981, 1985). Respi- extended exposure scenarios as the arterial blood concentra
ratory epithelium in the rodent nasal cavity is typically mucincreases due to systemic loading of the vapor, etc.) (Freder
less sensitive to inhaled organic acids and esters and genereilal., 1994). Notably, the CFD-PBPK model incorporates
does not exhibit histopathological lesions, although high immique interface to link the data from CFD simulations of ai
haled concentrations of strong acids have been demonstratefiidw in the upper respiratory tract (of potentially any species ¢
induce cytotoxicity in this region also (e.g., formic acid; Naany number of individuals) with a compartmental PBPK mode
tional Toxicology Program, 1992). The biochemical basis favith the capacity to describe systemic distribution, metab
the olfactory toxicity has not been fully explored, but théism, and excretion as well as systemic target tissue dose. T
pathogenesis is apparently based on the high susceptibility afeneral model structure appears to be useful for tissue dc
particular cell type, olfactory sustentacular cells, to acids amedtimates and interspecies extrapolation for a wide range
esters (e.g., Leet al., 1992; Trelaet al., 1992). inhaled vapors. To provide a basic dataset to evaluate
There is a wide interspecies variability in nasal anatomyFD-PBPK model structure, the model was initially used t
(Gross and Morgan, 1992), in the amount of olfactory epithevaluate the rodent nasal deposition of several poorly mete
lium relative to respiratory epithelium in the nasal cavitplized vapors. To further explore the relationship of region:
(DeSesso, 1993) and in the localization of the olfactory epiasal tissue dose and histopathology, the model was usec
thelium relative to the main nasal air streams (Morgaml., evaluate the olfactory tissue dose of an inhaled organic acid
1991; Hahnret al., 1993; Keyhaniet al., 1995). This provides both rats and humans under the same simulated expos
a substantive problem for interspecies extrapolation and ristinditions. The data from these studies provide a scienti
assessment. The regulatory significance of the problem is dpasis for tissue dose comparisons, interspecies extrapolati
phasized by the frequent use of histopathology in the rodeartd risk assessment.
nasal cavity to establish inhalation exposure limits for indus-
trial workers and the public, e.g., many of the Environmental
Protection Agency’s (EPA) reference concentrations (RfCs)
for V?‘pors are based on rodent nasal hIStOPajthObgy' . Chemicals. The glacial acrylic acid (CAS 70-10-7) used for these studie
This study evaluated the acute nasal toxicity of an organjgs flocculent grade containing 200 ppm MEHQ (Rohm and Haas Co., De
acid, acrylic acid, that is primarily used to make a variety dfark, TX) with a purity of 99.9+ 0.1% by gas chromatography.
aqueous emulsion polymers. Additional histopathological acute inhalation exposure of rats. Female F344/N rats (approximately 60
dose-response data were collected/itro using explants of to 75 days old upon arrival; weight range of 160 to513 1 day prior to
nasal epithelium cultured with acrylic acid solutions. Tihe exposure) were obtained from Charles River Laboratories (Wilmington, MA

vivo andin vitro histopathological dose—response data parﬁgod and filtered tap water were supplidi libitum,except during inhalation
! xposure, when food and water were withheld. The animals were administe

t!onlng |nf9rmat|0p, and total nasal dep0§ItI0n data from adCﬁ'single, whole-body inhalation exposure of 0 or 75 ppm acrylic acid vapor f
tional in vivo studies were correlated with the output of aB or 6 h in a240-liter exposure chamber. The exposure atmosphere w

inhalation dosimetry model. The dosimetry model incorporateenerated by passing compressed air over the surface of acrylic acid liq
the anatomy, air flow patterns, and flux of inhaled vapor infgaintained at approximately 40°C in a 250-ml glass jar. The vapor was dilut

. -wijth conditioned laboratory air to the appropriate concentration (monitored |
the walls of a model of either the rat or human nasal cavi Foxboro MIRAN 1A infrared gas analyzer that had been calibrated by g

o_btaine_d as ou’Fput from CompUtatio_nal fluid dynamics_ (CFQ romatography of impinger samples) and entered the top of the expos
simulations. This port of entry was linked to a systemic conghamber. The animals were housed in individual cages during the expos
partmental physiologically based pharmacokinetic (PBPIgriod.

model for each species. An important feature of this hybridlmmediately following exposure, the animals were removed from the inh:

_ : . : ion apparatus, anesthetized with sodium pentobarbital, and then killed
CFD-PBPK dOSImetry model was the capacity to eStlmalﬁ%’fsanguination by cutting the abdominal aorta. The nasal cavity was infus

target tissue dose of inhaled vapors in specific regions of T‘E)@w 10% neutral-buffered formalin via the pharyngeal duct, the head was th
nasal cavity for a wide range of exposure scenarios. These d@sifiersed and fixed in formalin, decalcified, and sectioned transversely
estimates facilitated quantitative comparisons of interspeciggsels | through IV (Young, 1981). The tissue sections were processe
differences in the deposition of the absorbed vapors in the nagigfotomed at 4 to gum, stained with hematoxylin and eosin, and evaluate
epithelium and systemic tissues. The specific design criteria {8y 'Stopathology. Lesions were characterized according to the scheme u
. . previously (Lomavet al.,1994), and their locations were mapped according tt
the construction and evaluation of the CFD—PBPK model WE{ife scheme described by Meey al. (1994). A composite regional map was
based on the production of a generally useful dosimetry mod@&lo constructed for each group. The recording of lesions was designec
that would comprehensively describe the available experimapalitatively assess the extent, nasal region affected, and type of histolo
tal data that relate to regional and whole-nose nasal tissue d§gns within the nasal cavity.
(e.g., decreasing fractional deposition of a vapor in the overalln vitro incubation of nasal explants with acrylic acid. Nasal septa were
nasal cavity with increasing inhalation flow rate, changes ﬁqrefully collected from female F344/N rats (weight range of 150 to 225 g) ar

I I d iti f b dulati th t ingubated fo 2 h in DMEM/F12 media supplemented with antibiotics (peni-
overall nasal aeposiuon of a vapor by modulating the rate 8 lin, streptomycin, and nystatin), insulin, transferrin, selenium, hydrocort

metabolism of the vapor in the nasal cavity, Chan_ges in t.he ré&fﬁe, and epidermal growth factor under an atmosphere of 95%n® 5%
of nasal uptake of an inhaled vapor as a function of time T, at 37°C. For treated tissues, 0.0 to 6.0 mM acrylic acid was added to t

MATERIALS AND METHODS
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medium prior to the addition of the tissues, and the treated medium waasal cavity, then the error in a given compartment is proportional to i
adjusted to pH 7.3 wit 1 N sodium hydroxide. After incubation, the tissuediffusion surface.

were fixed with formalin, decalcified, imbedded in glycol methacrylate, mi- Structure of physiologically based inhalation model A whole-body com-

cn.’otomed at 2 to gum, stained with hematoxylin and eosin, and evaluated forgartmental physiologically based inhalation model was constructed with AC¢
histopathology. for Windows (Mitchell and Gauthier Associates, Concord, MA). This mode
Partition coefficients. Liquid:air partitioning of acrylic acid vapor was included a nasal cavity as a port of entry for inhaled acidic vapors that w
evaluated as described by Gargdsal. (1989) for saline (unbuffered), phos- based on a compartmental rat nasal model for nonmetabolized and poc
phate buffer, rat blood, and rat inguinal fat. Each solution was evaluated ungestabolized vapors (Buskt al., 1998). A critical component of the nasal
the following three conditions: unbuffered, at pH 2.0 with phosphate buffeCFD-PBPK model that was necessary for interspecies extrapolation wa
and at pH 7.4 with phosphate buffer. In addition, liquid:air partitioning withmodular description of nasal air flow and the calculation of compartmental g
water (unbuffered), DMEM/F12 tissue culture media, octanol, and olive gihase mass transfer coefficients in both the rodent nasal cavity (Kietkzl|
were evaluated. Liquid:air partitioning of acetic acid was evaluated similarfyo93, 1997) and human nasal cavity (Subramangral., 1998) using data
with unbuffered saline and phosphate buffer at pH 2.0 and 7.4. from CFD simulations (methods described above). The liquid phase of t

Simulations of nasal air flow and estimation of gas phase mass transporf1odel of Bushet al. (1998) was modified to include the effect of buffering

coefficients with CFD. Simulations were conducted with CFD software.capaCIty on the |on|z_at|on of the acid in th.e mucus, d|ﬁu§|on of both th

. . ionized form of the acid (presumably, primarily the salt, sodium acrylate) ar
(FIDAP from Fluent, Lebanon, NH) to evaluate regional air flow and gas phate ionized ies. liquid:ai it fficients. ti ‘blood titi
mass transport coefficients for rats and humans. Steady-state simulations we???_omo?'z%l S‘Ij(eCIedS’F.'qu;] .?ggpsar : 'Og Co? Lcule_n S: ll(ssue.l_ 00 .dpaéll 1<
conducted using a three-dimensional computer model (“mesh”) of both tﬁ%z I':C_'enhs 1(9965 ?E Alnc ’d' d)’ ar_lb me aﬂf') |;m 0 3ctry '_C acid ( tac
anterior rat nasal cavity (Kimbedt al., 1993, 1997; Godet al.,1995) and the an it mfc ! " )CFDe' pple? X es(;:rll. ::-str:e (ci)d'? usel odln::orporaet
human nasal cavity (Subramaniaal., 1998). Effectively, these simulations resufts from the simulations and lists the adaditional model paramete

estimated regional air-phase delivery of the vapor to the mucus lining the na(:.aaﬂd their derivation) used to modify the model of Beshal. (1998) for acrylic

airway. The simulations were conducted at inspiratory flow rates of 100, S(ﬁf'd' Cyclic flow simulations of breathing were conducted by alternatel

and 500 mi/min (rat) and 11,400 and 18,900 ml/min (human). The CFrﬁversing.air flow tp simulate inhaling anq exhqling. Exha.la.tion.was modele
simulations were restricted to steady inspiratory flow conditions, and orffy €Versing the air flow from the CFD simulations of unidirectional flow o
laminar flows were considered in modeling transport. The importance |51paled ar. More refined analyses in future models could easily Incorpore
unsteady effects has been characterized as negligible by Subrametnzm changes in air flow patterns and gas phase mass transfer between inhale
(1998) and Keyhanet al. (1995). Thermal convection effects have also beeﬁnd exhalation. )
ignored based on the analysis by Keyhenal. (1995) that indicated that they ~ Conceptually, the model could be constructed with any number of compa
were negligible. The nasal walls have been assumed to be rigid and hairl@agnts- For this study, the interspecies comparisons were conducted wit
and dynamic changes in air flow due to the occlusive effects of nasal cyclifatively simple anatomically based compartmental model (Figs. 1 and
have been ignored. Simulations were conducted with the computer modefF8psisting of all inhaled air flowing across the nasal vestibule, a dorsal med
the human nasal cavity with gas phase diffusivities of 0.05, 0.1, and 0.§stream flowing over respiratory eplthellum and then olfactory epitheliun
cn?/s. These studies indicated that the flux of the vapor to the wall of the na83d @ second composite ventral and lateral air stream flowing over the rem:
cavity varies as a near-linear function of the gas phase diffusivity over tHRg respiratory epithelium in the nasal cavity (divided into anterior and po:
limited diffusivity range. For many of the CFD simulations, a gas phast‘grior compartments). All air from the nasal cavity then passes over a nas
diffusivity of 0.15 cr/s was used and the gas phase mass transport coefficiBRrynx compartment before entering a composite lower respiratory trz
was scaled proportionally for vapors with differing diffusivities (0.6 for acryliccompartment (which could be further subdivided into additional compartmer
acid). Experimental determinations of air phase diffusivity of a wide variety ¢@F regional dose estimates, if necessary). The large olfactory region of rode
representative organic vapors in the 30 to 150 MW range have ranged from\§36 divided into two compartments (Figs. 1 and 2), a small dorsal anteri
to 0.07 crils (Cussler, 1997). Interspecies dose comparisons for acrylic a§@mpartment (13% of the olfactory epithelium and 7% of the total nas:
were conducted with gas phase mass transport coefficients derived from cgtiface area) and a large compartment representing the remaining olfact
simulations for the human nasal cavity that were conducted with a gas phggéthelium on the septum and ethmoid turbinates (data from nasal CFD mg
diffusivity of 0.1 cn®/s and with proportional scaling of the CFD data for the2nd Groset al., 1982). The human nasal cavity (Figs. 1 and 2) does not ha
rat nasal cavity. As discussed by Buatral. (1998), deposition of vapors in the @n anatomical equivalent for the rat ethmoid turbinates that are cover
rat nasal cavity is relatively insensitive to significant variation in the gas phaBemarily with olfactory epithelium; consequently, the small human olfactor
mass transport coefficients. epithelium was described by one compartment comprising approximately 4
The inhalation flow rates used for the CFD exercises were chosen @bthe total nasal surface area (Lang, 1989).
simulate ventilation characteristic of resting conditions to light physical activ- The diffusion path from the nasal lumen to the blood exchange regic
ity for each species (ICRP, 1975; Kimbel al., 1993, 1997; Subramaniaet  (liquid phase) of each compartment was divided into a 10- tqu2Bthick
al., 1998). The “C= 0 boundary conditions” (the assumption that the conmucus layer and underlying epithelial cell layers that were 15- tpu20thick
centration of the vapor in the nasal airway lining is always zero) used for eadfig. 2B; two cell layers for respiratory epithelium and four cell layers for the
mesh in these studies simulates a nasal epithelium with an infinitely largiécker olfactory epithelium). The thicknesses of the rat respiratory and olfa
mucus:air partition coefficient and/or an infinitely fast rate of reaction of tH@ry epithelia were determined from photomicrographs of each tissue relati
vapor molecules upon collision with the mucus layer (i.e., the CFD simulatioks photomicrographs of a calibrated micrometer at the same magnification. T
allowed no “back pressure” or desorption to limit wall uptake). Effectivelythicknesses of the rat nasal epithelia are consistent with similar measureme
this assumption decouples the tissue resistance from the gas phase resistahbeman nasal epithelia (Lang, 1989), therefore the same epithelial struct
With some modifications reported in the Appendix, the methods described Wgs used to model each species. This layered description of the epithelium
Bushet al. (1998) were used to calculate the regional gas phase mass transpaged upon the approach used by Mogisal. (1993) to approximate the
coefficients for each flow rate. The finite element calculations used for the CEDncentration gradient across nasal tissue from the mucus layer to the vas
simulations of nasal air flow are subject to numerical errors in the maksized region under the basal lamina, which serves to remove nonmetaboli:
balance. In the case of the CFD simulations of the human nasal cavity, trepors in the venous blood. In addition, the bodies of the olfactory sustent:
mass balance error for the overall uptake was up to 8%. Assuming as a firstr cells (the cells that are most sensitive to the toxic effects of organic acic
approximation that the percentage error is uniformly distributed within tHae the nasal lumen immediately under the mucus layer. Therefore, the api
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Dorsal Medial
Respiratory
‘Patch’

Olfactory Region Olfactory epithelial cell degeneration was accompanied |
sustentacular cell necrosis (Fig. 4). These lesions were ¢
served in all four sections of the nasal cavity at both 3 and 6
of exposure, although the area of mucosa affected and 1
incidence of affected animals was greater in the anterior thr
sections. Limited regions of respiratory epithelial degeneratic
and desquamation were present in Section | in animals expos
for 6 h (Table 1). Lesions of the respiratory epithelium wer
not observed in Sections Il and Ill. Section IV did not contail

Vestibule

Ventral Respiratory

Ventral Respiratory ! respiratory epithelium.
Region | Region 2
Human _ _ _ _ _
In Vitro Incubation of Nasal Explants with Acrylic Acid
; Olfactory Region 2
Dorsal Medial  g1factory Region 1 . : :
- Ethmoid -

Respiratory (porsal Medial) ( ) Short-term organ culture of nasal explants with media col

taining acrylic acid resulted in histopathological lesions ver
similar to those observeith vivo (Fig. 5; Table 2). Since the
tissue culture medium has a liquid:air partition coefficient fo
acrylic acid that is very similar to that of blood (Table 3) anc
the acrylic acid epithelial tissue:blood partition coefficients ar
approximately one (Black and Finch, 1995), it may be assum
that the concentration of acrylic acid in the tissue explants
approximately the same as the medium (note that metaboli
Nasopharynx ~ Of acrylic acid by epithelial tissues is not fast enough t
generate a significant concentration gradient; Black and Finc
Rat 1995). This would suggest that the steady-state tissue conc
tration of acrylic acid required to induce sustentacular ce
FIG. 1. Ratand human nasal anatomy divided into compartments corfggyqtoyicity and subsequent loss of neuronal cells must be
sponding to the epithelium lining the lumen. The squamous epithelium lini .
the vestibule of the human nasal cavity is primarily anterior to the nasal val .aSt 0.5 mM with actual loss of sustentacular and neuror
The human nasal cavity lacks a region lined with olfactory tissue that @llIS observedn vitro in the 3 to 6 mM concentration range.
comparable to the rat ethmoid turbinates. The figure of the human nasal ca¥ip acrylic acid concentration of 0.4 mM in the medium (anc
moifed from Mileret a1 (1993, The atrows designate the ar fow steamer oY [N the lissue) is & no-observed adverse-f
described by the CFD-PBPK, which are_ describeg in mon_a detail by Kimb% \éelrs:ggltzol'r)yllg:tlﬁ;ﬁfniyS'\Ll;;gcggtr?;l(t:ggtwtise O:(?Si\llcec;g
et al. (1993, 1997) for the rat nasal cavity and by Keyhahal. (1995) and !
Subramanianet al. (1998) for the human nasal cavity. concentration required to induce cytotoxicity in respirator
epithelium in this assay is in excess of 6 mM.

‘Patch’

Vestibule

Ventral Respiratory
Region 1 Ventral Respiratory
Region 2

epithelial layer simulated by the model in the olfactory region effectivel

corresponds to the target cell population for toxic effects. ﬁartmon Coefficients for Acrylic Acid

The partitioning of acrylic acid between air and liquid
phases was evaluated with unbuffered, neutral, and aci
liquid phases (Table 3). The data indicate a strong preferer
for acrylic acid partitioning into the aqueous phase, regardle

The olfactory epithelium of the nasal cavity was identified a&f blood pH (i.e., acid dissociation contributes to the prefe
the primary target tissue in rats inhaling 75 ppm acrylic acighce for the liquid phase, but it is not the determining factor
vapor for either 3 06 h (Table 1). Control animals exhibitedwhich is consistent with the highly polar structure of this sma
no detectable lesions in the nasal cavity, nor were lesioogganic acid. The partition coefficients of all of the tissues
present in the squamous epithelium of rats exposed to acngaline, and oil at neutral pH are similar to that of the tissu
acid. Lesions were confined to the dorsal aspects of the nasature medium. Black and Finch (1995) evaluated a variety
cavity, in particular the dorsal meatus, the dorsomedial aspeti$sues using a micropartitioning technique for ionizable con
of the nasoturbinate, and ethmoturbinate 3 (Fig. 3). The lesigmsunds and found that acrylic acid had tissue:blood patrtitic
were small and most of the olfactory and respiratory epitheliuooefficients that were close to 1:1 for a wide variety of tissue
in the treated animals was normal histologically. However, thehe similarity of tissue culture medium to blood indicates the
extent of the lesions increased as the exposure time was équilibrium partitioning of acrylic acid from the medium into
creased from 3 to 6 h. cultured epithelial tissues should be close to 1:1. Similarly, tt

RESULTS

Acute Inhalation Exposure of Rats to Acrylic Acid
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A Inspired Air with Vapor

Nasal Vestibule i R = respiratory epithelium
O = olfactory epithelium

Nasal Cavity v

| Nasopharynx |
Venous >» Lungs _—L Arterial
Blood Blood
Liver
< / I\ -
Richly
Perfused Tissues
< AR
Poorly
Perfused Tissues J
|\ €

B Air Compartment in the Nasal Cavity
Acrylic Acid (AA) --- nonionized in vapor state

i t
Cin $ % ﬁ Qouﬁ(j()llt

Surface area (Sa)

n . |
Mucus Layer AA (ionized and nonionized) AA (nonionized to desorb)

A

1st Epithelial Layer

AA (ionized and nonionized) — Mitochondrial metabolism

A

2nd Epithelial Layer v

AA (ionized and nonionized) _* Mitochondrial metabolism

A

\ 4

AA (ionized and nonionized)

Capillary Bed )
Partitioning into the Blood

FIG. 2. (A) Diagram of the PBPK model constructed to comprehensively describe the regional nasal deposition, systemic absorption, distributi
excretion of acrylic acid and (B) to describe the local interaction of inhaled acrylic acid vapors with the nasal epithelium. The rodent model uses two o
compartments to incorporate both the olfactory epithelium in the projection extending along the dorsal meatus and the ethmoid olfactory region. Th

model uses one olfactory compartment since the human nasal cavity lacks a counterpart for the rodent ethmoid olfactory region. The variable names
compartment of B relate to the rate equations of the Appendix.
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TABLE 1
Incidence of Histological Lesions in the Nasal Cavity of Rats
Exposed to 75 ppm Acrylic Acid Vapor for 3 or 6 h

FREDERICK ET AL.

0 PPM 75 PPM
3h 6h 3h 6h
Section T
Olfactory? 0/5 0/5 1/5 1/5
Respirator§ 0/5 0/5 0/5 2/5
Section 2
Olfactory 0/5 0/5 3/5 2/5
Respiratory 0/5 0/5 0/5 0/5
Section 3
Olfactory 0/5 0/5 2/5 4/5
Respiratory 0/5 0/5 0/5 0/5
Section 4
Olfactory 0/5 0/5 0/5 4/5
Respiratory NA NA NA NA

2 Section number of nasal cavity.
b Olfactory epithelial degeneration and sustentacular cell necrosis.
¢ Respiratory epithelial cell degeneration and desquamation.
9 Not applicable. No respiratory epithelium present.

partitioning between mucus and the underlying tissues is
sumed to be close to unity.

nasal cavity are one to two orders of magnitude higher th:
those of the human nasal cavity (Tables 4 and 5). This indical
that the rat nasal cavity is much more efficient than the hum;
nasal cavity in “scrubbing” an organic vapor from inhaled ai
(i.e., equilibrating vapor with the nasal mucus layer as oppos
to allowing it to reach the downstream tracheobronchial re
gion). Bushet al. (1998) noted that the mass transport coeffi
cients calculated for the rat nasal cavity were much higher th,
would be predicted from simple cylindrical geometry ant
attributed the difference to the interaction of air flow with the
complex geometry of the rat nasal cavity. The observation th
the regional mass transport coefficients in the human na:
cavity are closer to those predicted for a cylindrical geomet
may reflect less complex air flow patterns and a larger effecti
lumen volume to mucus surface area ratio than the rat na
cavity.

The available experimental evidence for the near-quantit
tive deposition of a variety of highly soluble vapors in the
whole rat nasal cavity is supportive of very high mass transpc
coefficients for the rodent nasal cavity (e.g.,+%% nasal
uptake of inhaled hydrogen fluoride vapor; Morris and Smitt
1982). Since the gas phase mass transport coefficients for
rat nasal cavity are so high, the rat nasal dosimetry model
Morris et al. (1993), which assumes full equilibration of in-
haled vapors with the nasal epithelium (hence, no air pha
resistance to nasal deposition), appears to be an accurate

Evaluation of Regional Nasal Air Flow and Gas Phase Mass
Transport Coefficients from CFD Simulations

CFD simulations conducted with computer models of the rat
and human nasal cavities provided estimates of the volume of
air flowing through various regions of the rat and human nasal
cavities at inhalation flow rates representative of resting to light
activity physiological conditions (Tables 4 and 5; anatomical
regions are designated in Fig. 1). The data from these CFD
simulations confirmed previous studies (e.g. Swift and Proctor,
1977; Hahret al., 1993; and Keyhanet al., 1995) by indicat-
ing that a relatively small fraction of the inspired air ventilates
the human olfactory epithelium relative to the rat olfactory
epithelium (in this study, approximately 7% in the human
relative to approximately 15% in the rat). This difference is
greater in the posterior olfactory region of the human nasal
cavity (olfactory air flowdecreaseso only approximately 3%
of total nasal air flow as the dorsal medial air stream moves
ventrally into the medial region) relative to the posterior ol-
factory region of rats (olfactory air flouncreasesto approx-
imately 20% of total flow as medial air flow contributes to the

A

C D

dorsal medial stream in the posterior region). Other CFDgiG. 3. composite distribution of nasal lesions of the group of rat
studies have graphically demonstrated this effect with contoaxposed once fo6 h to 75 ppmacrylic acid vapor. The templates are taken
maps and “streamlines” of air flow in both the rat nasal cavifyom Mery et al. (1994) and correspond to cross-sections taken at Sections
(KimbeII et al., 1993) and human nasal cavity (Habtl al., (A), 9 (B), 23 (C), and 26 (D) from Fig. 1 of this reference. The lesions wer

. . . . marked by symbols in the adjacent lumen of the nasal cavity: regions
1993; Keyhaniet al., 1995; Subramaniaret al., 1998). olfactory epithelial degeneration (solid line), regions of sustentacular ce

Generally, where data can be compared, the regional CoRBerosis k), and regions of respiratory epithelial degeneration and desqu
partmental gas phase mass transport coefficients for the ration ©O).
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FIG. 4. Olfactory epithelium from a control rat (A) and a rat exposed to 75 ppm A%6fa (B). This region of olfactory epithelium from the treated rat
demonstrates epithelial degeneration (vacuolation and disassociation) and necrosis of sustentacular cells.

proximation, and rat nasal uptake of vapors may be describedAn important observation noted by Buehal. (1998) for the

as limited by tissue phase resistance (i.e., limited by factaw nasal cavity (and replicated in Table 4 of this study
such as diffusion, metabolism, and blood perfusion in the tissbhetween flow rate and regional mass transport coefficients w
phase). Supporting this conclusion, Bushal. (1998) have also observed in the CFD simulations for the human nas
used sensitivity analysis in a similar hybrid CFD—-PBPK of theavity (Table 5). Generally, the mass transport coefficiel
nasal deposition of nonmetabolized vapors in the rat nasatreasesith increasing fluid velocity with simple geometries
cavity to demonstrate that the rate of liquid phase diffusidfflat plate, circular tube, etc.; discussed in Cussler, 1997, C
dominates the extent of uptake in this species. 8). However, in several regions of both the rat and human na:
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FIG. 5. Olfactory epithelium from the nasal septa of rats incubated either with control tissue culture media (A) or media containing 6 m\2 AABh
This region of olfactory epithelium from the treated septum demonstrates epithelial degeneration (vacuolation and disassociation) and necrosis of sus
cells that is very similar to that observed in the rat nasal cavity fimwivo studies (Fig. 4).

cavity (including the olfactory region), the mass transpoRBPK model from the base set of values listed in Tables
coefficientdecreaseswith increasing flow rate. This anoma-through 6 and the Appendix gave results that were virtual
lous relationship was attributed by Bush al. (1998) to the identical to those reported for the 16-compartment model
complex geometry of the air passages in the nasal cavity dBdshet al. (1998). Notably, the model’s predictions of overal
the possible detachment of the air boundary layer with increassal uptake were very insensitive to variations in the cor
ing flow rate. partmental gas phase mass transport coefficients (varying
Sensitivity analysis of the model parameters in the rat CFZeefficients in Table 4 by a factor af2 produced a change in
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TABLE 2 and distribution of epithelia between the two species. In col
Dose Response for Histopathological Effects in the Epithelium  trast to the limitingtissue phase resistanda the rat nasal
of Rat Nasal Septa Incubated with Acrylic Acid In Vitro cavity, these data clearly indicate trait phase resistanceo

the deposition of inhaled vapors is a significant factor th:

Concentration of AA Histopathological findings in olfactory limits uptake in the human nasal cavity, at least on a region
in medium (mM) epithelium . . '

basis (see Cussler, 1997, for a discussion of the concept
0 No visible lesions resistances in series relative to mass transfer across a g
0.1 No visible lesions liquid interface; Appendix). In other words, a reasonably ac
8-2 No V!S!E:e :93!0”5 curate nasal dosimetry model for humans must incorporate
0'2 gst;’;;;niss\ggzolaﬁon and nuclear swelling@" Phase compartment to describe the regional air phase 1
of sustentacular cells (2/) limitations assoma_ted with thg_ deposmon of inhaled vapor
1.0 Cytoplasmic vacuolation and nuclear swellingrather than assuming full equilibration of inhaled vapors as

of sustentacular cells (4/4) appropriate for the rat nasal cavity.

3.0 Sloughed sustentacular cells (4/4)

6.0 Sloughed sustentacular cells, Sloughed Regional Tissue Dose Estimates from Physiologically Base

neuroepithelium (4/4) Inhalation Modeling

2 Number of explants with lesion/number of explants examined. A hybrid CFD-PBPK inhalation model (Figs. 1 and 2) wa
prepared to evaluate the relationship between inhaled acry

.acid vapor concentration (air phase) and the tissue concent
nasal uptake of less than 1%). However, uptake was sensnﬁ\é% (liquid phase) in various regions of the nasal cavity. Th
to variation in liquid phase diffusivity (Appendix) and to quid p 9 Y:

variation in the mucus:air partition coefficient (Table 3), anH]Odel was designed to easny_ Incorporate |ntgrspe0|es diff
e(rces in nasal anatomy and air flow patterns via CFD analy:

the magnitude of this variation was very similar to that reporte nasal air flow for each species and to facilitate databas

Q
interspecies extrapolation for risk assessment. An explicit

by Bushet al. (1998). In contrast to the rat model, the human
CFD-PBPK model was sensitive to variation in air phaﬁ%rt was made to derive the parameters used in the model eitl

parameters in addition to liquid phase parameters. For exajil-

ple, for a CFD-PBPK simulation of acrylic acid vapor uptak rom experimental data or from physicochemical principle

at a unidirectional flow rate of 18.9 liter/min, the overall nas;r‘l-;;tgte;;s through 6; Appendix) without "fitting” model pa-

deposition was predicted to be 52% in the human nasal cavity . .
: . - or the rat nasal cavity, the model was used to simulate t
Varying the air phase mass transport coefficients by factors o e . . .
air flow distribution from the CFD analysis described by Kim:
—2 and+2 from the base case parameters of Table 5 resulted T .
. - Ppell et al. (1993). However, the distribution of air flow was
in overall nasal uptake values of 41 and 60%, respectively.
Changes in nasal uptake produced by twofold variation in
liquid phase diffusivity coefficients (all layers varied simulta-
neously) and mucus:air partition coefficients were comparable
to those changes produced by twofold variations in the gas

phase mass transfer coefficients.

TABLE 3
Partition Coefficients of Acrylic Acid
between Liquid Phases and Air

The current lack of CFD data for the posterior region of the | iquid phase (pH) Liquid:air partition coefficient
rat nasal cavity limits interspecies comparisons of the deposi=
tion in thetotal nasal cavity somewhat, but the available datgline (unbuffered) 1458 360°
for the anterior half of the rat nasal cavity demonstrates thag"e (PH 2.0) 1780
the anterior half is more efficient in scrubbing or anSallne (pH 7.4) 3210

even . . . g organi.; hiood (unbuffered) 550 200
vapors (approximately 97% at an inspiratory flow rate of 252t biood (pH 2.0) 6108 350
ml/min; Kimbell et al., 1993) than the entire human nasaRat blood (pH 7.4) 4306 130
cavity including nasopharynx (approximately 88% at a floWwat fat (unbuffered) 5638 1350
rate of 18,900 ml/min as determined in this study). This conf&t fat (pH 2.0) cdAte L0

[ i de with “C= 0 boundary conditions” in CFD "o fat (pH 7.4) 8aca- 360
p_arlson_ IS ma y . Water (unbuffered) 2320
simulations that only evaluate the contact of the inhaled vapfgsye culture media(pH 7.3) 7800
with the walls of the nasal cavity (i.e., all vapor that contactsctanol 6280
the mesh wall is instantly absorbed and no “back pressure™Gkve oil 3530

simulated). On aegional basis in the nasal cavity, this inter- . . - .

. . . .. . . #Mean = SD of triplicate replicates of triplicate analyses. Values listec
species difference in the deposition of inhaled vapors in tWﬁhout a SD are triplicate replicates of a single analysis.
overall nasal cavity is significant (see regional nasal dose Tissue culture media used for explants of nasal epithelium (see Materi
comparisons below) due to differences in the air flow patterasd Methods).
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TABLE 4

Results from CFD Simulations of the Deposition of Inhaled Acrylic Acid Vapor in a Model of the Rat Nasal Cavity
under “Concentration Equals Zero” Boundary Conditions

Simulation flow rate (ml/min)

Parameter and compartm@nt (100) (300) (500)
Regional flow (also regional surface area in émnd lumen volume in cf)
Vestibule (0.44, 0.01) 1.0 1.0 1.0
DM respiratory (0.2, 0.004) 0.12 0.15 0.18
DM olfactory (0.42, 0.012) 0.14 0.15 0.17
Ethmoid olfactory (6.33, 0.054) 0.17 0.19 0.21
Anterior ventral respiratory (1.8, 0.09) 0.88 0.85 0.82
Posterior ventral respiratory (4.5, 0.09) 0.83 0.81 0.79
Nasopharynx (0.1, 0.001) 1.0 1.0 1.0
Regional gas phase mass transport coefficients
Vestibule (estimated value) 0.004 0.01 0.02
DM respiratory 333.0 134.0 15.3
DM olfactory 134.0 120.0 21.0
Ethmoid olfactory (estimated value) 442.0 1480.0 2710.0
Anterior ventral respiratory 578.0 639.0 1775.0
Posterior ventral respiratory (estimated value) 3083.0 358.0 69.0
Nasopharynx (estimated value) 0.003 0.01 0.017

2 The regional nasal compartments are defined by epithelial types with the surface areas and lumen volumes for each region derived either from tt
mesh or by difference from Gros al. (1982): Vestibule= anterior region covered with squamous epithelium; DM respiratergnterior dorsal medial
respiratory epithelium; DM olfactory anterior projection of dorsal medial olfactory epithelium; Ethmoid olfactergemaining olfactory epithelium covering
ethmoid turbinates and septum; Anterior ventral respiratorgnterior region of remaining respiratory epithelium covering the septum and ventral and lat
walls of the nasal cavity; Posterior ventral respirateryosterior region of remaining respiratory epithelium covering the septum and ventral and lateral v
of the nasal cavity; Nasopharynx region posterior to the most posterior olfactory epithelium.

b Fraction of total air flow entering this region of the nasal cavity (dimensionless).

¢ Gas phase mass transport coefficient (cm/s) calculated from CFD simulations at three flow rates. The simulations were conducted with a gas phase
of 0.15 cnf/s and were scaled in the hybrid CFD—PBPK model by a factor of 0.6 for vapor with a gas phase diffusivity of@.1T¢ra rat “mesh” used for
the CFD simulations replicated the anterior half of the nasal cavity (anterior 16 mm and 18% of the total nasal surface area estimateet @l GRE2),
and the simulation did not include uptake in the vestibule, ethmoid turbinate region, posterior ventral respiratory region, and the nasopharyret @imbe
1993, 1997). Estimates &f,. for those regions were calculated based on an assumed fractional penetration of 0.999 for the vestibule and nasopharynx (es
no uptake) and an assumed fractional penetration ofx.00 * for the ethmoid olfactory region and the posterior ventral respiratory region (based
representative values from modeling of the anterior compartments).

divided into two air flow streams similar to the approach usegliently, for interspecies extrapolation, comparisons of tiss
by Morris et al. (1993): a dorsal medial that corresponded tooncentrations were based on the first epithelial layer of tk
the dorsal medial flow stream described by Kimbellal. anterior compartment of olfactory epithelium lining the dorse
(1993), and the remaining four ventral and lateral streamseatus region of the rat nasal cavity. This is the olfactol
described by Kimbelket al. (1993) were combined into oneregion that is exposed to the highest vapor concentration a
flow stream (Figs. 1 and 2A). This approach was simpler thaould be the first region to demonstrate toxicity in a dose
the more sophisticated air flow analysis of the rat nasal cavitysponse study. As noted above, this region also contains

conducted by Busbt al. (1998), because the available humaapical cell bodies of the acid-sensitive sustentacular cells of t
data for interspecies tissue dose comparisons were limited. d&ctory epithelium. Since the human nasal cavity only has
noted in Materials and Methods, the rat olfactory epitheliusmall area covered with olfactory epithelium (approximatel
was divided into an anterior dorsal meatus projection (7% 886 of the surface area of the nasal cavity; Lang, 1989) and

the surface area of the nasal cavity) and a much larger postesoatomical equivalent for the ethmoid turbinates, this regic
ethmoid region (44% of the surface area of the nasal cavity).Wwas described by one compartment, but with the same numl
thein vivo inhalation studies that have been conducted, inhaf cell layers as in the rat.

lation of an irritating organic acid or ester has resulted in an The output of the rat CFD—PBPK model was evaluated k
anterior-to-posterior progression of lesions that parallels tbemparing the predicted fractional nasal uptake for acrylic ac
dose—response curve (i.e., the most anterior dorsal-medialwith the data from a unidirectional uptake study (Morris an
factory epithelium exhibits the lesions observed at the lowdstederick, 1995. The predicted uptake from the model f
inhaled concentrations that induce a toxic effect). Consenidirectional flow, 98%, compares favorably with the mea



HYBRID CFD-PBPK NASAL DOSIMETRY MODEL 221

TABLE 5
Results from CFD Simulations of the Deposition of Inhaled Acrylic Acid Vapor in a Model of the Human Nasal Cavity
under “Concentration Equals Zero” Boundary Conditions

Simulation flow rate (ml/min)

Parameter and compartm@&nt 11,400 18,90(% 18,906

Regional flow (also regional surface area in &mnd lumen volume in cf)

Vestibule (32.4, 4.83) 1.0 1.0 1.0
DM respiratory (10.1, 0.74) entering regien 0.079 0.084 0.084
DM olfactory (13.2, 0.56) entering region 0.060 0.069 0.069
DM olfactory (13.2, 0.56) exiting regios 0.025 0.027 0.027
Ethmoid olfactory NA NA NA
Anterior ventral respiratory (42.1, 3.50) 0.921 0.916 0.916
Posterior ventral respiratory (72.3, 5.16) 0.940 0.931 0.931
Nasopharynx (75.8, 18.32) 1.0 1.0 1.0
Regional gas phase mass transport coefficlents
Vestibule 2.33 3.28 2.31
DM respiratory 6.44 5.0 3.23
DM olfactory 117.0 32.9 22.8
Ethmoid olfactory NA NA NA
Anterior ventral respiratory 3.78 6.25 2.64
Posterior ventral respiratory 5.19 5.14 3.24
Nasopharynx 2.14 2.61 1.59

2The regional nasal compartments are defined by epithelial types as described in Table 5. The surface areas and lumen volumes for each region :
from the FIDAP mesh. The human nasal cavity does not have an ethmoid olfactory region, consequently the human nasal computer model does not
compartment.

b Simulation conducted with a gas phase diffusivity of 0.15/em

¢ Simulation conducted with a gas phase diffusivity of 0.1%sm

d Fraction of total air flow entering each region of the nasal cavity (dimensionless). In the olfactory region, there was a significant loss of air flow b
the anterior and posterior faces of the region. This loss of air flow is accounted for in the posterior ventral respiratory region of the model.

¢NA, not applicable to this species.

fGas phase mass transport coefficient (cm/s).

sured value, 97 1%. To further assess the capabilities of th&0.7 mM acrylic acid concentration in the sustentacular ce
model, the rates of ionization and metabolism were set to zdayer of the olfactory epithelium in the dorsal meatus wa
and the appropriate mucus:air partition coefficients were sutsrrelated with the olfactory histopathology obsenmediivo
stituted to simulate the flow-dependent unidirectional uptake @fable 1; Fig. 4). Thein vivo histopathology is reasonably
a wide variety of relatively poorly metabolized vapors (partieonsistent with the cytotoxicity observed in thevitro nasal
tion coefficients and uptake data from Moreisal., 1993). For explant studies at 6 mM (Table 2; Fig. 5), which is within &
this exercise, the air phase and liquid phase diffusion coeffactor of approximately two of the model prediction. Repeatin
cients were not varied from the CFD/PBPK model's base settbfe simulated exposure of a rat to 75 ppm acrylic acid und
parameters (Table 4; Appendix ). The CFD-PBPK modetpresentative cyclic breathing conditions (ventilation as d
replicated the overall fractional nasal uptake of these vapawibed in Fig. 8) resulted in a somewhat lower predicte
very well (Fig. 6) with performance very similar to the relatedlfactory tissue concentration, 5.2 mM, which correlated mol
16-compartment rat model for nonmetabolized vapors afosely with the explant histopathology data.
which this model was based (Bush al., 1998). Although cytotoxicity was observed in the rat ethmoid ol
In addition, unidirectional simulations were conducted witFactory region following the 75 ppm exposure, it was much les
the acid model at a flow rate of 500 ml/min to estimate thgevere and extensive than that observed in the dorsal mee
steady-state tissue concentration in the anterior olfactory epgion. The unidirectional flow tissue dose prediction of th
thelium lining the dorsal meatus of the rat nasal cavity overraodel (3.0 mM in the ethmoid olfactory region) is consister
wide range of acrylic acid vapor concentrations (Fig. 7). Fromith this observation given the transition in histopatholog
simulations conducted at an inhaled acrylic acid concentratiohserved in the 1 to 3 mM dose range vitro (Table 2).
of 75 ppm, the predictions of the CFD-PBPK model for thélthough there is inherent variability in comparing histopa
concentration of acid in the dorsal medial olfactory epitheliutnology observedn vitro to that observedn vivo (based on
were compared to the dose-response data frominthdtro medium effects, differences in oxygenation, the highly loca
nasal explant study with acrylic acid. The model prediction éfed pattern of the lesions observedvivo, etc.), the acute
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FIG.6. Comparison of CFD—PBPK model predictions to the unidirectional rat nasal deposition data oféflair{4993) for a variety of vapors at differing
flow rates. The filled circles represent the predictions of the model based on the liquid:air partition coefficient of each vapoet®qrt893) and the listed
air flow rate in ml/min. The liquid phase diffusion coefficients were not varied from the model base set of parameters (Appendix and Table 4), except
vapor metabolism and ionization rates were set to zero. ace, acetone; xyl, xylene; iso, isoamyl alcohol; BRB, bromobenzene; AA, acrylic acid.

cytotoxic response of the sustentacular cells in both environ-
ments suggests that this tissue—dose comparison may be useful 040 r

as a rough approximation for evaluating the predictions of the
CFD-PBPK model. Given the “lumping” that is inherent in
constructing a compartmental dosimetry model and the fact < 030 | Rat Micus
E
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g 15 7 2
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2| eagpmmmmmTT 1 FIG. 8. Predicted concentrations from CFD-PBPK model simulations c
g ______ CeemmmmmTT | Human” | absorbed acrylic acid vapor in the olfactory region of a rat and human unc
~ 0 - 0 simulated breathing conditions. The cyclic flow simulation was conducted fi
0 5 10 15 20 25 a reference resting rat and human exposed to 2 ppm acrylic acid for 3 min. T
Inhaled Vapor Concentration (PPM) respiration of an adult rat was simulated at a representative respiration rate

150 breaths/min (too fast to resolve individual breaths in this figure) and a tic

FIG. 7. The predicted relationships from the CFD—PBPK model betweerolume of 1.7 ml/breath to give a minute volume of 250 ml/min (EPA, 1994)

the concentration of inhaled acrylic acid vapor and the tissue concentrationSafilarly, an adult human was simulated with a respiration rate of 15 breatt

acrylic acid and mucus pH in the most anterior dorsal region of the olfactomyin and a tidal volume of 500 ml/breath (ICRP, 1975). The predicted cor

tissue in the nasal cavity of the rat (solid lines) and humans (dashed lineshtrations were for the mucus layer overlying the olfactory epithelium and tl

under comparable steady-state unidirectional flow (twice the resting minatgical anterior layer of olfactory epithelium, which primarily consists of
volume for a 1-h simulation) for each species. acid-sensitive sustentacular cells.
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that the model simulation did not include exposure-relatesiggests that no toxicity would be predicted in the sensiti\
changes in breathing rate or physiology, it is not surprising thaiman olfactory tissue at this exposure concentration (suppc
the unidirectional flow model predictions did not exactly cornve of the ACGIH recommendation). The highest tissue cot
respond to the histopathology observed with the nasal epitloentrations (0.66 mM) are predicted to occur in the respirato
lial explantsin vitro. Notably, the model predictions in theepithelium lining the anterior region of the dorsal meatu
above comparisons were made without “fitting” parameters eespiratory “patch” in Fig. 1), however, no toxicity was ob-
the datasets. served in respiratory epithelium in the explant studies wit
The dose—response curve for acrylic acid in olfactory tissaerylic acid concentrations as high as 6 mM.
in the rat nasal cavity that was used for the nasal explant tissue
dose comparison (Fig. 7) was also used for an interspecies DISCUSSION
tissue dose comparison. For this exercise, a dose response of
acrylic acid exposures was simulated for an adult resting maleThese experiments describe the acute effects of a repres
rat and an adult resting male human using the appropridé¢ive organic acid on the rodent nasal cavity. Interspeci
inspiratory flow rate (based on the minute volumes of eaéxtrapolation of these results to humans was then conduc
species), nasal anatomy, and nasal air flow patterns from CEEing a hybrid CFD—-PBPK computer model of the rat an
simulations. The resulting dose-response relationships of bitman nasal cavity. The histopathological results of this act
factory tissue concentration relative to inhaled vapor concestudy are consistent with the histopathological observatio
tration for each species were then compared (Fig. 7). In adftiem subchronic and chronic inhalation studies on a wid
tion, the change in mucus pH over the olfactory epithelium wasriety of organic acids and esters (e.g., Keeatal., 1990;
estimated as the buffer in the mucus was depleted to neutralizela and Bogdanffy, 1991; Milleet al., 1981, 1985; Rein-
the deposited acidic vapor. The output from these simulatioimgihauset al., 1991). Olfactory epithelium in the anterior
indicates that the olfactory epithelium in the dorsal meatusgion of the nasal cavity is preferentially targeted, althoug
region of the rat nasal cavity is exposed to two- to threefolgspiratory epithelium is affected at high acid or ester conce
greater concentrations of acid vapor than the human olfactdrgtions or with particularly strong acids. In the rat, a narro\
epithelium under either unidirectional flow (Fig. 7) or cyclicstrip of olfactory epithelium protrudes anteriorly along the
flow (Fig. 8) conditions. The magnitude of this differencelorsal surface of the nasal cavity in the region described as 1
changes somewhat based on the inhaled vapor concentratiorsal meatus. Immediately anterior to the sensitive olfacto
(e.g., threefold or greater at vapor concentrations less than 8dthelium is a very small patch of respiratory tissue that |
ppm, and threefold decreasing to twofold over the 0.5 to 2By a few millimeters wide. This dorsal meatus region re
ppm vapor concentration range for unidirectional flow; Fig. ®eives 12 to 21% of the inhaled air (Kimbeit al., 1993 and
and differences in the relative size and respiratory physiolotyis study), and rodent inhalation studies with acids and est:
of the individuals that are simulated, but generally the olfactotypically result in histopathological damage to this poorl
epithelium of humans is predicted to be exposed to signifirotected olfactory epithelium. Increasing concentrations al
cantly lower concentrations of inhaled acids than rat olfactolgnger durations of vapor exposure typically result in a broad
epithelium. Additionally, the predicted pH of the mucus covposterior distribution of olfactory lesions into the ethmoic
ering the rat olfactory epithelium fell to slightly lower concenturbinates in the posterior region of the nasal cavity. The tiss
trations than the predicted human mucus pH at occupationallyse distribution associated with this histopathological obse
relevant exposure concentrations (less than 10 ppm). The dwggpion is reproduced in the current inhalation model. At hig
in mucus pH could be a factor contributing to the cytotoxicitgoncentrations of inhaled vapor, the mucus layer in the anter
observed in the apical sustentacular cells, which lie immegtart of the nose becomes saturated with vapor. This decrea
ately under the mucus layer. Typically, the sustentacular cefige driving force for deposition in the anterior portion of the
have been reported to be the cells that are most sensitiventse, thereby allowing more vapor to reach the posterior r
acidic vapors (e.g., Milleet al., 1981). gions of the nasal cavity. In this context, a “high” vapol
To conduct an interspecies nasal tissue dose comparisomcentration is dependent on the combination of gas phe
under a realistic cyclic breathing exposure scenario, a simand liquid phase characteristics of the vapor that result in
lated exposure was conducted at the American Conferencesigiificant accumulation of the vapor in the mucus, which ce
Governmental Hygienists (ACGIH) TLV value for acrylic acidinhibit further deposition of the vapor.
of 2 ppm using the same base set of physiological parameter§he use of histopathology from short-term organ cultur
(Table 6). As described in Fig. 8, the rodent tissue concentisgudies to estimate tissue concentrafionivo is only possible
tions tend to be significantly higher than human tissue concemith compounds that induce readily observable cytotoxicit
trations. An exception is the ventral posterior region of theslatively quickly. In this case, the sensitive sustentacular ce
human nasal cavity that is lined with respiratory epitheliunprovide support for the olfactory neurons, and the histologic
Comparison of the tissue dose values with the histopathologyanges in the structure of the epithelium that are associa
observed in then vitro nasal explant experiments (Table 2with cytotoxicity are rapidly apparent. Although thesevitro



224 FREDERICK ET AL.

TABLE 6
Anatomical, Physiological, and Metabolic Parameters for the Rat and Human Nasal PBPK Models

Parameter Value Source

Rat (adult male F344 under chronic exposure conditions)

Minute volumé (ml/min) 250 (EPA, 1994)
Body weight (g) 380 (EPA, 1994)
Lung volumé& 0.004 (Delpet al., 1991)
Liver volume 0.035 (Delet al., 1991)
Muscle and fat volume 0.40 (Delgt al., 1991)
Other tissues 0.41 (Delet al.,1991)
Venous blood volume 0.06 (Delgt al., 1991)
Arterial blood volume 0.03 (Delet al., 1991)
Blood flow to liver 0.173 (Delpet al., 1991)
Blood flow to muscle and fat 0.35 (Delgt al., 1991)
Blood flow to other perfused tissues 0.466 (Detpal., 1991)
Blood flow to nasal cavity 0.01 (Stottt al., 1986)
Blood flow to nasopharynx 0.001 Estimate
Human (adult male under chronic exposure conditions)
Minute volume (ml/min) 7500 (ICRP, 1975)
Body weight (g) 70000 (ICRP, 1975)
Lung volume 0.014 (ICRP, 1975)
Liver volume 0.026 (ICRP, 1975)
Muscle and fat volume 0.60 (ICRP, 1975)
Other tissues 0.20 (ICRP, 1975)
Venous blood volume 0.046 (ICRP, 1975)
Arterial blood volume 0.014 (ICRP, 1975)
Blood flow to liver 0.25 (Williams and Leggett, 1989)
Blood flow to muscle and fat 0.22 (Williams and Leggett, 1989)
Blood flow to other perfused tissues 0.519 (Williams and Leggett, 1989)
Blood flow to nasal cavity 0.01 Estimate
Blood flow to nasopharynx 0.001 Estimate

2 Unidirectional flow simulations with the nasal dosimetry model were conducted at twice the minute volume as an approximation of the platec
inspiratory flow rate. Minute volumes for each species are for resting ventilation.

b Tissue volumes are expressed as a fraction of body weight.

°Blood flow is expressed as a fraction of cardiac output. Cardiac output is 14,000 mi/h allometrically scaled to body weight in kg to the 0.74 powe

and in vivo histopathology comparisons may be useful foRisk assessments for these vapors may incorporate an estin
semiquantitative tissue dose estimates, there are intrinsic dif-potency from the NOAEL of a rodent inhalation study an
ferences in the response of tissues cultuneditro relative to model-derived interspecies tissue dose comparisons (using
those exposedn vivo that may limit the accuracy of this appropriate compound-specific parameters) to assist in est
method. lishing appropriate human exposure limits.

The histological structure of olfactory epithelium varies little  The available data linking a dosimeter with the cytotoxicit)
between mammalian species (e.g., Nakashahal., 1984, induced by short chain organic acids such as acrylic ac
1991; Uraih and Maronpot, 1990; Talamb al., 1995). Fur- suggests that tissue concentration of the acid (in its primari
thermore, the mode of action for cytotoxicity of inhaled shoibnized form) is the most appropriate dose measure for inte
chain organic acid vapors, mitochondrial toxicity, is assumepecies extrapolation and risk assessment. Notably, the ne
to be fundamentally the same across species (e.g., Sheeptthelial explant studies in this study were conducted with tt
1985; Brass, 1994; Custodet al., 1998). These factors sug-neutralized acid in the tissue culture medium, which equil
gest that the susceptibility of the tissue to inhaled irritants alboated with the explants with a partition coefficient of approx
varies relatively little between mammalian species. If this is thmately one. The most direct interpretation of this data is th
case, the dominant factor influencing interspecies differendbg observed olfactory cytotoxicity was correlated with th
in susceptibility to inhaled irritants is olfactory tissue doseconcentration of the neutralized acid in the medium and t
However, the potency of inhaled irritants as olfactory cytotoximplication in the tissue. Similarly, the recent studies indica
cants clearly varies. Strong acids (e.g., formic acid) damaipg that neutralized acrylic acid induces the glutathione-ind
respiratory and olfactory epithelium whereas weaker acigendent mitochondrial permeability transition with isolated re
(e.g., acrylic acid) primarily damage the olfactory epitheliumiver mitochondriain vitro (Custodioet al.,1998) suggest that
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the steady-state concentration of the neutralized acid in téh concentrations calculated for well-mixed air compart
mitochondrial environment is the appropriate dosimeter. ments to describe whole-nose deposition of a variety of vapc
An explicit advantage of the CFD—PBPK dosimetry model i the rat nasal cavity. However, the calculated deposition
that it facilitates description of the dynamic relationship benhaled vapors in the human nasal cavity is much more sen
tween tissue concentration and metabolism (and/or tissue tige than the rat to variation in the value of the gas phase me
activity) with the concentration of the vapor in the air streantrtansport coefficients. Therefore, a more accurate mathemati
Cyclic air flow (inhalation and exhalation) can also be modelatkscription of the compartmental vapor phase concentrati
(e.g., Fig. 8) to evaluate factors such as desorption from mu@radient with the accompanying assumptions used for tl
during exhalation (Gerde and Dahl, 1991) and to provide aefinition and calculation of the corresponding mass transp
estimate of net uptake under simulated breathing conditiomeefficient was required. An expedient test of the accuracy
Comparison of cyclic flow modeling exercises to unidirectiondhe concentration/mass transport coefficient descriptions is 1
flow exercises at the same concentration of acrylic acid vapeplication of the CFD simulation uptake results (whole nost
suggest a lower steady-state concentration of the vapor in thith the hybrid CFD—PBPK model. To do this, a very fast rat
nasal epithelium under cyclic flow conditions. This is presunof vapor decomposition in the mucus and/or a very hig
ably due to the partial clearing of the vapor from the epitheliumucus:air partition coefficient may be defined in the CFD
by diffusion into the blood and by desorption during exhald?BPK model to simulate the “G= 0" boundary conditions
tion. Inclusion of a “body” in the CFD-PBPK model (e.g., aused in the CFD simulations. Under these conditions, tt
description of systemic circulation, distribution to peripherdlybrid CFD—PBPK described in this study exactly replicate
compartments, and metabolism) provides dynamically charthe CFD simulation results. Therefore, the use of compartme
ing boundary conditions for the nasal cavity during simulationtal mass transport coefficients and well-mixed air compar
as the arterial blood concentration changes as a functionnoénts in the CFD—-PBPK model appears to be sufficient
exposure time. accurate in both species to be useful for interspecies extraj
A technical aspect of the description of mass transport of thaion.
vapor at the air:mucus interface in the CFD—PBPK model bearsSatisfactory performance of the model relative to releval
some elaboration. As described more fully in the Appendix, thexperimental data, as well as design criteria that we ha
term “mass transport coefficient” has multiple definitions desreviously listed (Fredericlet al., 1994), suggests that the
pending on the context in which it is used. A unique aspect 6FD-PBPK model structure is robust relative to a variety ¢
the CFD-PBPK model used for this study is the definition ofBiological endpoints. In addition, satisfactory performance i
“compartmental mass transport coefficient” (Appendix). Thie prediction of whole nose uptake of a wide range of poor
definition and use of this value is consistent with principlemetabolized vapors suggests that the basic model structure r
described in a recent text on this subject (Cussler, 1997), dmle wide applicability. Furthermore, coupling of the nas:
this term has distinct theoretical and practical advantages ftosimetry model with a compartmental PBPK model of th
linking CFD data with compartmental PBPK models. Specibody allows facile dosimetry for all three classes of inhale
ically, it facilitates the translation of CFD data into a formvapors that are currently described in the RfC guidelines of tl
commonly used in pharmacokinetics (a compartmental cle&PA (Environmental Protection Agency, 1994). The CFD
ance value), and it allows the straightforward use of welPBPK model may be extended to include a more extensi
mixed compartment descriptions for both the air phase addscription of the conducting airways, to model other speci
liquid phase compartments. An alternative definition for thigy incorporating additional CFD analyses, and to incorpora
mass transport coefficient (a “distributed mass transport cogfterindividual variability in nasal anatomy and air flow pat-
ficient” based on local concentration differences linked to loctdrns.
mass transport coefficients) is commonly associated with CFDIn summary, a useful CFD—PBPK inhalation model has be
simulations, but its direct use in a compartmental PBPK modgiepared for interspecies extrapolation of tissue dose in t
is problematic based on theoretical and practical differencesalfactory region of the nasal cavity. The model output i
the definition and use of an “average concentration” in the aionsistent with whole-nose fractional deposition data fc
phase of a CFD study relative to the well-mixed compartmentatrylic acid and a wide range of poorly metabolized vapors
assumptions that are commonly used for the liquid phaserofients. In addition, the model predicts olfactory tissue co
PBPK models. This inconsistency is not readily apparent @entrations for acrylic acid that correlate with acute histopath
various formulations of rodent CFD—PBPK models. This ilgical lesions observeth vivo and with those observeith
because the most readily available experimental data, fraitro with nasal explants. The model was used to evaluate
tional deposition of inhaled vapors in the overall the rat nasatrylic acid vapor exposure concentration that is used as
cavity, are relatively insensitive to significant variation in theccupational exposure limit, and the results of the exerci
rodent gas phase mass transport coefficients (Batshal., were supportive of the professional judgment used to establi
1998). In fact, as an approximation, Bushal. (1998) were the exposure limit. Generally, the model predicts that und
able to successfully use distributed mass transfer coefficieaiilar exposure conditions (e.g., equal external vapor conce
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tration and equivalent physical activity conditions) human otontributing to this ambiguity is the lack of adequate defini
factory epithelium is exposed to lower concentrations of irtions for the concentrations that determine the concentrati
haled organic acid vapors than rodent olfactory epithelium.gradient. Is it a “local mass transport coefficient” based ©
“local concentration” differences, or is it an “average mas
APPENDIX transport coefficient” based on a difference in “average col
centrations” in two compartments or phases? If “average co
The general CFD—PBPK model structure is based upon egntrations” are used, how is the “average” defined for ea
elaboration of a nasal model proposed by Moetsl. (1993) phase? These questions are addressed below for the spe
to include systemic compartments with a description of perfaase of the CFD-PBPK model, but it is important to note th:
sion in each tissue (Frederiek al., 1992, 1994). However, the a different approach may be more appropriate in other co
most unique aspect of the current model is its dynamic descripxts.
tion of vapor equilibration at the air:mucus interface as de- The overall mass transport coefficient from the air phkge,
scribed in more detail in a companion manuscript on the nagato the liquid phase in Equation 1 may be further defined b
deposition of poorly metabolized vapors (Bushal., 1998).
Notably, the hybrid CFD—PBPK model incorporates a unique K, = 1k, + 1/(Pk) @)
compartmental description of both the air phases and underly- ’ ¢ v
ing tissue phases in the nasal cavity as well as the data from
CFD simulations of air flow in the nasal cavity of rats and’here
humans (Kimbellet al., 1993, 1997; Subramaniam, 1998).
Although the tissue phase of the model may be easily tailorkg= gas phase mass transfer coefficient (cm/s) and
to describe the nasal deposition of a wide variety of inhaled = liquid phase mass transfer coefficient (cm/s).
vapors as described in Fig. 6 (e.g., by incorporating each
vapor's unique tissue:air and tissue:blood partition coefficients,Cussler (1997) notes that the gas phase mass transfer c
tissue-phase metabolism, diffusivity, and reactivity), the prficient (k;, a component of; in Equation 2 above) has
mary focus of this study is the development of a model tailoredultiple definitions with correspondingly different units, anc
to simulate the ionization and metabolism of inhaled organie lists four different commonly used definitions. Clearly, th

acids. use of the term “mass transport coefficient” without adequa
contextual definition contributes to confusion. The following
Description of Gas Phase Mass Transport text will derive and define the “compartmental mass transpc

Although descriptions of mass transport of vapors across %%eff|C|ent used in this study (i.e., an "average mass transf

air:liquid interface date back over 70 years, the description %?efﬂment based on a difference in "average compartmen

: o . concentrations”). The use of this form of mass transport coe
mass transport of an inhaled vapor across the air:mucus |ntﬁar.—

face used for this study relies heavily upon the methods o(f'em Was" r.equwed by the common use of “well-mixed com
estimation described by Lymaet al. (1990). The general partments” in the compartmental modeling of PBPK model

i L7 . and the need to appropriately express the results of the Cl
theory associated with interfacial mass transport has been . “ .

. . . Simulations so that the “average air compartment concent
extensively discussed and applied by Cussler (1997). ThiS . . : .

' - tion” derived from the CFD exercise would be defined in th

approach follows the two-film concept for estimating the flux u : .

X e same way as the “average tissue compartment concentratit
of volatiles across an air:liquid interface.

in the PBPK model. If these “average concentrations” are n
commonly defined, an error of variable magnitude that |

N =Ky (Cq—CyP), 1) dependent on airway geometry and the extent of fraction
uptake of the vapor will be introduced into the CFD-PBP!
where model.
By multiplying both sides of Equation 1 by the surface are
N = flux (umol/[cn? X h]) of the air:liquid interface for a defined compartment, the ne
Ky = overall mass transfer coefficient (cm/h) mass transport across the interface can be expressed as
C4 = concentration in gas phasgrfol/cnt)
P = the liquid:air partition coefficient (dimensionless) and _ _
C, = concentration in liquid phasgunol/cnt). QSN = Sk(Co — CvP) ®)

Cussler (1997) notes that this commonly used equation¥§ere
basically derived from empirical arguments like those used to
derive Fick’s law and that the equation conceals a variety @, = net rate of mass transport across an air:liquid interfac
approximations and ambiguities. The most critical problem (mwmol/h) and
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S = surface area of the compartmental air:liquid interface Q
(cmP). Cou/Cin = Q+ (Sky (6)

The air phase mass transport coefficiégtcan be estimated ) ) )
by CFD simulations at several representative inhalation flo}{?€"€CoufCin = the fractional penetratiori(,) or the dimen-
rates for the differing nasal lumen geometries of various spanless fraction of the vapor that penetrates through a na
cies using defined boundary conditions for the nasal cavffgMmpPartment and enters the next compartment. Note that
(e.g., by defining a very large value fBrto effectively estab- €/therky. Or & is very large, the denominator becomes large
lish a “C, = 0" boundary condition for the simulation such thaf"d the right-hand side of the equation approaches zero fr
k, ~ K, in Equation 2). tional penetration. o _

For gas phase compartments in the nasal cavity (Fig. 2B), a>°1Ving forky. after substituting=pe; for Co,/C;, results in:
compartmentak,, designated,., can be calculated from the
CFD simulation results by the following method. Assuming Q(1 - Fpe)
that the compartment is well mixed (i.e., the concentration of gc HT . ()
the vapor in the gas phase that exits the compartment is the
limgz:; ?ﬁg'!?égfﬁ sctg?g ?:]12;“%;;2;22 ?;T/Z%grrngﬂgg d e Data from CFD simulations at various flow rates for eac

0- . . )
sition in a compartment in the nasal cavity may be expressed%’gcleS can be used to calculiagg since the regional, S,
andF,. can be evaluated for any defined compartment of tt

nasal mesh as long as €,“= 0” boundary condition is used.

> CinQin = 2. CouQout + SKge (Cout — C/P) (4) Although this derivation utilizes common mass transport ar

fluid dynamics terminology, the underlying theory is very

similar to common pharmacokinetic principles that use th

where hepatic extraction ratio to calculate hepatic clearance (e.
Gibaldi, 1991; Shargel and Yu, 1993), aKg. may be con-

Q,, = flow rate of air entering the nasal compartment {m sidered to be analogous to a tissue clearance term usec
Qo = flow rate of air exiting the nasal compartment @) compartmental pharmacokinetic studies.
C,, = concentration of vapor in the air entering the nasal An overall mass transfer coefficient from the gas phkgg,
compartment gmol/cnt) can now be estimated that combines a compartmental muc
Cout = CONcentration of vapor in air exiting the nasal comparfhase mass transport coefficidqt; (analogous to the liquid
ment @mol/cn?); this concentration is assumed to b@hase mass transport coefficiénin the definition ofk) with
well equilibrated with the steady-state processes of tifée gas phase mass transport coefficigpthat was calculated
nasal cavity (including nasal epithelial uptake) and @oove from CFD simulations that usedG= 0 boundary
assumed to be the uniform concentration in the corgondition (c.f. Hannat al.,1989; Lymaret al.,1990; Cussler,
partment based on the well-mixed compartment mod&997) as follows:
C, = concentration in liquid phasgu(nol/cn?)
S. = epithelial surface area of the nasal compartmenfcm VKge = kg + 1/(Pkyo | (8)
and

Kgc = compartmental mass transfer coefficient (cm/h).
where
By conducting CFD simulations with &C; = 0” boundary

condition for the compartment (effectively assuming tRdas Kgc = overall compartmental mass transport coefficient fror

very large and therefori€,. = k. according to the relationship the air phase (cm/s) N

that definesk,) and assuming negligible change in air flowkge = COMpartmental gas phase mass transfer coefficie

across the compartment (i.€,, = Q... = Q), the equation (cm/s)

simplifies to k.. = compartmental mucus phase mass transfer coefficie
(cm/s) and

P = the liquid:air partition coefficient (dimensionless).
CinQ = Coth + SchcCOUt = Coth + SckgcCout (5)
The mucus phase mass transport coefficiknt, was for-
mulated as described by Bust al. (1998) to describe trans-

This allows calculation of a compartmenkgl from the data A
grt to the midpoint of the mucus layer:

for the compartmental clearance of the vapor from the gB
phase by recognizing th&, = C,, for a well-mixed com-
partment; Kine = Dinud (Imu2) )



228 FREDERICK ET AL.

where where

Due = diffusivity of the compound (primarily the ionized Cepix = total concentration of vapor in the epithelial layet

acid) in the mucus phase (éfh) and underlying the mucus_;(mollcrrf*)_ _ _ _
| mue = thickness of the mucus phase diffusion layer (cm). Pepi:muc = €Pithelial:mucus partition coefficient (dimension-
less) and
Applying these principles to the regional nasal uptake of thenuc-epi = length of the diffusion path from the midpoint of
vapor of an organic acid, the following rate equations may be mucus layer to the midpoint of the underlying ep:
constructed. ithelial layer (cm).
Air phase.

lonized acids are not volatile, therefore the concentration
an acidic vapor that is available for desorption back into the &
VairdCar/dt = Q(Cair—in = Car) ~ Kge S(Car compartment is limited to the concentration of nonionized acl
— [XinonionizedCmud Pmucaid) »  (10)  in the mucus. The concentration of nonionized acid is depe

dent on the pKa of the acid and the mucus pH. Changes in t

ambient mucus pH are limited by the mucus buffer which hé

a finite buffering capacity (Holma, 1985). Equations 12A t

. I .. 12D estimate the fraction of nonionized acid in the mucu

Co = conC(_entratlon of the nonionized vapor eX'qu yer, mucus pH, and the depletable mucus buffer capacity,
the air compartment ur_1der s_tandard well-mixe function of the concentration of the vapor in the mucus. .
compartment assumptions (i€ = Cair—oud decrease in mucus pH of approximately two units from th
(pmol/cnt) ambient pH is assumed to present a cytotoxic environment {

Cair—in = concgntratlon of the nonianized vapor enterln%e underlying epithelial cells (a nonlimiting assumption).
the air compartmentimol/cnt)

Ciuc = total concentration of vapor in both the ionized

where

and nonionized forms in the mucus layer Xinonionizeg = 1/(1 + 10°1P*2) (12A)
(umolicr) o PH= (pH, — pHee) + (1.0~ By) pHaey  (12B)
Xnonionizeq) = fraction of vapor present in nonionized form
(dimensionless) By = (CB; — CB,,,J/CB; (12C)
Pruc-air = Mucus:air partition coefficient of the nonion-
ized acid (dimensionless) and Vinud CBinud At = Vinud Kinuce-syn = Kinue-0C Brnue
V,;, = volume of air compartment (cf — KyCBrulrmud »  (12D)
In some cases, the CFD simulations may indicate “leakagghere
of air streams between adjacent air phase compartments in the
nasal cavity. In those cases, the vapor is modeled as being fully pH = mucus pH

equilibrat_ed in the upstream compartment of _the CFD-PBPK pKa = acid dissociation constant for an acidic vapor
model prior to transferring a fraction of the air stream to the pH, = initial or ambient mucus pH

adjacent compartment. PHyep = estimated maximum number of mucus pH unit

Mucus phase. As discussed in Appendix B of Busit al. that can be depleted without significant epithelia
(1998), carboxylic acids are predominately ionized in viable cytotoxicity
tissues, which must maintain a pH near neutrality, and the CB = initial concentration of depletable mucus buffe
effective diffusion rate is approximately that of the ion. The consistent with cellular viability gmol/cnt).
following descri_ption of the fate of absorbed vapors differs CB,,,. = concentration of depletable mucus buffer within :
from that described by Busét al. (1998) by estimating the range consistent with cellular viabilitywmol/
fraction of nonionized acid in the mucus layer that is available cnr).
for desorption as a function of the concentration of mucus By = fraction of the depletable mucus buffer capacity
buffer. Assuming approximately equal diffusion coefficients in that has been depleted
the mucus and epithelium, Ve = Volume of mucus underlying an air compartmen
(cnt)
Vmucdcmuc/dt = Kchc (Cair - (x[nonionizedcmuc/Pmuc:air)) Kmuc—syn = zero_—order rate of buffer Syntheslsrﬁollmllh_l)
| muc—to = a@mbient rate of buffer turnover (per h) and
~ Dl muc-epSH{[(1 = Xinonionized/ Pruc:aid Cnucl = Cepia) K, = estimated second-order rate of reaction of a

(12) acidic vapor with mucus buffer (ml/amol ™).
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Epithelial phases. The description of diffusion of the va- tion, compound- and organ-specific common parameters |
por in the epithelial phases differs from that described by Busioth models are listed below with their source.
et al. (1998) by incorporating epithelial metabolism and for- Diffusivity of acrylic acid (ionized and nonionized) in mu-
mally describing the migrating species as the ionized acid. Fars O,,,0) and epithelium D ; or D,.J was defined as 0.01
Fick's Law diffusion between adjacent tissue compartments?/h as an adjustable parameter from a plausible range
with a partition coefficient approximately equal to unity be0.005 to 0.02 crith based on the following considerations. A

tween compartments results in: lower limit value of 0.005 crffh was calculated for the diffu-
sion coefficient of acrylic acid in water (Busét al., 1998)
V,dC,/dt = Day/l 14 1S(Cri s — C) — Deg/lii 1S, corrected for the increased bulk viscosity of mucus and tiss

relative to water. A value of approximately 0.015 Zmwas
(Ci = Ciiva) = ViKneCi,  (13) measured experimentally for similar sized charged ions ai
neutral molecules by Kushmerick and Podolsky (1969) i
where muscle fibers. Generally, experimentally determined diffusic
coefficients of similarly sized molecules in tissue are appro:
imately 0.3 to 0.5 the values determined in water (Kushmeric
and Podolsky, 1969; Georgs al., 1996). The experimentally
determined diffusion coefficient of the closely related com
gound, propionic acid, in water is 0.038 &itm (Cussler, 1997,
p. 112), therefore the predicted value in tissue would be in tl
0.01 to 0.02 crth range. Final selection of 0.01 from the
plausible range was based on fitting the predictions of tt
model for whole-nose uptake to the unidirectional uptake da
r7for a slowly metabolized vapor with approximately the sam
molecular weight as acrylic acid (acetone at a flow rate of 1(
ml/min; Fig. 6). Interestingly, this value gave a good fit to th

Blood exchange region.Assuming approximately equalmodel predictions Fo the whole-nose uptake of a wide varie
diffusion coefficients in the epithelial layer adjacent to thef slowly metabolized vapors that span a wide molecul:
blood exchange region and in the blood exchange region ang/@ight range (Fig. 6). As noted by Bugt al. (1998) the

partition coefficient between these regions of approximateflybrid CFD-PBPK model predictions of overall uptake o
one, inhaled vapors in the rat nasal cavity are sensitive to variatio

in the value ofD,, &
Diffusivity of acrylic acid in squamous epithelium of the
Ve Co/ At = Deplepi-exSil Cepi ~ Ced + Qoiood Can = Ce » nasal vestibule equals 0.001 ¥mbased upon estimates of the
(14) diffusivity of small organic molecules across dermal tissu
(Environmental Protection Agency, 1992).
where Thickness of mucus layer is 3m in all regions (Morgaret
al., 1984 and personal communication), except that the muc
Ve« = volume of tissue compartment in blood exchangeovering the human olfactory epithelium is 20n thick (Lang,

V; = volume of theith tissue compartment
(cn)

C, C_i_1, G+, = vapor concentrations in théh tissue
compartment and the compartment
above and below itymol/cnt)

= diffusivity of the compound in the epithe-
lial phase (crivh)

lii_1, i+, = lengths of the diffusion paths betwee

midpoints of epithelial layers (cm) and
Kmet = first order rate of metabolism (H).

Depi

region (cn?) 1989, p. 119).
Cepi = concentration in the tissue compartment above theBased upon photomicrographs of rat nasal tissues anc
blood exchange regiorumol/cnt) micrometer, the approximate thicknesses of the epithelial la
C.x = concentration in the blood exchange regiqumpl/ ers are as follows: respiratory and squamous epithelia5
cmd) um, the blood exchange regions under the respiratory a
C.« = concentration in the arterial blood entering the bloosiquamous epithelia&= 75 um, the olfactory epithelium= 80
exchange regiongmol/cn?) and um, and the blood exchange region under the olfactory ej

lepi—ex= length of the diffusion path from midpoint of epithe-thelium = 50 um.
lial layer adjacent to the blood exchange region to the Partition coefficients for acrylic acid between compartmen
midpoint of the blood exchange region (cm). were as follows:

The species-specific parameters used in the model are listed Lung:blood= 1.4 (Black and Finch, 1995)
in Table 6 for rats and humans along with the source of Liver:blood = 1.7 (Black and Finch, 1995)
information for each parameter. Standard PBPK methods aréMuscle/Fat:blood= 1.2 (Black and Finch, 1995)
used for scaling cardiac output to body weight, equilibration of Other perfused:
blood with tissues, etc. (e.g., Frederiekal., 1993). In addi- blood = 1.4 (Black and Finch, 1995)
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Nasal Dorato, M. A., Carlson, K. H., and Copple, D. L. (1983). Pulmonary mechar

epithelium:blood= 1.4 (Assumed to be similar to Iung:blood) ics in conscious Fischer 344 rats: Multiple evaluations using nonsurgic

Blood:air = 6100 (Table 3 [pH 2.0 to suppress ion- te.chmques.ToxmoI. ,.Appl. Pharmacol68, 344-353. .
ization]) Environmental Protection Agency (199P)ermal Exposure Assessment: Prin-

e - . ciples and Applicationspp. 4.10, 5.34. EPA/600/8-91/011B, Office of
Mucus:air= 1780 (Table 3 [similar to saline at pH Rgsearch and Development, Washington, D.C.

2'(_) to suppress ionization of the Weal%nvironmental Protection Agency (1994)lethods for Derivation of Inhala-
aC|d]) tion Reference Concentrations and Application of Inhalation Dosimppy,
Nasal 4.28-4.29. EPA/600/8-90/066F, Office of Research and Developme
epithelium:mucus= 1.0 (Based on micropartitioning stud- Washington, D.C.
ies of Black and Finch [1995]; as- Frederick, C. B., Morris, J. B., Kimbell, J. S., Morgan, K. T., and Scherer, P.

sumed to primarily reflect partitioning (1994). Comparison of four biologically based dosimetry models for th
of the ionized acid) deposition of rapidly metabolized vapors in the rodent nasal cawvihal.
Toxicol. 6(Suppl.), 135-157.

. . Frederick, C. B., Potter, D. W., Chang-Mateu, M. I., and Andersen, M. E
Ambient mucus pH= 6.6 (BOdemt al., 1983) with a buffer (1992). A physiologically based pharmacokinetic and pharmacodynarnr

capacity such that gmol of acid will deplete 1 ml of mucus  model to describe oral dosing of rats with ethyl acrylate and its implicatior
1 pH unit (Holma, 1985). A mucus pH of less than 4.6 is for risk assessmenToxicol. Appl. Pharmacol114, 246 —260.
assumed to cause epithelial cytotoxicity. Rate of mucus sec@argas, M. L., Burgess, R. J., Voisard, D. E., Cason, G. H., and Anders
tion = 0.21 mi/h/ecn (Hatch, 1992). pKa of acrylic acie M. E. (1989). Partition coefficients of low molecular weight volatile
4.25. Estimated second order rate of reaction of an acidic vapoghemicalls in various liquids and tissudxicol. Appl. Pharmacol9s,

. 7-99.
with mucus buffer= 300 ml/hjumol. ,
Pseudo first-order rate of metabolism of acrvlic acid iﬁ;erde, P., and Dahl, A. R. (1991). A model for the uptake of inhaled vapo

y in the nose of the dog during cyclic breathirigpxicol. Appl. Pharmacol.

liver = 4.2 h™* and all other tissues 0.7 h™* (Black and 109 276_28s.

Finch, 1995)' George, S. C., Babb, A. L., Deffebach, M. E., and Hlastala, M. P. (1996
Diffusion of nonelectrolytes in the canine trachea: Effect of tight junction
J. Appl. Physiol 80, 1687-1695.

Godo, M. N., Morgan, K. T., Richardson, R. B., and Kimbell, J. S. (1995)
Technical support for these studies by Mr. John Udinsky is gratefully Reconstruction of complex passageways for simulations of transport pf

acknowledged. Dr. Melvin Andersen (ICF Kaiser) provided thoughtful com- Nomena: Development of graphical user interface for biological applic:

parisons between the nasal deposition of vapors from inhaled air and th&ons-Comp. Meth. Prog. Biomed.7, 97-112.

pharmacokinetic clearance of compounds from the systemic circulation Byoss, E. A., and Morgan, K. T. (1992). Architecture of nasal passages a

tissues. Dr. Peter W. Scherer and his students (University of Pennsylvanialarynx. In Comprehensive Treatise on Pulmonary Toxicologglume I.

provided valuable technical insight in modeling air flow in the human nasal Comparative Biology of the Normal Lun@®. A. Parent, Ed.), pp. 7-25.
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