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Interspecies extrapolations of tissue dose and tumor response
have been a significant source of uncertainty in formaldehyde
cancer risk assessment. The ability to account for species-specific
variation of dose within the nasal passages would reduce this
uncertainty. Three-dimensional, anatomically realistic, computa-
tional fluid dynamics (CFD) models of nasal airflow and formal-
dehyde gas transport in the F344 rat, rhesus monkey, and human
were used to predict local patterns of wall mass flux (pmol/[mm’-
h-ppm)]). The nasal surface of each species was partitioned by flux
into smaller regions (flux bins), each characterized by surface area
and an average flux value. Rat and monkey flux bins were pre-
dicted for steady-state inspiratory airflow rates corresponding to
the estimated minute volume for each species. Human flux bins
were predicted for steady-state inspiratory airflow at 7.4, 15, 18,
25.8, 31.8, and 37 1/min and were extrapolated to 46 and 50 I/min.
Flux values higher than half the maximum flux value (flux me-
dian) were predicted for nearly 20% of human nasal surfaces at 15
I/min, whereas only 5% of rat and less than 1% of monkey nasal
surfaces were associated with fluxes higher than flux medians at
0.576 1/min and 4.8 1/min, respectively. Human nasal flux patterns
shifted distally and uptake percentage decreased as inspiratory
flow rate increased. Flux binning captures anatomical effects on
flux and is thereby a basis for describing the effects of anatomy
and airflow on local tissue disposition and distributions of tissue
response. Formaldehyde risk models that incorporate flux binning
derived from anatomically realistic CFD models will have signif-
icantly reduced uncertainty compared with risk estimates based
on default methods.
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People can be exposed to formaldehyde in both occupation%
and environmental settings, typically at concentrations Wellg'
below 1 ppm. Formaldehyde is a nasal carcinogen in rodent$
chronically exposed by inhalation to 6 ppm or higher (Kezhs
al., 1983; Monticelloet al., 1996). Because epidemiological
associations between human cancer incidence and formald
hyde exposure are equivocal (Blair al., 1990; Collinset al.,
1997; Partanen, 1993), the extrapolation of dose and responsg
from laboratory animals to humans is necessary when asses
ing potential carcinogenic risk in humans exposed to formal-Z
dehyde. Since formaldehyde was first shown to be a rat nasa
carcinogen (Swenbergt al., 1980), research on respiratory =
effects of inhaled formaldehyde in laboratory animals has led®
to several human health risk assessments (Health and Welfarg
Canada, 1987; U.S. EPA, 1987, 1991). Extrapolations of targeg
tissue dose and tumor response among species have begn
significant sources of uncertainty in all these assessments. &

Uncertainty from interspecies extrapolation of target tissueS
dose in formaldehyde risk assessments to date arises primarifgr
from an inability to account for both the site- and species- &
specific patterns of nasal lesions induced by formaldehyde ir®
rats and monkeys. Lesion locations have been correlated wit'ﬁ
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gh levels of formaldehyde-induced DNA—protein cross-links .

ronmental Protection Agency, and approved for publication. Approval does r(QPX; Casanov@t al., 1991, .1994) and with local inSpir‘atory
signify that the contents necessarily reflect the views and policies of teérflow patterns in both species (Morgahal., 1991). Lesions

Agency, nor does mention of trade names or commercial products constitifierats were confined to the nasal passages but were found as

endorsement or recommendation for use.

Portions of this data were presented at the annual meeting of the Societ
Risk Analysis, December, 1997, Washington, D.C., and at the 37th and 3
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far down in the respiratory tract of monkeys as the carina
&onticello et al., 1989, 1991). These studies imply that local

annual meetings of the Society of Toxicology, March 1998 and March 200rmaldehyde dose plays a major role in determining formal-
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dehyde-induced lesion distributions.

' To whom correspondence should be addressed. Fax: (919) 558-1300\/arious metrics have been used to define formaldehyde

E-mail: kimbell@ciit.org.

’Present address: U.S. Environmental Protection Agency, Washi

ton, D.C.
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EPA, 1987). To decrease the uncertainty associated with ide estimated by the rat and monkey CFD models correlated
terspecies extrapolation of dose, a subsequent risk assesswitht formaldehyde-induced nasal lesion distributions in both
was based on DPX as a dose metric in pmol/mg DNA (U.Species (Keplert al., 1998; Kimbell et al., 1993, 1997b),
EPA, 1991). To express the net transport of formaldehyde frgmnoviding support for the hypothesis that species-specific air-
inspired air to the air-liquid interface of the nasal walls, waflow patterns play a major role in driving local formaldehyde-
mass flux in units of mass/(area-time) may be used such as wakiced toxicity.
done for the uptake of inhaled ozone (Overton and Miller, Recently, CFD simulations of formaldehyde uptake were
1988). Formaldehyde wall mass flux as a measure of transpgptiated to incorporate improved estimates of uptake condi-
prior to disposition within the body is critical to determiningtions at the interface between air and tissue that differentiate
the link between administered doses such as exposure condmiween mucus-coated and nonmucus-coated tissue (Kimbell
trations and target tissue doses or markers of exposure sucktaal., 2001). The updated simulations were used to estimate
DPX. Knowledge of local formaldehyde wall mass flux patflux in sites where DPX and cell proliferation rates were
terns can also be used to better understand the relative rofesasured in formaldehyde-exposed rats and monkeys and to
that dose and tissue susceptibility play in the disposition ofake interspecies comparisons of predicted regional flux sucl§
formaldehyde in tissue and responses such as enhanced azlmaximum values and flux in lesion sites (Condadlyal., 5
proliferation and tumors. 2000; Kimbellet al., 2001). g
Unlike rats, monkeys and humans are oronasal breathersThe CFD models can be used to predict formaldehyde flux&
During oronasal and oral breathing, the scrubbing efficiency thfroughout the entire nasal passages of the rat, monkey, ang
the nasal passages is reduced. Breathing route has a signifibaman at varying airflow rates. At specific sites where DPX g
effect on human pulmonary response from exposure to tfigmation and formaldehyde-induced cytotoxicity were mea—%
highly water soluble gas sulfur dioxide (Adares al., 1989; sured, relationships between flux and these responses can l%e
Kirkpatrick et al., 1982) and varies during different levels ofestimated. These relationships and flux predictions throughou
physical exertion (Niinima&t al., 1981). Since formaldehyde the nose thus allow an interpolation of DPX and cytotoxicity E"
is water soluble and formaldehyde-induced lesions were dibem measurement sites to the rest of the nasal passages in t%
served as far down the respiratory tract as the first bifurcatiost and monkey, and provide a means for estimating these;
of the lungs in exposed monkeys, the entire human respiratoegponses locally in the human nasal passages. When coupl%d
tract should be considered for various activity states whevith a model for uptake in the human lung, formaldehyde flux<
studying potential effects of formaldehyde inhalation. and subsequently DPX formation and potential formaldehyde—fj2
To better understand the roles of anatomy, airflow patternisduced cytotoxicity could be estimated throughout the humang
and local dose in species-specific nasal toxicity, 3-dimensionadspiratory tract for various activity patterns. This information 3
anatomically accurate (i.e., reconstructed from actual crasscritical to biologically based modeling of formaldehyde f
sections) computer models of airflow and gas transport in tharcinogenicity that can be used to generate human health risg
nasal passages of the F344 rat (Kimketllal., 1993, 1997a), estimates. However, a strategy for incorporating this informa-a
rhesus monkey (Kepleet al., 1998), and human (Subrama-ion into cancer models while retaining local, species- specmco
niam et al., 1998) were previously developed using computarriations in these values is needed.
tional fluid dynamics (CFD). The rat and monkey CFD models To address this need, the nasal CFD models described b
were created to test the hypothesis that species-specific inspitanbell et al. (2001) were used to partition the surface of the 5
tory airflow patterns drive formaldehyde uptake in the nasedt, monkey, and human nasal passages into flux bins to obtaig
passages and could account for different distribution pattempsantitative descriptions of species-specific uptake patternss
of nasal lesions in formaldehyde-exposed rats and monkeg®. individual flux bin is the portion or portions of the tissue 2
Therefore factors other than anatomy, breathing rates, thaface that receives flux within a specific range of flux values.>
diffusivity of formaldehyde in air, and the high solubility andAn average value of flux over each bin surface area is associg
reactivity of formaldehyde in the liquid lining layer were nofated with each bin. In addition, the human nasal CFD model
included in the models. Predictions of local DPX using theas linked to a 1-dimensional (typical-path) dosimetry model
CFD models in conjunction with models for the tissue dispaf the human respiratory tract to provide a description of local
sition of formaldehyde were in good agreement with experitosimetry and corresponding flux bins throughout the entire
mental measurements in rats (Cohen Hubkalal.,, 1997; respiratory tract for 4 activity states (Overtet al., 2001).
Conolly et al., 2000) and monkeys (Conollgt al., 2000). Nasal flux predictions in humans were therefore obtained for
These results suggest that the exclusion of other factors potespiratory airflow rates that correspond to these activity states.
tially affecting formaldehyde uptake from inhaled air, such as From correlations of rat nasal flux with formaldehyde-in-
the presence of other inhaled contaminants, the presencedeéed cell proliferation and DPX measured in specific sites in
water vapor, the nasal cycle, and the relative lengths of insfiie rat, cell proliferation and DPX can be estimated for each
ration and expiration times, did not contribute substantial errbux bin throughout the rat nasal passages and human respira-
to CFD uptake predictions. Local uptake of inhaled formaldéery tract at a variety of airflow rates. These estimates allow
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cell birth and death processes in cancer cell clonal growgktimated to be 0.288 and 2.4 I/min, respective!y. Rat and' monkey simulations
modeling to be parametrized for each flux bin in each specié@ée therefore carried out at 0.576 and 4.8 I/min, respectively (Kingbell.,

s . 1), and at various flow rates using the human mesh as described in detail
and to capture human activity patterns as well. Aggregatlrﬁ)%

. . . low. Airflow simulation results, consisting of the magnitude and direction of
risk for each flux bin would then produce an overall estimate Bbw predicted at each mesh point, were subsequently used as inputs to the

cancer risk that incorporates species-specific dosimetry painvective-diffusion equation (Biret al., 1960) representing formaldehyde
terns. transport within the nasal passages.

This article presents flux bins for the rat, monkey, and The areas in which formaldehyde-induced nasal squamous cell carcinomas

human nasal passages as zones that. taken together desc?a%eén F344 rats are normally lined by respiratory or transitional epithelium
. ’ ! organet al., 1986). These epithelial types frequently respond to injury by

partitioning of the surface area of the nasal passages of the r@ﬂvsforming to a squamous epithelial type. The readiness with which the
monkey, and human based on formaldehyde flux. Tables sgfiamous epithelial phenotype is induced by injury to the respiratory and
nasal surface areas and associated flux values are presentetkfsitional epithelia of the nasal airways may account for squamous cell
use in incorporating local, species-specific flux variation intgrcinomas _arising from them following a carcinogenic ins_ult. In the current
formaldehyde risk assessments. Nasal flux for the humanSti%dy’ attention was focused on formaldehyde uptake predicted in regions that

. . are not normally lined by squamous epithelium. Formaldehyde gas is miscible
extended from the work described by Kimbetlal. (2001) for with water and reacts readily with a number of components of nasal mucu

resting breathing to flow rates corresponding to other activif§ogdantiy et al., 1987). Absorption rates of inhaled formaldehyde by the 3

states including light and heavy exercise. nasal lining were therefore assumed to depend on where the epithelial lining i
coated by mucus and where it is not. 8
METHODS The approximate locations of nonsquamous and mucus- and nonmucusg

coated epithelia were mapped onto the meshes, and separate conditions far

. . =
The CFD models of nasal airflow and formaldehyde gas uptake have b%ﬁcus— and nonmucus-coated regions were imposed on the transport rate (flusg

described elsewhere in detail (Kepétral.,1998; Kimbellet al.,1997a, 2001; ormaldehyde at the interface between air and the airway lining as describe(;DB'
! ' ' ' " _ by Kimbell et al. (2001). Briefly, formaldehyde flux to the nasal surface was X

umed to be directly proportional to the air phase concentration of formal-g-
yde near the wall, with,ks and k, denoting the constants of proportionality =,

Subramaniamet al., 1998). In this section we give an outline of model
structure and describe the human airflow and uptake simulations neede@%%

approximate human activity patterns. We explain the linkage between tﬂ% : -
tissue-phase mass transfer coefficients for nonmucus- and mucus-coat

human nasal CFD model and a typical-path model of the human respirat8(_ ; i . =
eB/nhehum, respectively. The uptake of inhaled formaldehyde by nonmucus-2

tract (Overtonet al., 2001) and focus on the construction of flux bins into s ) ) .

which nasal surface area was partitioned to provide local flux estimates f§2ted squamous epithelium located in the nasal vestibule of all 3 species wag

interspecies extrapolation of dose and response assumed to be similar to uptake determined by Lodén (1986) in experiment$
measuring formaldehyde transport through human epidermal tissue. An analg

M.odel strupture. The ratand mon_key CFD models were constructed. fro sis of these measurements provided a mass transfer coefficient of 641 a
tracings of airway perimeters of the right nasal passages from the nostril to /s for nonmucus-coated epithelium (Kimbetl al., 2001). A value of 4.7 [0}
nasopharynx from serial-step sections of embedded tissue specimens as, %‘7' : -§

(0]

i btained for all -coated epithelium in all 3 ies b
scribed by Kimbellet al. (1993) and Kepleet al. (1995). Symmetry between s for k, was obtained for all mucus-coated epithelium in all 3 species by

the right and left sides of the rat and monkey nasal passages was assumecgtt g the total percentage of nasal uptake predicted by the rat CFD model t w

; as measured by Pattersemnal. (1986). :
surface area estimates from the rat and monkey CFD models were there ore’ y ( ) I

doubled to account for both sides of the nasal passages. The human model w&émulations for human activity patterns. Additional simulations were ?jr
constructed from airway tracings of both sides of the nasal passages fromfngeded to model human activity patterns. Activity patterns consist of various®
nostril through the nasopharynx from magnetic resonance image scansielévity states and time durations. The activity states modeled here consisted (@
described by Subramaniast al. (1998). Since the human CFD model in-Sleeping, sitting, and light and heavy exercise and corresponded to cyclid?
cluded both sides, a surface area adjustment was not needed for results fgathing at minute volumes of 7.5, 9, 25, and 50 I/min, respectively (ICRP66,z
this model. 1994). Nasal airflow patterns during the inspiratory phase of cyclic breathing®
In-house software (Godet al., 1995) and the finite element mesh preprowere approximated by steady-state inspiratory airflow at flow rates equal tOg
cessor of the CFD software package FIDAP (Fluent Inc., Lebanon, NH) wemgce the cyclic minute volume except at 50 I/min. At 50 I/min, oronasal >
used to generate 3-dimensional computational meshes for each nasal geonégthing occurs for most people with approximately 46% of airflow passing«é
(Kepler et al., 1998; Kimbellet al., 1997a; Subramaniaret al., 1998). All  through the nasal passages (ICRP66, 1994; Méteal., 1988). Thus cyclic @
meshes were designed to have elements as uniform in shape and sizeatgs of 7.5, 9, 25, and 50 I/min corresponded to 15, 18, 50, and 46 I/min%
anatomy allowed. Steady-state, inspiratory airflow was simulated by solviatpady-state, nasal inspiratory flow rates, respectively, in the human CFDX
the Navier-Stokes equations of motion numerically using FIDAP and the nasaddel. N
meshes. Steady-state airflow was assumed to approximate cyclic breathingFD airflow and formaldehyde uptake simulations were conducted at 15 and
patterns based on calculation of the Strouhal number, or frequency paraméte/min. Airflow simulations at 46 and 50 I/min could not be done since the
(Subramaniamet al., 1998). Briefly, unsteady effects may be consideretiighest flow rate for which convergence of the flow equations solver could be
insignificant when the frequency parameter is less than 1 (Pedley, 1977). Didained in this human mesh was 37 I/min. Thus additional simulations were
Strouhal number, S wlL/u, wherew, L, and u are the breathing frequency,conducted at 7.4, 25.8, and 31.8 I/min and formaldehyde uptake was extrap-
axial length of the nasal airway, and the average velocity, respectively, is 0@ated from these results to 46 and 50 I/min (see section below on Nasal Flux
in the human, using = 0.25 Hz, L= 11 cm, and u= 144 cm/s, correspond- Bins).
ing to a flow rate of 26 I/min and a cross-sectional area of 3(@ubramaniam  As described by Kimbelét al. (2001), mass balance errors for air (180
et al., 1998). [amount of air entering nostril — amount exiting the distal outlet]/[amount
Inspiratory rates for steady-state airflow were derived by dividing thentering nostril]) and inhaled formaldehyde (I8(amount entering nostril —
amount of inspired air (tidal volume, Y by the estimated time involved in amount absorbed by airway surfaces — amount exiting distal outlet]/[amount
inhalation (half the time a breath takes, or (1/2)(1/[breathing frequency, fpntering nostril]) were calculated. Flux was calculated as the rate of mass
Thus, an inspiratory flow rate was calculated to beZ\or twice the minute transport in the direction perpendicular to the nasal surface per square milli-
volume. Minute volumes for the rat and monkey used in this study weraeter of the surface and had units of pmol/(famppm).
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100 Linking human nasal CFD and a typical-path lung model. A linkage
90 between formaldehyde uptake simulations using the human nasal CFD model
and a typical-path lung model was necessary to provide formaldehyde uptake
80 | estimates throughout the human respiratory tract (Oveetoal., 2001). To
70, provide this link, the uptake efficiency of the nasal passage compartment of the
& ‘ typical-path model was required to equal that of the nasal CFD model at each
g 80 of the 4 flow rates. The uptake efficiency of the nasal CFD model was
3 50 calculated as 100% (mass of formaldehyde entering nostril - mass exiting
E 40} o Simulated outlet)/(mass entering nostril). Uptake efficiencies at 46 and 50 I/min were
% i o Extrapolated extrapolated from efficiencies at 7.4, 15, 18, 25.8, 31.8, and 37.0 I/min by
§ 30 empirically fitting a curve to these efficiencies. A good fit was obtained using
T 2 a curve of the form
2
0 efficiency= A exp(ax flow rate) + B exp(b X flow rate), (2)
0 o . -
0 10 20 30 40 50 where A, B, a, and b were fitted parameters with the constraint thatB\=
Flow Rate (L/min) 100 (Fig. 1). This type of curve fit the simulated efficiencies considerably

b{etter than a single exponential. The best fit was obtaineer (0.97) when

A = 50.0, B= 50.0, a= —3.00 X 107 and b= —4.25 X 107 As an
additional check on the calibration of the typical-path model to the CFD model,
average nasal airway surface flux was also computed (see below).

Nasal flux bins. In this section we describe the means by which species- =
specific, local variation in nasal formaldehyde flux was structured for use ing
health risk assessments for formaldehyde. A structure was needed so that (g
3% information could be used to generate local dose-response curves for nas

} ) . . . AlP0Se effects and (2) flux predictions from human simulations at different o
Errors in mass balance of air were less than 0.4% in all airflow smulaﬂorgirﬂow rates would be made at consistent sites X

Mass balance errors associated with simulated formaldehyde uptake from 84 address these issues, the portion of the nasal surface of each species ti@t

. ! N
into tissue ranged from less than 14% for the rat and monkey and for tgenot normally lined by squamous epithelium was contoured or partitioned byg

.hum.an at 7.4 and 15 I/min to approxmately 27% at the .hlghe.st hum%}maldehyde flux into several levels for flux values evenly spaced between 0.
inspiratory flow rates of 31.8 and 37 I/min. In all the CFD simulations, th nd the maximum predicted flux value. A flux bin was defined as the nasal®
calculated amount entering the nostrils minus the calculated amount exiting N8ace area of 1 of these contour levels (Fig. 2). Epithelia that is not normallyé
outlet was greater than the calculated amount absorbed by airway surfacesofbﬁ]e squamous phenotype was identified as the region at risk from formal-2
de_scrlbed by Kimbelbt al. (2001), “.‘03‘ of this error occurred when caIF:u— ehyde-induced carcinogenesis so the region near the nostrils lined by norm
lating formaldehyde flux to nasal airway surfaces element by element in t 3uamous epithelium was excluded from this partitioning in all 3 species. Asg
finite-element mesh. Flux estimation in directions perpendicular to airw example, when 3 levels were used to contour flux at 15 /min in the human;
surfaces evidently contributed error to flux calculations for each element of g. 2), the lfirst bin contained the amount of nasal surface area where regiona'.cl:
airway surface region. This error was largest for element-by-element calcuﬁ-x vaI;Jes fell between 0 and 694 pmol/(ifum-ppm) or 1/3 of the maximum

tion of flux over large, complex nasal surfaces and less for smaller or flatigf, ¢ 580 pmol/(mm-h-ppm), the second bin contained the nasal surface
surfaces such as the nostrils and outlet. '

Because the faces of the CFD mesh elements on the nasal airway surface
were roughly uniform in shape and size, simulation results were corrected for
mass balance errors by evenly distributing the lost mass over the entire ni Flux
surface and adjusting flux values accordingly. For example, in the 15 l/r pmol/{(mmz2-hr-ppm)

FIG. 1. Extrapolation of human nasal uptake efficiencies to flow rates
46 and 50 I/min. Fitted curve {r= 0.97) is given byefficiency= A exp(ax
flow rate) + B exp(b X flow rate), where A= 50.0, B= 50.0, a= —3.00 X
10, and b= —4.25 X 10>

WwoJj papeojumoq
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case where the mass balance error was 13.5%, this correction was calcul 2082
as follows:
Corrected flux= Raw flux
N (0.135)(rate of formaldehyde entering nostjils
(entire nasal surface aréa ’
0

All fluxes presented in this study reflect this type of correction and flu Surface area = 1089.1 mm?
estimates for 46 and 50 I/min inspiratory flow rates were extrapolated from fli b s
estimates at lower flow rates that were corrected this way.

Since formaldehyde is highly water soluble and reactive, absorption wasFIG. 2. lllustration of formaldehyde flux bins. Here the nonsquamous-
assumed to occur only during inspiration. Thus for each breath, flux into nafiakd portion of the human nasal surface was contoured or partitioned (binned)
passage walls was assumed to be 0 during exhalation. Simulations of fornigi-formaldehyde flux estimated for a flow rate of 15 I/min into 3 levels
dehyde uptake in the entire human respiratory tract using a typical-path mogielored light gray, dark gray, and black) for flux values evenly spaced
during cyclic breathing conditions (Overtcet al., 2001) provided further between 0 and 2082 pmol/(nirh-ppm). A flux bin was defined as the nasal
evidence supporting this assumption. In this article, flux values representsamface area of 1 of these levels, such as 1089.1 fonthe black, highest-flux
average over the breathing cycle; therefore flux values presented here weggon. An average flux value of 1519.0 pmol/(fimppm) was calculated for
derived by halving estimates made using the steady-state inspiratory CH#i¥ region. Note that the nasal vestibule, to the right, was excluded from the
models, assuming that inspiratory and expiratory phases of the breathing cyktle binning analysis due to the assumption that this region was lined by
take equal amounts of time. sguamous epithelium.
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FIG. 3. [lllustration of 20 flux bins in each species: right lateral views of formaldehyde flux patterns on the nasal walls of the F344 rat, rhesus monkeytganc
human. Note different scale for each species-specific flux maximum. See Figure 5 in Kénak(2001) for flux comparison across species using same flux &
scale. Nostrils are to the right. Black denotes areas of high flux; white denotes areas of low flux except in the nasal vestibule of each species (black outliie) tl
was excluded from the analyses. Each panel shows flux in nonsquamous-lined areas contoured over 20 bins evenly spaced between 0 and the maximum flux v
attained in each species. Inspiratory airflow rates were 0.576 I/min in the rat, 4.8 I/min in the monkey, and 15 I/min in the human.

area where flux fell between 694 and 1388 pmol/(imppm), and the third bins increased, with visible improvement in all 3 species from the use of 3 bins
bin contained the surface area where flux fell between 1388 and 2082 pniol20 bins, illustrated for the human by comparing Fig. 2 with the human in
(mm?-h-ppm). Each bin was then associated with an average flux valBeg. 3. The use of 25 flux bins did not visibly increase the level of flux
calculated over the surface area of the region defined by that contour levekolution over 20 bins so 20 bins were used in all subsequent results reported
Average flux values of 307.9, 1004.5, and 1519.0 pmol/tsnmppm) and for all 3 species.
surface areas of 12901.2, 7374.4, and 1089.1* mere associated with the  In the human, defining flux bins by flux at different flow rates was prob-
flux bins in the 3-bin example (Fig. 2). lematical since flux patterns shifted from flow rate to flow rate. In order for flux
Using these methods, the nasal walls in the rat, monkey, and human weredictions from human simulations at different airflow rates to be made at
partitioned into 3, 5, 10, 15, 20, and 25 flux bins. The approximation @bnsistent sites, the surface area associated with each bin was based on the 15
predicted flux patterns by flux bins (flux resolution) improved as the number idin CFD simulation and defined to be the same for all other inspiratory
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airflow rates. The average flux in the locations defined by the 15 I/min binning TABLE 1
procedure was then calculated for each of the simulated inspiratory nasal F344 Rat Nasal Surface Area Partitioned
airflow rates. by Predicted Formaldehyde Flux

Airflow and formaldehyde uptake simulations in the human nasal airways-at
inspiratory flow rates associated with moderate and heavy exercise exceeded
current capabilities for direct computation. To provide flux distribution esti-
mates for these higher flow rates, average flux per bin was extrapolated to the
inspiratory nasal airflow rates of 46 and 50 I/min by fitting curves to plots of

Nasal surface area

Area where flux

the average flux per bin versus inspiratory nasal airflow rate for each bin at Flux range Avﬁnagii flux falrlasninesi)ritrzgied no(r:/os Tl?atliious
flow rates of 7.4, 15.0, 18.0, 25.8, 31.8, and 37.0 I/min. Specifically, average 9 9 q
flux was as_sumed to be a function of inspiratory nasal airflow rate. EitheroaS flux < 131 51 1035 60.8
power function of the form 131 = flux < 262 190 166 9.7
262 = flux < 393 325 110 6.4
flux = ax (flow rate)’ (3) 393=flux < 524 456 77 4.5
524 < flux < 655 588 71 4.2
or a rational function of the form 655 = flux < 786 718 44 2.6 o
786 = flux < 917 858 38 2.2 %
= < . oy
flux = (c X flow rate)/(d+ flow rate) @ Gors gﬂﬁﬁx PP oo 2 e g
1179= flux < 1310 1245 21 12 g8
was used to model the functional relationship depending on which equatio®10 < flux < 1441 1374 20 1.2 g
provided a better fit to the data. Estimates for a, b, ¢, and d providing the bgat1 < flux < 1572 1508 17 1.0 =
fit of Equation 3 or Equation 4 to the flux versus flow rate points were obtaind$72 < flux < 1703 1637 18 11 8
using the Levenberg-Marquardt method, a commonly used, nonlinear, ledsto3 < flux < 1834 1764 13 0.7 §
squares routine (Presst al., 1986) implemented using DeltaGraph Pro1834 < flux < 1965 1896 10 0.6 §
(DeltaPoint, Inc., Monterey, CA). The fit producing the high&(correlation 1965 = flux < 2096 2019 3 0.2 o
coefficient squared, here representing the fraction of total variation in the da2@o6 < flux < 2227 2159 1 0.1 §
explained by the model) was chosen to represent the relationship between7 < flux < 2358 2283 <05 <0.1 =
bin-averaged flux and inspired nasal airflow rate for that bin. 2358 = flux < 2489 2398 <0.5 <0.1 _S
Two methods were used to compute average human nasal airway surfa¢89 < flux < 2620 2565 <05 <0.1 3
flux for comparison with results for the nasal compartment of the typical-path g
model of Overtoret al. (2001). At 15 and 18 I/min, the simulations themselves Note.Flux range and average flux in bin are given in pmol/[fimppm]. <
were used to calculate flux averaged in an area-weighted manner over the &
e_ntire n_asal surface_. At 4_‘.6 and 50 I/min, flow rates for which there were no Flux binning provided a means for Comparing the diStribu—-séQ
simulations to provide direct calculations, total mass estimated to enter tfien of flux amona rats. monkevs. and humans at airflow rate§
nostrils was multiplied by the total nasal uptake efficiency estimated for ea: R . g o . ys, . ©
flow rate to get an estimate of the total mass absorbed at each flow rate. fiUal to their respective resting minute volumes. There was &,
mass was then divided by the surface area of the entire nasal passagedeereasing gradient of flux from proximal to distal regions in g

estimate average nasal airway surface flux. all 3 species. This gradient was predicted to be less steep i&
humans than in rats or monkeys. A higher percentage of nasd}
RESULTS surface area was associated with flux values above the medig

value in the human at 15 I/min than in the rat at 0.576 I/min org
The maximum formaldehyde wall mass flux estimate avemonkey at 4.8 I/min (Fig. 4). Nearly 20% of human nasal ‘5
aged over the breathing cycle obtained in the nonsquamausface area was estimated to be associated with flux values
epithelium of each species at twice the minute volume flow ragéove the median at Bin 10, whereas only 5% of rat and les§
was 2620 pmol/(mrih-ppm) at 576 ml/min in the rat, 4492than 1% of monkey nasal surfaces were associated with fluxeg.
pmol/(mnt-h-ppm) at 4.8 l/min in the monkey, and 2082igher than the rat and monkey flux medians, respectively.
pmol/(mnTt-h-ppm) at 15 I/min in the human (Kimbedit al., In the human nasal airways, patterns of predicted nasag
2001). The ranges from 0 to these flux values in the raurface fluxes shifted distally as the inspiratory flow rate in-
monkey, and human were partitioned into 20 flux bins (Fig. 33reased (Fig. 5). The proximal-to-distal flux gradient flattened
and the surface area was calculated for each flux bin in tbet with increasing inspiratory flow rate, and surface areas
CFD models. The amount of nasal surface area where regiopeddicted to receive moderate levels of formaldehyde flux
flux estimates fell within the specified range defining each bimcreased. Maximum flux values in the human were predicted
along with average flux for that surface area, is given in Tablasincrease with increasing flow rate (1572, 2082, 2181, 2583,
1, 2, and 3 for the rat and monkey and for the human at 8886, and 3423 pmol/(mih-ppm) at flow rates of 7.4, 15.0,
I/min, respectively and in Table 4 for the human at 15, 18, 468.0, 25.8, 31.8, and 37.0 I/min, respectively). Human nasal
and 50 I/min. In some cases, fluxes within the range of surface areas receiving flux higher than 75% of the maximum
specific bin were not attained anywhere in the mesh of tiflex value were predicted to decrease with increasing flow rate
nasal surface, thereby producing a 0 surface area for that Bi72, 328, 335, 103, 26, and 10 rhat flow rates of 7.4, 15.0,
(e.g., Table 2). 18.0, 25.8, 31.8, and 37.0 I/min, respectively). These results are
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TABLE 2
Rhesus Monkey Nasal Surface Area Partitioned
by Predicted Formaldehyde Flux

Nasal surface area

Area where flux

Average flux  falls in specified % Total
Flux range in bin range (mm) nonsguamous

0 = flux < 225 118 1907 28.4
225 = flux < 449 334 1347 20.0
449 = flux < 674 558 1137 16.9
674 < flux < 898 792 1057 15.7
898 = flux < 1123 995 764 11.4
1123 = flux < 1348 1228 306 4.5
1348 = flux < 1572 1432 140 2.1
1572 = flux < 1797 1665 40 0.6
1797 = flux < 2021 1901 13 0.2
2021 = flux < 2246 2107 7 0.1
2246 = flux < 2471 2360 2 <0.1
2471 = flux < 2695 2595 < 0.5 <0.1
2695 = flux < 2920 2840 1 <0.1
2920 = flux < 3144 3022 <0.5 <0.1
3144 = flux < 3369 3150 < 0.5 <0.1
3369 = flux < 3594 NAY <05 <0.1
3594 < flux < 3818 3647 <0.5 <0.1
3818 = flux < 4043 NA < 0.5 <0.1
4043 = flux < 4267 NA <0.5 <0.1
4267 = flux < 4492 4382 <0.5 <0.1

Note. Flux range and average flux in bin are given in pmol/[frimppm].

NA, not available since there were no surface elements with fluxes in this

range.

consistent with increased airflow pushing inhaled gas further

into the respiratory tract.

In the human, average flux for each bin was calculated from
formaldehyde uptake simulations at 15 and 18 I/min and was
extrapolated to 46 and 50 I/min from formaldehyde uptake
simulations at 7.4, 15.0, 18.0, 25.8, 31.8, and 37.0 I/min (Table
4). In all casest” for the best fit relating bin-averaged flux too = flux < 104 99
nasal inspiratory airflow rate was greater than 0.94,rdwdas 104 = flux < 208
greater than 0.98 in 19 of the 20 fits (Fig. 6). Formaldehy
uptake simulations predicted that overall percentage uptake Q¥ — i,y < 520
the human nasal airways decreased with increasing volumeti0 < flux < 625
airflow rate (Fig. 1), implying increased relative uptake in thézs = flux < 729
lower airways. Nasal uptake estimates ranged from 89.9%/3p = flux < 833

7.4 l/min to 60.5% at 37.0 I/min, with extrapolated values

56.4% and 55.2% at 46 and 50 I/min, respectively. Formaldgya1 < flux < 1145
hyde flux averaged over the entire human nasal surface wags = flux < 1249
estimated to be 568 and 645 pmol/(fimppm) from uptake 1249= flux < 1353
simulations at 15 and 18 I/min, respectively and extrapolatedjl@g
be 1294 and 1376 pmol/(nfa-ppm) at 46 and 50 I/min, 1561 = fiux < 1665

respectively.

The use of a biologically based modeling approach to risk

DISCUSSION

117

provides a structure for identifying and quantifying sources of
uncertainty. Specific sources of uncertainty can be identified in
the framework of biologically based modeling to a far greater
extent than can usually be done using default methods. Default
methods are meant to be used in the absence of chemical-
specific data and are often based on trans-species generalities
about anatomical structure, function, physiology, and chemis-
try. Uncertainty is therefore intrinsic in default methods, and
the broad scope of these methods precludes a detailed break-
down of uncertainty sources. The increased ability to identify
sources of uncertainty using biologically based modeling does
not mean that uncertainty is increased. In fact, informed use of
biologically based models in risk assessment represents an
inherent reduction in uncertainty because uncertainty sourceg
can be identified, quantified, and made explicit. This is ans
emphasis of the new cancer risk assessment guidelines recentf/
drafted by the United States Environmental Protection Agency&
(U.S. EPA, 1996).
Uncertainty in risk estimates based on the use of modelsg
such as those presented here arises primarily from the assumg-
tions made about model structures and parameter values used.
In many cases, the justification for the assumption or parameteg’
value lowers its contribution to uncertainty; in other cases,g
sensitivity analyses are necessary to understand effects of thg
assumption or parameter value on risk estimates. The deveE
opment and use of CFD models for respiratory tract formalde-¢

wioJ
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TABLE 3
Human Nasal Surface Area Partitioned by Predicted
Formaldehyde Flux at 15 I/min

Nasal surface area

Area where flux

¥T0Z ‘6T 1SNBny uo Akelid17 DAD JexdeyL 'g usydels e /B

Average flux  falls in specified % Total
Flux range in bin range (mm) nonsguamous

650 3.0

148 4596 215

8 = flux < 312 256 2347 11.0

2 = flux < 416 359 1671 7.8

469 1283 6.0

572 1447 6.8

675 1318 6.2

781 1355 6.3

3=flux < 937 885 1282 6.0

37 = flux < 1041 989 1233 5.8

1092 1156 5.4

1196 915 4.3

1301 782 3.7

3= flux < 1457 1402 626 2.9

7= flux < 1561 1506 378 1.8

1605 224 11

1665 = flux < 1769 1705 81 0.4

1769 = flux < 1874 1813 15 0.1
1874 = flux < 1978 1927 5 <0.1
1978 = flux < 2082 2038 3 <0.1

assessment (Conolly and Andersen, 1991; U.S. EPA, 1996)ote.Flux range and average flux in bin are given in pmol/[fimppm].
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TABLE 4
Bin-Averaged Flux Curve Fit Equations and Predicted Formaldehyde Flux in the Human Nasal Passages

Breath-averaged flux (pmol/nfam-ppm)

Bin no. Surface area Bin-averaged flux curve fits r> 15 I/min® (7.5 I/min)y* 18 l/min* (9 I/min)°® 46 I/min*® (50 I/min)° 50 I/min®® (25 I/min)°

1 649.8 y= 1.9477x 7% 0.987 99 133 728 841
2 4595.6 y= 2.3449x 1762 0.996 148 199 1078 1251
3 2347.3 y= 7.0206X 2 0.995 256 333 1353 1540
4 1670.6 y= 16.655x %2 0.990 359 451 1475 1651
5 1283.1 y= 33.615x 11%6 0.989 469 576 1629 1800
6 1446.9 y= (15356 x)/(190.42+ x) 0.995 572 683 1494 1597
7 1318.1 y= (8757.1 x)/(84.794+ x) 0.996 675 788 1540 1624
8 1354.8 y= (6472.3 x)/(48.551+ x) 0.997 781 893 1575 1642
9 1281.8 y= (5183.3 x)/(29.644+ x) 0.999 885 988 1576 1627 o
10 1232.7 y= (4595.3 x)/(20.153+x)  0.999 989 1086 1598 1638 S
11 1156.2 y= (4437.9 x)/(15.605+ x) 0.998 1092 1184 1657 1691 s
12 914.7 y= (4261.9 x)/(11.63%+ x) 0.996 1196 1281 1701 1729 8
13 781.6 y= (4296.6 x)/(9.575% x) 0.994 1301 1384 1778 1803 %
14 625.7 y= 1171.9x 03143 0.994 1402 1479 1954 2006 5
15 378.1 y= 1421.5x 027 0.994 1506 1576 2005 2051 i
16 224.4 y= 1562.7x 020 0.994 1605 1682 2118 2165 g
17 80.7 y= (4740.7 x)/(5.6954+ x) 0.996 1705 1793 2109 2128 s
18 14.7 y= (5136.6 x)/(6.2772+ x) 0.991 1813 1905 2260 2282 2
19 4.6 y= (6079.4 x)/(8.8078+ x) 0.999 1927 2027 2551 2585 Py
20 3.3 y= (5490.5 x)/(5.8855+ x) 0.939 2038 2147 2434 2456 =
L2

Note. Surface area given in mimBin-averaged flux curve fits, inspiratory flux only. Each bin has a range of fluxes; the flux value associated with each Ei
is the area-weighted average flux over the surface area within the bin; fits are to steady-state inspiratory flinovaeeaged over a breath; y, bin-averaged &
inspiratory flux in pmol/(mm-h-ppm); x, flow rate in I/miny?, square of the correlation coefficient between the bin-averaged fluxes and the regression fit.g

*Steady-state inspiratory airflow rate in nasal airways.

PExtrapolated from lower inspiratory flow rates (7.4, 15, 18, 25.8, 31.8, and 37 I/min) using bin-averaged flux curve fit formulas and then dividing by% to
obtain the estimated breath-averaged value.

‘Minute volume for cyclic flow.

/6

hyde uptake required a number of assumptions to be made
regarding simulation, parameter estimation, and anatomical ;4 -
factors (Kimbellet al., 2001). Model results may be sensitive

to several of these factors. The relative contribution to uncer-

. . . 60.0
tainty of these particular factors is discussed below.
Sources of uncertainty for which sensitivity analyses ares
. . R . 50.0 A —e—Rat
appropriate include the use of individual rat, primate, an¢® _ a—-Monkey
human nasal anatomies as representative of the general pofau- —-a-- Human

lation, the estimation of the distributions of nonsquamoug® 400
epithelia and mucus- and nonmucus-coated nasal regions in tle
human, and the number of flux bins used. Quantification oﬁ 30.0
anatomical sources of uncertainty involves determining thg
extent to which normal variation in these model inputs affect® 20.0 -
flux estimates. To include variation in nasal anatomy, nev\§
models based on a variety of individuals need to be developed 490 |
and effects on regional flux studied. To determine the location,
surface area, and thickness of human nasal epithelial types, S~
detailed mapping using light microscopy on step-sectioned 0 5 10 15 20
human specimens could be conducted. Analyses to determine
the sensitivity of flux resolution to the number of bins used are _ .

. L FIG. 4. Allocation of nasal surface area to flux bins for the rat, monkey,
need.e.d. The methOFiS described here are not limited t0, &\ ;man. Low bin numbers are associated with low flux values. Inspiratory
specific number of bins and could be used to conduct theg@ow rates were 0.576 I/min in the rat, 4.8 I/min in the monkey, and 15 l/min
analyses. in the human.
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2082 pmol/(mm2-hr-ppm)

15 L/min

¥T0Z ‘6T SNBN U0 AR1q1T DAD Jo¥oey L "8 Weydsls e /B10'SeuIno [pioxo" psxol/:dny woaj papeoumoq

31.8 L/min 37 L/min

FIG. 5. Airflow rate effects on predicted formaldehyde uptake in the human nasal passages. Right lateral view of human computational fluid dynamics modk
showing predicted flux over the nonsquamous-lined nasal surface. Red denotes flux values in excess of 2082 mpp(mmthe maximum flux value
obtained at 15 I/min.

The values of mass transfer coefficients used in the boundagcal fluxes in mucus-coated regions changed by less than 5%
conditions for simulations of formaldehyde uptake were baséidimbell et al., 2001). Thus contributions to uncertainty from
on a single estimate of the thickness of the squamous epithelack of knowledge of squamous epithelial thickness in hu-
lium. Since this thickness is likely to vary among speciesjans are assumed to be low.
simulations using the monkey CFD model were conductedDifferences between human nasal airways fluxes extrapo-
with a 3-fold higher estimate of squamous epithelial thicknedated to 46 and 50 I/min from lower flow rates and nasal fluxes
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6000 - m Bin1 (Kimbell et al., 1997b), and since cytotoxicity and DPX are
A Bin10 . . . .
¢ E;r}rggolated nonlinear with respect to inhaled concentration (Ca;anova and
5000 Heck, 1987; Casanowat al., 1989, 1991, 1994; Monticellet
al., 1996), the relationships between flux and responses such as
T 4000 | cytotoxicity and DPX formation are nonlinear. Therefore, local
& variations in flux due to nasal anatomy can lead to large
éf 3000 | variations in local predictions of potentially adverse effects.
T E Formaldehyde risk models that incorporate flux binning de-
3 rived from anatomically realistic CFD models will be signifi-
E 2000 cantly more accurate, (i.e., less uncertain) than risk estimates
i based on default methods that do not specifically consider
1000 1 interspecies differences in airway anatomy.
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