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Formaldehyde (HCHO), which has been shown to be a nasal
carcinogen in rats and mice, is used widely and extensively in
various manufacturing processes. Studies in rhesus monkeys sug-
gest that the lower respiratory tract may be at risk and some
epidemiologic studies have reported an increase in lung cancer
associated with HCHO; other studies have not. Thus, an assess-
ment of possible human risk to HCHO exposure based on dosim-
etry information throughout the respiratory tract (RT) is desirable.
To obtain dosimetry estimates for a risk assessment, two types of
models were used. The first model (which is the subject of another
investigation) used computational fluid dynamics (CFD) to esti-
mate local fluxes in a 3-dimensional model of the nasal region. The
subject of the present investigation (the second model) applied a
1-dimensional equation of mass transport to each generation of an
adult human symmetric, bifurcating Weibel-type RT anatomical
model, augmented by an upper respiratory tract. The two types of
modeling approaches were made consistent by requiring that the
1-dimensional version of the nasal passages have the same inspira-
tory air-flow rate and uptake during inspiration as the CFD
simulations for 4 daily human activity levels. Results obtained
include the following: (1) More than 95% of the inhaled HCHO is
predicted to be retained by the RT. (2) The CFD predictions for
inspiration, modified to account for the difference in inspiration
and complete breath times, are a good approximation to uptake in
the nasal airways during a single breath. (3) In the lower respira-
tory tract, flux is predicted to increase for several generations and
then decrease rapidly. (4) Compared to first pulmonary region
generation fluxes, the first few tracheobronchial generations fluxes
are over 1000 times larger. Further, there is essentially no flux in
the alveolar sacs. (5) Predicted fluxes based on the 1-dimensional
model are presented that can be used in a biologically based
dose-response model for human carcinogenesis. Use of these fluxes

o]
will reduce uncertainty in a risk assessment for formaldehyde %
carcinogenicity. §_

Key Words: formaldehyde; upper respiratory tract; respiratory %
tract; dosimetry modeling; computational fluid dynamics; mass g
transport; nasal airway. =

©

Formaldehyde is widely used in various manufacturing pro-g

cesses including the production of wood products, textiles,§
rubber, and cement and is also commonly used as an interme’
diate in the synthesis of other industrial chemicals. Worldwide 3.
production of formaldehyde is in the millions of tons each year. 8
Swenberg and colleagues (1980) published interim bioassaﬁ
results on the nature of the squamous cell carcinomas (SC
caused by formaldehyde inhalation that was expanded upon b
Kerns et al. (1983), showing formaldehyde to be a nasal m
carcinogen in rats and mice. These bioassay results had prod
nounced ramifications on the use of formaldehyde. For exam&
ple, the U.S. Consumer Product Safety Commission (1982)%)
banned the use of urea-formaldehyde foam insulation. 3

Since the lowest level (6 ppm) of formaldehyde that induced:
SCC in rats was less than an order of magnitude greater tha
some past occupational exposures, there was significant corg
cern about potential carcinogenic risk to humans. Since th%
early 1980s, various groups have made qualitative or quanti&
tative assessments of formaldehyde carcinogenicity in humands
For example, the International Agency for Research on Cance'é
(IARC) first published an assessment of formaldehyde in 1982
and subsequently updated their assessment in 1987 and in 1995
(IARC, 1982, 1987, 1995). IARC classifies formaldehyde as
probably carcinogenic to humans.
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titative assessment of cancer risk by the U.S. EPA (1987), dose
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was represented by the atmospheric concentration of formfabm formaldehyde exposure based on dosimetry information
dehyde. The incidence of nasal SCC in rats from the Ketnsthroughout the respiratory tract is appropriate.
al. (1983) study was the response of interest. The dose-Formaldehyde dosimetry models needed to be developed for
response curve was represented by the linearized multisthgenans to underpin a biologically based, 2-stage clonal growth
model (LMS), an empirical model that does not incorporat@odel for formaldehyde carcinogenicity. Researchers at the
any mechanistic data. Significant uncertainty in risk asse§shemical Industry Institute of Toxicology (CIIT) Centers for
ment estimates obtained in this earlier approach arose bbt@alth Research have developed a 3-dimensional, anatomi-
from the lack of data on interspecies differences in dose and g@ly accurate CFD model for nasal airflow in the human
lack of knowledge of a mechanistic basis for the dose-respof&ibramaniamet al., 1998). This model has been used to
curve. estimate the dose or flux (rate of transport) of formaldehyde
In the early 1990s, the U.S. EPA (1991) developed a righto tissue at specific locations in the nasal region (Kimbell
assessment for the carcinogenicity of formaldehyde that uség 2001a,b). In the present work, we describe a 1-dimensional
DNA—protein cross-links (DPX) formed by formaldehyde ag0simetry model developed for the uptake of formaldehyde in
an indirect measure of dose. DPX data were available in r&§ respiratory tract of humans and present predicted fluxes thg
and monkeys. Using DPX data helped decrease uncertainfi@8 be used (along with the nasal fluxes of Kimkedlal., 5
arising from species extrapolation given that the monkey no4801b) in a formaldehyde risk assessment. B8
is more similar in structure to the human nose than is the rat! "€ dosimetry model presented estimates the flux of form-%
nose. The unit risks developed by EPA based on rat aftfi€hyde to tissue in each airway passage, airway, and airspage
monkey DPX data were 6-fold and 50-fold lower, respectivelgfc the respiratory tract by the use of 1-dimensional massz
than the unit risk calculated in the agency’s 1987 assessmé'SPOrt equations applied to a Weibel-type anatomical modek

Concerns about the use of DPX based upon acute exposﬁfe@e lower respiratory tract, augmented by an upper respirag

of rodents to formaldehyde to represent dose when chrofLy tract. This 1-dimensional dosimetry model was calibratedé'
that results for the 1-dimensional nasal airway agreed wittg

) o S
exposures of people are of interest led to additional research;on - . -
DPX formation with repeated exposures to formaldehyde. %iri':r? imnodlerl] preld |citr|\?vns Cr’; Pélrr:b:értinal. |$120(|)rltt)|) I]or Sazn g
1994, Casanova and coworkers showed that rats exposed {0 a ensiona nasal anway model during Inspiration. ce3

. i mans switch to oronasal breathing when ventilatory deman
single 3-h exposure of 0.7 or 2 ppm formaldehyde had Ievelsgiceeds about 35 I/min (Niinimas al., 1980, 1981), a portion <

DPX similar to those in rats exposed subchronically (6 h/da . o ) L@
5 daysiweek for 59 exposures). At higher exposure levels, § Ethe inhaled air is not filtered by the nose, thereby reducing

. . . . | ai fl i i i f f Ideh
yield of DPX in chronically exposed animals was about h dsal airway flux, but increasing penetration of formaldehydeg
that of naive rats. These results supported the use of DPX d
from acute or chronic formaldehyde exposure studies in tmag

gevelopment of risk estimates within the range of curre%use a risk assessment for humans needs to account for tie
uman exposures. various breathing patterns that are associated with human a§

In the meantime, the U.S. EPA (1991) updated their rigiin jevels. For the present work, flux to tissue is determined O
assessment using DPX data for both rats and monkeys gyt daily activity levels. S

o
continued to use the LMS model. Risk estimates in the 1991|:Or a risk assessment, regional flux predictions would con:=
=}
>

EPA assessment were about 6-fold and 50-fold lower thap of the nasal fluxes described by Kimbetlal. (2001b) and

those obtained in 1987 depending on whether the rat or m@fe 1.dimensional predictions for the rest of the respiratory&
key DPX data were used, respectively. EPA used DPX as #ct (RT), presented here. This allows for another iteration of%
internal dosimeter to help decrease the uncertainty associgiggntitative risk estimation that maximally incorporates toxi- <
with interspecies extrapolation. Despite the highly nonlinegp|ogical, mechanistic, and dosimetric data on formaldehyde to3
relationship between DPX and tumor incidence, concern abQ}gvebp a biologically based dose-response model. Further,
the possible mutagenic potential of formaldehyde at low exancer risk estimates, based on these regional flux predictions,

posure levels was a major factor in the EPA’s continued usewfi| incorporate significantly less uncertainty in interspecies

can be taken into account. This capability is critical be- g

the LMS model. extrapolation of response than previous risk assessments.
DPX observed at proximal portions of the rhesus monkey
lower respiratory tract (Casanoea al., 1991) suggested that, METHODS

in addition to the upper respiratory tract, the lower respiratory

tract may be at risk. In addition, some epidemiologic studiesln this section the 1-dimensional path anatomical model is described. This

(Blair et al., 1986, 1990; Gardneet al., 1993) reported an model is referred to as an “identical-path” anatomical model, because all paths

- - ' ’ : o from the nose or mouth entrance to alveolar sacs are identical. The 1-dimen-
mcrease in lung cancer aSSOCIaj[ed with formaldehyde expos |oﬁal mass transport dosimetry model and associated parameters are dis-
while others reported no such increases (Coléhsl., 1997; cyssed. Also described are the methods of modeling uptake during oronasal

Stayneret al., 1988). Thus, an assessment of potential rigiteathing and the procedure used so that the uptake results of the 1-dimen-
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TABLE 1
Activity States and Ventilatory Parameters for an Adult Male

Volume (I/min)

Activity state Breathing mode Minute Inspired nasal region airflow Tidal volume Breaths/min
Sleeping Nasal 7.5 15 0.625 12
Sitting Nasal 9 18 0.750 12
Light exercise Nasal 25 50 1.250 20
Heavy exercise Oronasal 50 46° 1.923 26

Note.Activity states and ventilatory parameters for an adult male as defined in ICRP66 (1994).
For the oronasal breathing state, only 46% of the inhaled air flows through the nasal region.

sional model nasal region is consistent with the CFD predictions of Kinalbell Identical-Path Respiratory Tract Dosimetry Model
al. (2001b). (In this report, the term “nasal” refers to that region of the upper
respiratory tract from the nostrils through the nasopharynx.) Anatomical model. Ideally, an anatomical model of the respiratory tract
o ) . should simulate all of the paths (each being unique) from the upper respiratory=
Deflnl.tlon of hypothetical hum‘an and acthl_ty states_.The exposed hqman tract (URT) entrance to the most distal airspaces. Unfortunately, use of such
was defined as an adult Caucasian male having a height, age, and weight of ], (8¢ for gases is beyond our present calculational resources. Thereforez:
cm, 30 years, and 73 kg, respectively (ICRP66, 1994). This definition detefiaomical characteristics of the respiratory tract are represented by a singléE.
mined the choice of other characteristics such as ventilation and respiratﬁgxh’ symmetric, or an identical-path anatomical model. For the purpose of this§
tract anatomical dimensions. Depending on a person’s occupation or dajlyestigation, these types of models are equivalent to the assumption that al.
routine, time will be spent at different levels of exertion; further, depending Qhths are identical. Thus, for a given generation or model segment, the
the occupation, the time spent at similar levels of exertion generally will Rmensions of one airway or airspace and the number of airways or airspace§
different. Different activities or levels of exertion can result in Substantia”)h the generation Comp|ete|y define the characteristics of the given anatomicag'-
different doses of inhaled formaldehyde to reSpiratOry tract tissues. In Ordernﬁ@dd generation_ As a consequence, 0n|y one path needs to be Considereﬁl
account for variations in dose due to occupation and/or daily routine, simulaking the respiratory tract dosimetry modeling of HCHO feasible. The use of%
tions were carried out for 4 exertion levels or activity states given by ICRPG@entical-path type anatomical models is well established for respiratory tract
(1994) for the hypothetical adult male. The activities are given in Table dosimetry modeling (e.g., Milleet al., 1985; Overtonet al., 1996; Paiva, o
along with minute volume, inspired nasal airflow rate, tidal volumes, breathin®73; Schereet al., 1972, 1988). 0
frequency, and other information, all of which were needed to perform aURT model segments are identified by negative integers (Table 2) that
simulation for each activity state. increase distally from the nose or mouth entrance to the last URT segment (-18
For consistency with Kimbe#t al. (2001b), we assumed constant inhalatiorthat is just proximal to the trachea, defined as generation 0. Beginning with the®@
and exhalation flow rates and equal inhalation and exhalation times. Thus, tiachea and proceeding distally, lower respiratory tract generations are idens!
nasal breathing the flow rates for the CFD steady-state simulations are twiified by increasing integers. Thus, model segments from the beginning of th&_
the minute volume. (Table 1). At a minute volume of 50 I/min, oronasakspiratory tract to the alveolar sacs are identified by a continuous sequence ¢}
breathing occurs for most people with 46% of the air passing through the naisareasing integers. Although only the lower respiratory tract (LRT) model 8
passages (ICRP66, 1994), so that the steady-state inspiratory flow rate insg@ments correspond to generations, URT segments will often be referred to 49
human nasal passage is 46 I/min. “generations” for convenience. :
There are 2 anatomical models for the URT, one for oral airflow and one for 8
the nasal passages is descriped in detall glsgwhere (Kirabell, 2001a,b; n?es 2l(;|qrrf)lggve.dT;bI2er§a?rllv§:$rneeglt?Ee_nzs I;:j S:fl)thaizef msmz'ﬂfg Zeugzl;znmto?—eéi
Subramaniaret al., 1998). A brief summary is given here. Local nasal flux 0_ his latter segment was added for numerical purposes: to force the boundar@

formaldehyde (HCHO) from inhaled air to the air-lining interface was eStonditions to be equivalent to that of the CFD simulations. This segment does?

mated from CFD steady-state simulations of unidirectional inspiratory airﬂo%t correspond to any real anatomical region or location and does not absortp

and HCHO transport equations conducted using a 3-dimensional, anatomicaiy o ts inclusion in Table 2 is for completeness and the reason for its usely
accurate reconstruction of the nasal passages of an adult human male. g giscussed at greater length in the Appendix. =

The transport of inhaled formaldehyde in the nasal passages was assumed{@e main URT segments correspond to the “proximal” and “distal” URT.
occur by inspiratory airflow, molecular diffusion, and airway surface absorfhe proximal URT (segment —2) represents either the mouth cavity or the
tion. Airflow velocities were estimated from simulations of steady-state ifigentical-path) nasal airway passage, but not both. The distal URT (segment
spiratory airflow using the human nasal CFD model. The airflow simulationg) is defined as the air passage distal to both the nasal airway and the mouth
required the numerical solution of the Navier-Stokes equations of motion f@&vity; it begins at the proximal oropharynx and ends at the proximal end of the
incompressible Newtonian fluid flow. trachea. For the mouth cavity and the distal URT, the choice of a constant

Airflow and uptake simulations were conducted for nasal inspiratory rates@fmeter geometry is consistent with Fredbetal. (1980). The rationale for
15 and 18 I/min, but simulations at 46 and 50 I/min were beyond availabigso using this simple geometry for the nasal airways relates to use of the CFD
computer resources (Kimbegt al., 2001b). Thus, additional CFD simulations predictions, and not the identical-path model predictions, to define local fluxes
were performed at intermediate inspiratory rates and the uptake results weiin the nasal airways; thus, the identical-path model only needs to remove
extrapolated to the higher flow rates. Kimbetlal. (2001b) reported predicted HCHO from the inhaled air at the same rates as predicted by the 3-dimensional
nasal HCHO uptake values as 75.9, 71.8, 56.4, and 55.2% at nasal inspira@®D model simulations; for this, a detailed structure is not necessary.
rates of 15.0, 18.0, 46, and 50 I/min, respectively (corresponding to minuteThe geometry and dimensions of the LRT (Table 3) are based on the
volumes of 7.5, 9.0, 50, and 25 I/min). identical-path anatomical model of Weibel (1963), with the dimensions iso-

papeo|umoq

Areiqi

Computational fluid dynamics nasal passage modeCFD modeling of
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TABLE 2
Structural and Dimensional Characteristics of the Identical-Path Upper Respiratory Tract Anatomical Models

Region Model segment no. Diameter Length Volume Surface area

URT model for airflow through nasal airway

Numerical segmeft -3 0.537 0.5 11 8.2
Nasal airway -2 0.537 15.0 33.0 246.0
Distal URT -1 1.784 15.0 375 84.1
Total 30.5 71.6 338.3
URT model for airflow through mouth cavity
Numerical segmefit -3 1.784 0.5 1.25 2.80
Mouth cavity -2 1.784 10.0 25.0 56.1
Distal URT -1 1.784 15.0 375 84.1
Total 255 63.75 143.0

Note.Measurements of length are given in cm, volume in cm, area h cm

’Defined as having the same diameter as the nasal airway and an arbitrary but short length of 0.5 cm, which is one-thirtieth the length of the nasal
volume is defined as one-thirtieth those of the nasal airway volume. Actual value of surface area is irrelevant since the mass transfer coefficient of the s
is 0.

°Surface area and volume values are those of the 3-dimensional reconstructed human nasal airway; length estimated from SebainiE9®&)) diameter
is the hydraulic diameter: % volume/(surface area).

°Distal URT and mouth cavity dimensions are based on Fredéteay (1980) who gave plots of cross sectional areas versus distance. The dimensions refl
our assumption of a tube geometry with constant, circular cross sectional area.

“Defined as having the same diameter as the mouth cavity and an arbitrary but short length of 0.5 cm, which is one-twentieth the length of the mouth gavit
volume is defined as one-twentieth of the cavity volume. Actual value of surface area is irrelevant since the mass transfer coefficient of the segment i§0.

We
mi

pegeciumoq

@114 wouj

oY/

olpioy

tropically scaled to correspond to regional volumes based on ICRP66 (199#)th simulations were added to obtain the estimated dose for oronasal breatt
Hartet al. (1963), and Fredberet al. (1980). The Weibel model is equivalent ing. 2
to a symmetric branching structure such that each airway or duct bifurcate§ he rationale for the approach to oronasal breathing dosimetry is presente@
into identical daughters, with each generation having twice as many airwaysmthe Appendix. Also in the Appendix, issues concerning the accuracy of theS
ducts and alveoli as the previous generation. numerical procedure used to solve the equation of mass transport, solutio;r’f‘2

Because the dosimetry model takes into account expansion and contractimmvergence, and mass conservation are discussed. 2

LRT dimensions change during the breathing cycle. The trachea is assumed f@alibration of identical-path nasal passage uptake to CFD nasal passage 8
be rigid. Proceeding distally from the trachea, the TB airways are assumeqfiake. For the identical-path simulation results to be meaningful, the per- ®@
increase in compliance such that the fractional change in the volume of @&ht uptake predictions for the identical-path nasal airway were required toS!
airway above its functional residual capacity (FRC) value increases jointigree with the CFD predictions. To obtain this, overall mass transfer coeffi-&.
with the inhaled volume and the generation number (the increase in generagigthts were estimated for the identical-path nasal airway (segment —2, Table 2)R
number simulates the increase in compliance). This relationship holds upstpthat percent uptakes were in agreement with the CFD results. 8
and including the first puimonary region generation. The pulmonary regionThe identical-path dosimetry model was used to simulate the CFD results O
expands and contracts uniformly: the fractional change in the airspace Volugg the model had the following modifications: (1) Except for the nasal airway &
of each pulmonary region generation changes in the same proportion to inhaigsHel, uptake in all other model segments was required to be 0. (2) Parametegg
volume as the fractional change in volume does in the first pulmonary regigire set to obtain the correct inhaled airflow rates and to obtain steady state bg
generation. Dimensions are assumed to change isotropically. the end of the inhalation phase (which was made long as necessary to obtaip
Mass transport model. In each model segment, HCHO transport andteady state). Simulations were carried out for different values of the identical«é
uptake are approximated by a 1-dimensional convection-dispersion equapaith nasal airways overall mass transport coefficients until a value was found?
that accounts for inhalation and exhalation, expansion and contraction, céor- which the percent uptake at steady state matched the appropriate CF
vection, dispersion, molecular diffusion, and absorption at the air-liquid liningimulation value to within 0.2%. The resulting overall identical-path nasal &
surface. Inhalation and exhalation times are assumed equal; airflow ratesaar@ay mass transfer coefficients, corresponding to minute volumes of 7.5, 9.0
constant and equal to twice the minute volume during both inhalation a@8, and 50 I/min (nasal steady-state inspired rates of 15, 18, 50, and 46 |/min),
exhalation; i.e., the airflow rate is in the form of a square wave. The rationalere 1.68, 1.78, 2.98, and 2.83 cm/s, respectively.
for this latter assumption is to maintain consistency with the CFD simulations,As a check on the agreement between the 1-dimensional dosimetry calibra-
which used constant airflow rates. A mathematical description of the modetisn and CFD simulation results, the predicted average nasal airway surface
given in the Appendix. fluxes were compared. Table 4 presents the CFD model and calibration results
In order to account for oronasal breathing in the identical-path model, tvfior comparison in columns 3 and 4, respectively; these results indicate that the
simulations were used. In 1 simulation, the nasal airway model was used @#D predictions and identical-path average nasal passage surface fluxes differ
the proximal URT; in the other, the mouth cavity model was used for thisy less than 0.7% (remaining table entries are discussed later).
region (see Table 2). In these simulations, the airflow rate that would occur in
the mouth cavity or in the nasal airways during oronasal breathing was taken
into account. The airflow rate in all segments distal to the proximal URT
corresponded to that expected for the full minute volume of 50 I/min. The same Lo . .
airflow rate split was assumed for both inhalation and exhalation. For each/n order to understand how the CFD predictions of inspira-

corresponding segment distal to the proximal URT, the fluxes of HCHO frotory HCHO nasal uptake can be applied to cyclic breathing

feu

RESULTS
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TABLE 3

Structural and Dimensional Characteristics of the Modified Weibel (1963) Single-Path Lower Respiratory Tract Anatomical Model
at Functional Residual Capacity

Airway or duct dimensions

Comments Z* No. of airways Diameter (cm)  Length (cm)  Volume (ml)  Alveolar volume (ml)  Surface area?)tm

Tracheobronchial region

Trachea 0 1 1.467 9.788 16.55 — 45.12
1 2 1.000 3.882 6.10 — 24.40
2 4 0.665 1.549 2.15 — 12.95
3 8 0.460 0.619 0.82 — 7.17
4 16 0.379 1.035 1.87 — 19.76
5 32 0.285 0.872 1.78 — 25.06
6 64 0.227 0.733 1.91 — 33.61 o
7 128 0.183 0.619 2.08 — 4561 g
8 256 0.151 0.521 241 — 63.64 2
9 512 0.125 0.440 2.80 — 89.09 §.
10 1024 0.105 0.375 3.36 — 127.44 g
11 2048 0.089 0.318 4.09 — 183.14 g
12 4096 0.078 0.269 5.32 — 271.47 =
13 8192 0.069 0.220 6.74 — 391.02 '5\'
14 16384 0.060 0.187 8.88 — 585.72 g
15 32768 0.052 0.163 11.75 — 888.51 §
Terminal bronchioles 16 65536 0.048 0.134 16.08 — 1334.99 o
TB region totals 21.731 94.78 — 4148.78 E"
Pulmonary region %—.
1st Respiratory bronchioles 17 131,072 0.047 0.123 28.36 4.27 3366.25 £
2nd Respiratory bronchioles 18 262,144 0.044 0.102 41.46 14.25 6960.31 3
3rd Respiratory bronchioles 19 524,288 0.042 0.087 63.24 42.75 15,469.77 S
20 1,048,576 0.039 0.072 94.67 149.64 44,018.44 <
21 2,097,152 0.038 0.061 152.21 295.68 87,264.63 5’2
22 4,194,304 0.037 0.051 237.52 598.56 175,301.51 2
Alveolar sacs 23 8,388,608 0.037 0.043 401.07 1018.97 298,089.78 §
Pulmonary region totals 0.544 1018.57 2124.14 630,470.75 o
LRT totals 22.274 1113.35 2124.14 634,619.53 5_4
8
Note.Based on the ICRP66 (1994) reference values for males with age, height, weight, and functional residual capacity (FRC) of 30 years, 176 cm, 33 k

and 3300 ml, respectively. Anatomical dead space £Voral passage volume TB region volume) is based on an equation for anatomical dead space of Hal
et al. (1963) for males: ¥ = (3.846E-4)height*®® = 157.2 ml. The volume of the oral passage,)¥s 62.5 ml (inferred from Fredbergt al., 1980). Thus, LRT
volume = FRC -V, = 3237.5 ml and the TB region volume V, — V, = 94.7 ml.

®Generation.

°In pulmonary region, includes alveolar surface area.

Bny uo Ariqi1 Oad

conditions, the identical-path dosimetry model predictions ofasal tissues during a complete breath. Consequently, for th
total nasal airway uptake during inhalation and for a comple@~D nasal airways, the breath average flux can be defined
breath are discussed. Table 4 presents predicted average aoe-half the CFD dosimetry estimate.

face flux for the nasal airways during the inhalation phase of For the identical-path model, calibration results and nasal
the first breath (column 5) and for the first complete breatiptake during the inhalation phase of a complete breath are
(column 6). The averaging time for both fluxes is based on tipeesented in Table 4 for comparison. The calibration surface
same time span of one breath. For each of the 4 breathfhgkes (column 4) are approximately twice the fluxes during
states, the difference between the two fluxes is less than 3#alation for which the averaging time is the breath time
Note that the entries in columns 5 and 6 are also the valu@able 4, column 5). However, since the mass was absorbed
predicted for “steady state;” that is, nasal airway fluxes adeiring inhalation, which is assumed to be one-half the breath
predicted to be the same for each breath regardless of hiie, the average surface flux based on the inhalation time is
many breaths have been taken. The significance of this is thatice that in column 5. Based on this time averaging, the
at all times, all but 3% of the nasal airway uptake occurs durirglibration results (column 4) and the surface flux during
inhalation so that HCHO exhaled from the lower respiratoriyphalation (twice the values in column 5) differ by less than 3%
tract does is predicted not to significantly affect the flux téor nasal breathing and about 7% for oronasal breathing. That

¥TOdA6 TN
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TABLE 4
Comparison of Average Nasal Airway Fluxes Predicted during Different Simulation Conditions

Average surface flux for the nasal airway (pmoles/h-ppm3nm

Single path dosimetry model

Unidirectional

airflow raté CFD" Calibration to
Minute volume (I/min) (I/min) results CFD results FIB FIEB®
Column 1 Column 2 Column 3 Column 4 Column 5 Column 6
7.5 15 1,136 1,134 552 568
9.0° 18 1,290 1,292 630 648
25.0° 50 2,752 2,756 1,354 1,391
50.0 46 2,587 2,584 1,213 1,247

a

# The unidirectional or the inhalation flow rate in the nasal airway is twice the minute volume for nasal breathing; for oronasal breathing, the nasal agway

unidirectional or inhalation airflow rate is 0.46 times twice the minute volume. g

® Kimbell et al. (2001b). g

°FIB = the average flux during inhalation based on the time of one breath (that breath being the first breath as well as any other breathheltané =

length of one breath and M# the mass absorbed per unit area during inhalation. Then=FNI/T. S
YFIEB = the average flux for a complete breath based on the time of one breath (that breath being the first breath as well as any other breath). Let BIE

the mass absorbed during exhalation. Then, FEEBMI + ME)/T. g

¢ Nasal breathing. g

" Oronasal breathing. g

2

Q

they differ is expected because the calibration simulations and=rom Figure 1 and Table 4 we observe the following: Excepts
the simulations that resulted in column 5 were carried out witbr oronasal breathing, the highest surface fluxes are predicteé
different conditions (i.e., no absorption distal to the nasér the nasal airways and mouth cavity. As minute volume ¢
airways occurred for the calibration simulations, whereas forcreases, HCHO penetrates further into the respiratory tracte
the other identical-path simulations, the distal airways digor nasal breathing, the average nasal airway flux is at least 2.
absorb). to 3 times greater than predicted for any other model segmeng

For each model generation, Table 5 lists the average surfacegeneration. During oronasal breathing (50 I/min minute 3
fluxes predicted by the identical-path dosimetry model as weiblume), 46% of the inhaled air flows through the nasal air-iu1
as the results of the two simulations that were combined ways (ICRP66, 1994), which corresponds to a rate that is lesg
estimate the oronasal breathing fluxes. In this table and thran for the 25 I/min nasal breathing state. This results in nasa
Figure 1 the URT segments designated in Table 2 as numerittax during oronasal breathing being less than that for the 253
segments (—3) have been omitted (their purpose is calculatiotfalin minute volume nasal breathing state. The peak fluxes thaf’
and they do not absorb HCHO). In Table 5, column 1 (colummscur at generation 3 are due to 2 competing factors. Frong
are indicated in top row of table) specifies the model generatigeneration -1 distally, the overall mass transfer coefficients
number. Columns 2, 3, 4, and 5 are the fluxes predicted for tinereases, which tends to increase flux distally. On the other}
4 ventilation states. Column 5 is also the sum of the valuestiand, absorption by proximal generations reduces the mas§
columns 7 and 9, as indicated by the equal and plus signsawailable for absorption. Hence, at some point, the fluxes musf
columns 6 and 8, respectively. Columns 7 and 9 are the fluxdscrease, which occurs in generation 3 in the current simula-f,g
of the nasal and oral path simulations that were combinedttons. The distal decrease in flux is such that the fluxes to2
estimate the oronasal fluxes given in column 5. “N/a” is placgallmonary region surfaces are predicted to be several orders of
in column 5, generation —2, because there are 2 proximal URTagnitude smaller than the maximum lower respiratory tract
fluxes for oronasal breathing, the nasal airway and the motilinxes.
cavity fluxes; these fluxes are listed for generation —2 in col-
umns 7 and 9, respectively. DISCUSSION

Figure 1 is a plot of the predicted identical-path fluxes
(Table 5) versus generation for the 4 activity states (identified Uncertainty in risk estimates based on use of models such as
by minute volume), defined in Table 1. The 3 lowest minutare presented here arises primarily from the assumptions made
volumes correspond to nasal breathing and the largest valuabmut model structures and from the choices used for parameter
oronasal breathing. For the latter, the proximal 1-dimensionalues. In many cases, the justification for the assumption or
URT (generation —2) flux values are plotted for both the mouffarameter value lowers its contribution to uncertainty. The
cavity and nasal airway. development and use of the identical-path models for respira-
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TABLE 5
Predicted Respiratory Tract Breath-Averaged Surface Fluxes of Formaldehyde

Column 1 (2 2 3 4 5 6 7 8 9
Minute volume (L/min) 7.5 9 25 50 50 50
Breathing mode or path Nasal Nasal Nasal Oronasal Nasal path Oral path

Flux (picomoles/ppm-h-m#f)

Proximal URT -2 5.678E+02  6.476E+02  1.390E+03 *nla 1.247E+03 1.070E+03
Distal URT -1 1517E+02  1.956E+02  5.475E+02  1.132E+03 =  3.394E+02 +  7.933E+02
Trachea 0 1.442E+02  1.896E+02  5.434E+02  1.168E+03 =  3.498E+02 +  8.184E+02
1 1.364E+02  1.823E+02  5.460E+02  1.190E+03 =  3.566E+02 +  8.341E+02
2 1.421E+02  1.913E+02  5.780E+02  1.256E+03 =  3.762E+02 +  8.801E+02
3 1.472E+02  1.989E+02  6.023E+02  1.304E+03 =  3.907E+02 +  9.139E+02
4 1270E+02  1.740E+02  5547E+02  1231E+03 =  3.689E+02 +  B8.629E+02
5 L095E+02  1536E+02  528lE+02  1201E+03 =  3.599E+02 +  B.419E+02
6 8.482E+01  1.232E+02  4.769E+02  1.129E+03 =  3.382E+02 +  7.911E+02 3
7 5.903E+01  9.018E+01  4.155E+02  1.040E+03 =  3.117E+02 +  7.289E+02 &
8 3.496E+01  5.728E+01  3.394E+02  9.228E+02 =  2.764E+02 +  6.464E+02 &
9 1.694E+01  3.049E+01  2.568E+02  7.859E+02 =  2.354E+02 +  5505E+02 3
10 6.225E+00  1.268E+01  1726E+02  6.259E+02 =  1874E+02 +  4384E+02 =
11 1.602E+00  3.823E+00  9.838E+01  4.521E+02 =  1.353E+02 +  3.167E+02 &
12 2.601E-01 7.555E-01 4.423E+01  2.811E+02 =  8.417E+01  + 1970E+02 =
13 2.495E-02 9.160E-02 1.489E+01  1.449E+02 =  4.336E+01  + 1.015E+02
14 1.326E-03 6.324E-03 3.445E+00  5.765E+01 =  1.724E+01 +  4.040E+01 g-
15 3.630E-05 2.284E-04 4.935E-01 1.616E+01 =  4.829E+00  + 1.133E+01 X
Terminal bronchioles 16 5.214E-07 4.291E-06 4.015E-02 2.894E+00 =  8.639E-01 +  2030E+00 2
1st Respiratory bronchioles 17 3.483E-09 3.533E-08 1.256E-03 2.157E-01=  6.427E-02 + 1.514E-01 o
18 7.113E-12 8.372E-11 9.643E-06 4.374E-03 =  1.299E-03 +  3.074E-03 3
19 8.666E-15 1.098E-13 2.589E-08 2531E-05 =  7.499E-06 + 1.781E-05 2
20 5.864E-18 7.645E-17 2.523E-11 3.850E-08 =  1.136E-08 +  2.713E-08 S
21 1.936E-21 2.536E-20 9.397E-15 1.720E-11 =  5.061E-12 + 1.214E-11 8
22 1.016E-24 1.325E-23 5.016E-18 9.619E-15 =  2.821E-15 +  6.798E-15 Gé?
Alveolar sacs 23 8.765E-28 1.135E-26 4.236E-21 8.069E-18 =  2.359E-18 +  5.709E-18 H
*Generation. f
°Flux for nasal region and mouth is given in columns 7 and 9 respectively. §
Q
tory tract formaldehyde uptake required a number of assungetermining the extent to which normal variation in these §
tions regarding simulation, parameter specification, and amaedel inputs affects flux. Based on Overtenal. (1996), we ~ C

tomical issues. A discussion of the sources of uncertaintyfer that for= 2 standard deviations in dead space volume theg
associated with the major assumptions will be given here. pulmonary region fluxes could be 60% less to 180% more tharg
Cyclic breathing simulations conducted using the identicahe flux predicted for an average dead space volume. Thesg
path model supported the use of CFD steady-state inspirataryestigators also showed that the sensitivity of the fractionaks
dosimetry simulation results as a basis to estimate nasal uptakéake due to change in dead space volume decreases as the B
of formaldehyde during cyclic breathing. This conclusion isegion mass transfer coefficient increases, but the sensitivity of,
based on the identical-path model predictions that during eke pulmonary region uptake increases. Since the HCHO mas§
halation nasal airway fluxes increase by less than 3% oueansfer coefficients are at least 4 times as large as those used
fluxes during inspiration. Thus, the assumption that the uself Overtonet al. (1996) for ozone, we infer that uncertainty in
the CFD predictions contributes insignificantly to error ithe dead space volume has a negligible effect on fractional
estimating nasal flux for a complete breath is reasonable. uptake, but can affect the pulmonary region distribution of flux.
The calibration of the identical-path model to the CFD Another anatomical issue is the assumption of identical
predictions resulted in identical-path model predictions of naaths. As this assumption does not strictly hold in reality, there
sal airway % uptake that were within 0.2% of the CFD modelould be in each generation a distribution of fluxes due to the
predictions and in average surface fluxes that were within 0. @itferent paths and different airways of the human LRT. An
of CFD model predictions. Thus, any contribution to unceestimated upper limit to which flux may vary in a given
tainty from the assumption that these two models were appgeneration may be inferred from Overton and Graham (1995)
priately matched is considered low. who simulated ozone uptake in the asymmetric branching
Quantification of anatomical sources of uncertainty involvesrways of rats. They predicted that the ratio of the highest to
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1800 : : * : : : moving throughout the airways, aerosols have the potential to

Minute Volume: absorb and desorb HCHO, altering the distribution of HCHO

1600 | —e— 7.5Umin (Nasal Breathing) - uptake. The absorption or desorption of water vapor at the
—a— 9.0 L/min (Nasal Breathing) .. C e . .

—e— 25.0 Limin (Nasal Bfeathing) air-liquid lining interface may enhance or reduce, respectively,

1400 = S0.0U/min (Oronasgt Breathing) | - the transfer of HCHO to this interface. Although the inclusion

of these processes are beyond the scope of this investigation,

1200 | Nesa> . we consider the assumption of dry air with no contaminants as

being a reasonable approximation.

Overall, the use of local respiratory tract dosimetry model-
ing in calculating human cancer risk estimates should represent
a significant reduction in uncertainty over previous risk assess-
ments. The 1987 and 1991 formaldehyde cancer risk assess-
ments (U.S. EPA, 1987, 1991) were based on the linearized
multistage model using as measures of dose the inhaled corg
centration of formaldehyde and DPX, respectively. Major un- 5
certainties in these risk assessments arose from the assumg-
tions that uneven distribution of inhaled formaldehyde over the&
nasal surface and differences in these distributions between ra%
and humans were not consequential. Site-specific nasal lesiors
o Feeees* I observed in rats and primates (Monticetibal., 1989, 1991)
URT Tracheobronchial Region i iredd suggest that there is significant local species-specific variatio

-200 w ' , : ‘ : in formaldehyde. The same can be inferred about the LRT.
® ° ° 0o ® In summary, HCHO, which is used widely and extensively g
MODEL GENERATION in various manufacturing processes, has been shown to be &
FIG. 1. The identical-path dosimetry predictions of surface flux versusasal carcinogen in rats and mice. Further, studies in monkey§
generation for each of the 4 activity modes. suggest that the LRT may be at risk and some epidemiologica
studies have reported an increase in lung cancer associatei
lowest flux in the same TB generation could be as high as 7, tvéh HCHO, whereas other studies have not. Thus, an asses%
average ratio being 3. Since the human LRT is considerewnt of possible human risk to HCHO exposure throughout thed
much more symmetric than that of the rat (Phalen and Oldharaspiratory tract is desirable, requiring dosimetry information 3
1983), flux variation among airways in a human TB generatian the RT. To this end, two types of dosimetry models Wereiu1
should be less than for the rat. used to provide predictions of local HCHO surface fluxes g

In the dosimetry model, gas phase mass transfer coefficie(dese). The first type of dosimetry model is based on a 1-di-g
and dispersion coefficients were based on formulas derivedrgnsional equation of mass transport applied to each generds
investigators using conditions often different than those in tiien airway and airway passage of a symmetric, bifurcating RTE
present work. For example, the URT gas phase mass transfieatomical model. This model is the subject of the presentg
coefficients given by Nuckols (1981) are not defined locally, asvestigation. For the second type, CFD techniques were use
used as in the present investigation; they are representatvestimate total uptake and local surface fluxes in a 3-dimen3
coefficients for the regions from the nostrils or lips to theional model of the nasal region (Kimbeli al.,2001a,b). The &

trachea. Further the values of the air speed and diametedimensional model was calibrated so that the predicted up#

o
(Appendix; Equations 11 and 12) used to calculate the transfake in its nasal airways model agreed with the human nasa;ﬁ
coefficient are defined by Nuckols (1981) to be those of thegion uptake results of the CFD simulations of Kimkbetlal. E
trachea. We used local values for these parameters, whicl{2801b). Simulations for both model types were carried out for
reasonable, since the mass transfer coefficient is positively adult human male and 4 activity states (4 different sets of
correlated with air speed and diameter. A method for converentilatory parameters). The two types of modeling approaches
ing formulas and their predictions obtained under one setwére made consistent by requiring that the 1-dimensional ver-
conditions to different conditions would be useful. sion of the nasal passages have the same uptake during inspi-
Respiratory tract air was approximated as being dry with mation as the CFD results for each human activity level. Thus,
contaminants other than HCHO. In reality, respiratory tract dine estimated surface fluxes for the human are defined as the
contains water, carbon dioxide, and inhaled contaminants tiefD predictions for the nasal region plus the 1-dimensional
may affect the transport of HCHO. Under normal conditionsnodel predictions of local flux in the rest of the RT.
gaseous contaminants are generally at low enough partial predResults obtained include the following: (1) For each activity
sures to have little effect on the mass transfer of HCHGtate, more than 95% of the inhaled HCHO is predicted to be
Conceivably, aerosols could be a source of HCHO. In additioretained by the RT. (2) The CFD predictions for inspiration,
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modified to account for the difference in inspiration and conihe mass balance equation for the compartment beginning at z and ending at
plete breath times, are predicted by the 1-dimensional to bé & ! is approximated by
good approximation to uptake by the nasal airways during a
. . . . J
single breath. (3) In the lower respiratory tract, flux is predicted Al ~A-J+p1-K-C+ o (A1-C). 2
to increase for several generations and then decrease rapidly.

(4) Compared to first pulmonary region generation fluxes, thfinition of terms in Equation 2: & J(z,t) = average flux of HCHO in the
first few tracheobronchial generations fluxes are over 108@irection; p= p(t) is the perimeter of the cross-sectional areg;KK (t) is
times larger. Further, there essentially is no flux in the alveol&e ove_rall mass transfer coefficient;=CC(z,t) is the average concentration of
sacs. (5) The predicted fluxes, based on the l—dimensiOH f—|O in the compartment. The termsahd J., represent the mass flow rate

del that ted h b di biologi of HCHO into or out of the compartment at the left- and right-hand boundaries,
mode at are presente ere, can be used In a biologic é’pectively. The peripheral surface area of the compartmenkisgnd A X

based dose-response model for human carcinogenesis @R is the approximate mass of HCHO in the compartment.
should reduce uncertainty in a risk assessment. Expanding J,, in a Taylor series about z in terms of | and using Equation 1b,
Equation 2 can be written as

APPENDIX 5 ) N 22
— . . . - — ~ — . . . —_—— . 27 PR
0 V0 + bV I~ b S Ky C (b )P 5 gt
RATIONALE FOR NUMERICAL SEGMENT

IN IDENTICAL-PATH MODEL ®)

Because velocity was modeled as uniform across the nostril entrance, {tere V.= - L and S= p - L are the airway volume and surface area,
CFD boundary conditions at this location resulted in a negligible dispersidigspectively. Dividing both sides of Equation 3 by b and letting b go to 0 yields
and the rate of HCHO influx was equivalent to the product of airflow rate and
the exposure concentration. For the identical-path simulations, the boundary
condition at the nostril entrance during inhalation was a constant concentration,
which does not limit the rate of HCHO influx to the airflow rate times the
exposure concentration, as in the CFD case. If the concentration gradient @nd flux, J, is defined as
the dispersion coefficient are sufficiently large, the flux due to dispersion can
alter the HCHO influx so as to be significantly different than the product of 9
airflow rate and exposure concentration. To account for this in the identical- J=u-C-D-=2C, (5)
path formulation, a short, small nonabsorbent segment (numerical segment,

Table 2)_Was added proximal to the nostrils, re_sultin_g in a negligible di;persieflz D(t) is the dispersion coefficient and= u(z,t) is the air velocity in the
as rc—_:q_uwed. (See Equation 9 for the re_Ia_tlonsh|p between the dlspe_zrs)l(o irection.
coefficient and the length of a segment.) Similarly, based on the assumption eplacing J in Equation 4 with the right-hand side of Equation 5 and @

sr;dallddlspe_rsmln atht_he mputh ent?ntt):le,za small nonabsorbent volume W@é\“rranging,we obtain the spatially 1-dimensional convection-dispersion equa®
added proximal to this region (see Table 2). tion that describes the transport of HCHO in each model segment or airway of=

J J
G (VO + V= =S K,-C. ()

ydals e /610'seulnolpiofxo’ 19sx0y//:dny wouy papeojumoq

the RT,
Identical-Path Model of Mass Transport
I . o . : ou - a2 K, V
The identical-path anatomical model is divided into sequential segments in oc + du, c =D--——C-— <S °+ —) -C;0<z<L t>0. (6)
which anatomical dimensions are, in general, a function of time throughout 0z 9z v v

each breath. In this work, model segments correspond to airways or airspaces;

also, there is a one-to-one correspondence between a LRT model segmentaqite v = V(1) = div
each airway or airspace in a specific LRT generation. Further, each airway or dt
airspace in the same generation or model segment is assumed to have the s&@qunctional dependence of u on z can be determined by considering C g
transport characteristics, such as airflow rate, effective dispersion coefficigrfuation 6, not as HCHO, but as the concentration of an incompressible gas

V Uo Aeiq110aD fexoe

and the overall mass transfer coefficient. i.e., air. In this case, 2
Equation of mass transport for one model segment or airwdyor an N

expanding or contracting airway, air passage, or airspace, a coordinate system 9 9 E

is defined such that the x-axis is along the direction of the mean air flow and aC = O’EC =0,K,=0,and J=u-C. Thus,

the origin is at the entrance of the airway (for simplicity, the term “airway” is

also used for air passage and airspace). The cross-sectional area of the airway, ou \V; \V;

A(t), is perpendicular to the x-axis and is independent of x for the given 57 =y Withsolution, u=u,(t) — z-y; . (1)

airway, but is a function of time, t, due to expansion and contraction. The
airway length is L(Y). . . . Generally, the airflow rate at (z,t) in a given airway is equal to the time rate of
For the mass balance equatlon, a s_maII compartment in the a'_rwaychc'ange of the RT volume distal to z; the velocity is
considered. The left and right boundaries of this compartment, which are
perpendicular to the x-axis, are located atxz(t) and z+ I(t), respectively; 5
where ﬁVRT(Zr )
u(z, t)=

TAD (8)
z=a-L{t);0=a=1; (1a)

d
| =b-L(t);0=b<a0=sa+b=1. (1b) wherea Vri(z,t) is thetime rate change of the LRT volume distal to z.
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The dispersion coefficient is defined as The gas phase mass transfer coefficieg} i& dependent on air speed, the
segment’s hydraulic diameter (& 4 X volume/[surface area]), molecular
\A diffusion coefficient, and the inhalation or exhalation state:
o = (0n+ 71 5)(v) ©
= (a[u- d/D,]° + 6)(D,/d) (11)

where V,/V is the ratio of the airway or duct volume to the total volume of the

segment; in the URT and TB region, this ratio is 1, B the molecular The first term in the parentheses on the right-hand side is based on Nuckols
diffusion coefficient, 0.15 chfs (Kimbell et al., 2001a).d| is defined as the (1981); the second term, 6, is a modification based on Méteal. (1985) to
positive value of the average of the air velocities at the left and right boun@iccount for the fact thatgjdoes not approach 0 when u approaches 0 (i.e., as
aries of the airway. The values ¢f listed in Appendix Table 1, depend on thein the pulmonary reg|on) According to Millest al. (1985) the value of 6 is a

particular RT region and on the direction of the airflow. reasonable choice as u approaches 0.
Nuckols (1981) did not conduct oronasal breathing experiments. We assume

for the nasal airway and mouth cavity that the approprigtes khat for nasal
APPENDIX TABLE 1 and mouth breathing, respectively, regardless of breathing mode. For the distal
URT, which receives airflow from both the nose and mouth during oronasal

Values of y in the Formula for Dispersion i . . ) ) .
u v v P breathing, the “Nuckols” term in Equation 11 is approximated by the geometric

(Equation 9) mean of the term for oral breathing and the term for nasal breathing: g

>

Region or model _ _ - g Y20 by D §_
segment Inhalation ~ Exhalation Source ke = ( \,m . [D7] +6) <F"‘> 12) Q
Numerical segmeft 0.4 0.4 Present work ) ) ) 3
Mouth cavity 1.08 0.168 Ben-Jebricet al. (1982) The subscripts O and N refer to oral breathing and nasal breathing, respecg
Nasal airway 0.4 0.4° Present work tively. T_he values of a and b for use in Equations 11 and 12 are given in'.i.
Distal URT 1.08 0.168 Ben-Jebricet al. (1982) Appendix Table 2. g
LRT 1.080 0.370 Scherest al. (1975); =}
modified by 2

Miller et al. (1985) APPENDIX TABLE 2 5]

Values for the Nuckols (1981) Parameters, a and b, <

*The numerical segment (Table 2) is added to the proximal end of the URT in Equations 11 and 12 %
to ensure correct boundary conditions (see below). %
*The value of 0.4 is somewhat arbitrary, but was chosen small enough to Inhalation Exhalation é
minimize dispersion and large enough to ensure stable solutions as well as o
reasonably short computational times. Region or model segment a b a b ]
“Values are 3 times the referenced values because of the factor 1/3—in '§
Equation 9. Nasal airway n/a n/a n/a n/a 3
“The value of 0.4 is somewhat arbitrary. When used in conjunction with the Mouth cavity 0.035 0.804 0.0006 1.269 ®
mass transfer coefficient for the nasal airway, the same percent uptake pre-Distal URT 3
dicted by Kimbellet al.(2001b) is obtained, which is required for this segment. Nasal breathing 0.028 0.854 0.0045 1.080 ?i
Oral breathing 0.035 0.804 0.0006  1.269 %

LRT 0.0777 0.726 0.0589 0.752 o)

The form of the dispersion coefficient (Equation 9) for each TB segment-is ,Q
based on Scheret al. (1975) as modified by Milleet al. (1985). Ben-Jebria 2Values not needed; overall mass transfer coefficient is estimated from theg
et al. (1982) presented 2 equivalent representations of the mouth-distal UBftake results of Kimbelkt al. (2001b). 3
dispersion coefficient, 1 in terms of the diameter of the air passage and théFor Reynolds numbex 12,000. S
other in terms of the length; we chose the latter for consistency with the TB°For Reynolds numbex 7800. z
region formulation. For the pulmonary region dispersion coefficient, the con- ES
cept of flow in a tube (“duct”) with stagnant pockets (“alveoli”) is used. See ﬁ

Aris (1959) for a discussion of this concept. Based on Verbanck and PaivaBoundary and initial conditions. At the interface between model segments, *°
(1988), Anijilvel et al. (1991), and the parameters used in the present workpncentrations are continuous and mass flow rates of HCHO are conserved. A,(g
Equation 9 for the pulmonary region is a reasonable approximation. the most proximal RT boundary (nose and mouth entrance) the concentratior™
The overall mass transfer coefficient, ksee Equations 2 and 6), dependds defined as the exposure concentration during inhalation; on exhalation, the
on the gas phase mass transfer coefficiegtgkd the mass transfer coefficientgradient of the concentration is defined as 0. At the distal end of the RT path,
of the mucus-coated tissue,{k For the identical-path dosimetry modeling, K the flux is 0 at all times.
can be written as (Overtoet al., 1987): At the beginning of the first breath of a simulation=t0) the air phase
concentration is 0 everywhere except at the entrance, where it is equal to the
exposure concentration. Simulations are carried out for several breaths until the
Ko = Kmkg/(Km + Kg) (10)  solution is periodic. Results from periodic solutions are reported.
Numerical formulation. Equation 6 is solved using finite difference tech-
niques. For the interior points of a segment, spatial derivatives are defined in
Except for the nasal airway, the value of, kwvhich incorporates the effect of terms of central differences; thus, Equation 6 becomes
Henry's Law constant, is 4.7 cm/s (Kimbedt al., 2001a) throughout the
respiratory tract regardless of the structure or nature of the liquid lining and
tissue compartments. dC/dt = — (w1 — w—1)/(2h) + D+ (Cy, — 2G + Cj,l)/h2 -E-G. (13)


http://toxsci.oxfordjournals.org/

132 OVERTON, KIMBELL, AND MILLER

In Equation 13, w=u X Cand j= 2, 3, ..., N—1. N is the number of equally Test of Numerical Procedure and Convergence of Solutions

spaced points along the z axis of the segment, including the boundaries. Thier Identical-Path Dosimetry Model

distance between the points is h ang SVKO + % . The computer program that solves the equation describing mass transfer and

At the boundary points of a segment/generation the following equations &fgfake has been tested by comparing results to known analytical solutions

used for the left- and right-hand boundaries, respectively: (Overton and Graham, 1995). For these tests, a rigid (nonexpanding/contract-
ing) RT “anatomical” model was used for which there are known solutions to
the equation of mass transport. Compared to the known solution, the numerical

dCy/dt = 23/h — (W, + wy)/h + 2D(C, — C))/h? — ECy; (14) solution was accurate and showed evidence of converging (absolute difference

between analytical and calculated solution decreased) to the analytical solution

as the spatial step size and the time step decreased. Convergence is an

indication that the numerical formulation of the partial differential equation of

mass transfer (Equation 6) is correct.

(The technique for deriving Equations 14 and 15 is based on and similar to':Or testing expansmn/contractlon_, a simulation was performed with no

Overton and Graham [1995] for constant u). The subscripts 1 and N refer to Hﬁetake (overall mass tran;fer co_e ﬁ.ICIents set to 0) for 20 breaths. Results
showed that all concentrations within the RT approached the exposure con-

left- and right-hand boundaries of the segment, respectively. Using Equat'%%ération as the number of breaths increased. At the end of 20 breath

14 and 15 at the boundaries of parent and daughter segments and usin ) - ; -
- . oncentrations were essentially constant everywhere in the RT at all times
boundary conditions for transport across the interface of 2 segments, the L . o . -3
ough this is a simple and limited test, the results are consistent Wlth§-

dCy/dt = —23/h + (Wy_s + wy)/h — 2D(Cy — Cy_1)/h? — ECy.  (15)

terms can be eliminated. This results in a differential equation with respect {0 )
) ; expectations.
time for the common concentration at the boundary between segments.

) . A . . . The present simulations were tested for independence of spatial and timé.
The set of first order differential equations obtained as described above were o

) . . - f§tep size and for mass balance. There were 9 different conditions that requireg
solved numerically using Euler integration. To decrease the effect of the ) - . ) . .
simulations, 4 calibration simulations, 4 nasal-path simulations, and 1 oral-patig

artificial diffusion that results from using first order time integration, theimulation We chose to perform simulations for spatial step sizes of 1/2. 1/45
approach of Owen (1984) was used to redefine the dispersion coefficient 01 ) P P P IS

L . . . . . and 1/8 of the original size for each of the original 9 simulations. Correspond-
| | Din E 13, 14 1 hD . 5 : . ) )
numerical integration by replacing D in Equations 13, 14, and 15 wit ing to the spatial step size reduction, the time steps were reduced to insur@

stable solutions by factors of 1/4, 1/16, and 1/64, respectively. Results indi-Q

cated that further reduction in step sizes would not significantly alter the &

results.
For a complete breath, the mass balance error is defined as (mass inhaled%

mass exhaled — the mass left in the RT) divided by the mass inhaled. In all 3

of the simulations (the 9 different simulation conditions multiplied by 4, the 2

number of different spatial step sizes), the absolute value of the mass balanc

Rationale for Using the Results of Combining 2 Simulations to ApproximafTor was less than 12 parts in 1 million.
Dosimetry for Oronasal Breathing

/)

XO!

D, = D + 0.5At(2 — 2E- D), (16)

olpu

whereAt is the time step.

REFERENCE
The rationale behind the method of simulating uptake during oronasal CES

brgat_hlng is based _o'n 3 a;sumptlons: (1) Assumption 1 _'S based oq mﬁilvel,s., Mercer, R. R., and Crapo, J. D. (1991). Calculation of the effective

principle of superposition, which (for our purpose) states that if concentratlonsdispersion coefficient in alveoli and alveolar duckn. Rev. Respir. Dis.

C1(x,t) and C2(x,t) are each a solution to Equation 6 with the same set ofl44 A 765

parameters, then (C1(x,f8 C2(x,t)) is also a solution. We assume that this = : o . .

principal applies to the HCHO molecules breathed in through the nose and¥&s R- (1959). The |ong|t_ud|na| diffusion in flow through a tube with stagnant

those entering by the mouth. That is, in the RT regions distal to the twoPOCkets.Chem.Eng. Sci.11,194-198.

proximal URTs, nose and mouth molecules can be treated as being indepggaichelor, G. K. (1967)An Introduction to Fluid DynamicsCambridge

dent of each other, their concentrations can be determined independently, arldniversity Press, Cambridge, UK.

the total concentration at any position and time can be found by adding the t®en-Jebria, A., Bedig, G., Mensch, B., and Hatzfeld, C. (1982). Dispersion

concentrations. For the two sets of molecules, the instantaneous flux to sud’'un embole radioactif dans I'oropharynx et le larynx: Recherche de la

faces is given by JE K, X C1(x,t) and J2= K, X C2(x,t), and the total flux  fonction de transfert). Biophys. et MedNucl. 6(2), 51-57.

due to both sets of molecules issl1+ J2= K, X (C1(x,t) + C2(x,t)). Thus, Blair, A., Stewart, P. A., O'Berg, M., Gaffey, W., Walrath, J., Ward, J., Bales,

the total flux at any position and time can be found by adding the two R., Kaplan, S., and Cubit, D. (1986). Mortality among industrial workers

independent fluxes. (2) In the 2-simulation approach, HCHO inhaled throughexposed to formaldehydd. Natl. Cancer. Inst76, 1071-1084. [Cited in

the nose is delivered directly to the proximal URT and the HCHO inhaled IARC, 1995]

through the mouth is delivered directly to the proximal URT and no exchange . .

of HCHO between the nasal airway and the mouth cavity is possible. In act%i?lr’ A., Stewart, P. A., and Hoover, R.N. (1990)' Mortality from lung cancer
. . among workers employed in formaldehyde industrégs.. J. Ind. Med17,

oronasal breathing, an exchange of HCHO between the mouth cavity and th883—699 [Cited in IARC, 1995]

nasal airway most probably occurs. Thus, we assume that during inhalation; ' '

any exchange of HCHO between the nasal airway and the mouth cavityGgsanova, M., Morgan, K. T., Steinhagen, W. H., Everitt, J. I., Popp, J. A., and

negligible compared to the transfer from each of the proximal URTs to theHeck, H. d'A. (1991). Covalent binding of inhaled formaldehyde to DNA in

distal URT. (3) During exhalation in the 2-simulation approach, all the HCHO the respiratory tract of rhesus monkeys: Pharmacokinetics, rat-to-monkey

mass at the proximal URT and distal URT interface flows into the proximal interspecies scaling, and extrapolation to mamadam. Appl. Toxicoll7,

model segment, which is either the nasal passage or the oral cavity, but ndt09—428.

both. In reality, the mass would split along the two different proximal URTasanova, M., Morgan, K. T., Gross, E. A., Moss, O. R., and Heck, H. d'A.

paths. Thus, for the 2-simulation approach to be reasonable, proximal URT1994). DNA-protein cross-links and cell replication at specific sites in the

uptake must be negligible during exhalation. This is supported by the simulaose of F344 rats exposed subchronically to formaldehliydadam. Appl.

tion results. Toxicol. 23, 525-536.

¥T0Z ‘6T 1SnBNnY uo Akeld 17 DAD Joxdey L 'g usydels b


http://toxsci.oxfordjournals.org/

FORMALDEHYDE FLUX IN HUMAN RESPIRATORY TRACT 133

Casanova, M., Heck, H. d’A., Everitt, J. |., Harrington, W. W., Jr., and Popp, of local flux predictions in the rat, monkey, and human nasal passages.
J. A. (1988). Formaldehyde concentrations in the blood of rhesus monkey§oxicol. Sci.64, 100-110.

after inhalation exposurézood Chem. Toxicol26, 715-716. Lodén, M. (1986). Thein vitro permeability of human skin to benzene,
Collins, J. J., Acquavella, J. F., and Esmen, N. A. (1997). An updatedethylene glycol, formaldehyde, and n-hexafeta Pharmacol. Toxicob8,
meta-analysis of formaldehyde exposure and upper respiratory cadcers. 382—389.

Occup. Environ. Med39, 639—-651. Miller, F. J., Overton, J. H., Jaskot, R. H., and Menzel, D. B. (1985). A model

Fredberg, J. J., Whol, M. E. B, Glass, G. M., and Dorkin, H. L. (1980). Airway of the regional uptake of gaseous pollutants in the lung. I. The sensitivity of
area by acoustic reflections measured at the malitippl. Physiol.48, the uptake of ozone in the human lung to lower respiratory tract secretions
749-758. and exerciseToxicol. Appl. Pharmacol79, 11-27.

Gardner, M. J., Pannett, B., Winter, P. D., and Cruddas, A. M. (1993). A cohfiynticelio, T. M., Morgan, K. T., Everitt, J. 1., and Popp, J. A. (1989). Effects

study of workers exposed to formaldehyde in the British chemical industry: formaldehyde on the respiratory tracts of rhesus monkeys: Pathology and
An update.Br. J. Ind. Med.50, 827—-834. [Cited in IARC, 1995] cell proliferation.Am. J. Pathol134,515-527.

Godo, M. N., Morgan, K. T., Richardson, R. B., and Kimbell, J. S. (1995, niicelio, T. M., Miller, F. J., and Morgan, K. T. (1991). Regional increases
Reconstruction of complex passageways for simulations of transport phel—n rat nasal epithelial proliferation following acute and subchronic inhalation

nomena: Development of a graphical user interface for biological applica-Of formaldehydeToxicol. Appl. Pharmacol111, 409—421.
tions. Comp. Meth. Prog. Biomed.7, 97-112. Niini V.. Cole. P.. Mintz. S.. Shephard. R. J. (1981}, O | distributi
Hart, M. C., Orzalesi, M. M., and Cook, C. D. (1963). Relation between ' ad V., LOIE, 7., MiNtz, 5., Shephard, . - )- Oronasal distribution
of respiratory airflowRespir. Physiol43, 69-75.

anatomic respiratory dead space and body size and lung volurdgpl.
Physiol. 18(3), 519-522. Niinimaa, V., Cole, P., Mintz, S., Shephard, R. J. (1980). The switching point

from nasal to oronasal breathingespir. Physiol42, 61-71.

01} pAPEO|UMOQ

Health and Welfare Canada. (198 Bxposure Guidelines for Residential
Indoor Air Quality. A Report of the Federal-Provincial Advisory CommittedNuckols, M.L. (1981). Heat and water vapor transfer in the human respiratoryg

on Environmental and Occupational HealtEnvironmental Health Direc- ~ System at hyperbaric conditions. Ph.D. Dissertation, Duke University, 5
torate, Health Protection Branch, Ottawa. Durham, NC. §
Hobler, T. (1966)Mass Transfer and Absorbers. Pergamon Press, New YorRverton, J. H., Barnett, A. E., and Graham, R. C. (1989). Significances of the§

IARC (1982).IARC Monographs on the Evaluation of the Carcinogenic Risk variability of tracheobronchial airway paths and their air flow rates to
of Chemicals to Humans. Some Industrial Chemicals and Dyestaffs29, dosimetry model predictions of the absorption of gase&ximapolation of
pp. 345-389. International Agency for Research on Cancer, Lyon, FranceDosimetric Relatignships for Inhaled Particles and Gag€sapo, J. D.,

IARC (1987).Asbestos IARC Monographs on the Evaluation of Carcinogenic ??130_"2(81 EAcDe{(’je':\:lrlllilfrlersi.’Scz\;ag?gcj;’olci;’ and Hayes, AW., Eds.), pp.
Risks to Humans, Suppl. 7, Overall Evaluations of Carcinogenicity: An ' ' ' ’

Updating of IARC Monographsyol. 1-42, pp. 106—116. International Overton, J. H., and Graham, R. C. (1994). Modeling the uptake of gases by th&
Agency for Research on Cancer, Lyon, France. dog nasal—pharyn_geal region: Effects of morphometric and physiologicalg

IARC (1995). Formaldehyde. IFormaldehyde IARC Monographs on the factors.Inhal. Toxicol.6(Suppl.), 113-124. @
Evaluation of Carcinogenic Risks to Humans, Vol. 62, pp. 217-362. Inte@verton, J. H. and Graham, R. C. (1995). Simulation of the uptake of a reactivé%
national Agency for Research on Cancer, Lyon, France. gas in a rat respiratory tract model with an asymmetric tracheobronchial

ICRP66 (1994). Human Respiratory Tract Model for Radiological Protection. 'egion patterned on complete conducting airway cast daieput. Biomed.

In Annals of the ICRPYol. 24(1-3).Publication 66. International Commis- €28, 171-190.
sion on Radiological Protection. Overton, J. H., Graham, R. C., Ménache, M. G., Mercer, R. R., and Miller, F. J.

Kepler, G. M., Richardson, R. B., Morgan, K. T., and Kimbell, J. S. (1998). (1996). Influence of tracheobronchial region expansion and volume onQ
Computer simulation of inspiratory nasal airflow and inhaled gas uptake inréactive gas uptake and interspecies dose extrapolatigme. Toxicol.8,
a rhesus monkeyToxicol. Appl. Pharmacol150,1-11. 723-745.

Kerns, W. D., Pavkov, K. L., Donofrio, D. J., Gralla, E. J., and Swenberg, J. Qverton, J. H., Graham, R. C., and Miller, F. J. (1987). A model of the regional 9
(1983). Carcinogenicity of formaldehyde in rats and mice after long-term uptake of gaseous pollutants in the lung. Il. The sensitivity of ozone uptake
inhalation exposureCancer Res43, 4382—4392. in laboratory animal lungs to anatomical and ventilatory parameiers-

Kimbell, J. S., Godo, M. N., Gross, E. A., Joyner, D. R., Richardson, R. B., and®C!- APPI. Pharmacol88, 418—432.

Morgan, K. T. (1997a). Computer simulation of inspiratory airflow in allOwen, A. (1984). Atrtificial diffusion in the numerical modeling of advective
regions of the F344 rat nasal passagesxicol. Appl. Pharmacol145, transport of salinity Appl. Math. Modeling, 116—-120.
388-398. Paiva, M. (1973). Gas transport in the human ludg.Appl. Physiol.35,

Kimbell, J. S., Gross, E. A., Joyner, D. R., Godo, M. N. and Morgan, K. T. 401-410.

(1993). Application of computational fluid dynamics to regional dOSimetr}Satterson, D. L., Gross, E. A., Bogdanffy, M. S., and Morgan, K. T. (1986).

of inhaled chemicals in the upper respiratory tract of the Takicol. Appl. Retention of formaldehyde gas by the nasal passages of F-344T cads.
Pharmacol.121, 253-263. cologist6, 55

Kimbell, J. S., Gross, E. A., Richardson, R. B., Conolly, R. B., and Morgal?j
K. T. (1997b). Correlation of regional formaldehyde flux predictions with
the distribution of formaldehyde-induced squamous metaplasia in F344 ra{
nasal passageMlutat. Res380(1-2), 143-154. Scherer, P. W., Gobran, S., Aukburg, S. J., Baumgardner, J. E., Bartkowski, R.,

Kimbell, J. S., Overton, J. H., Subramaniam, R. P., Schlosser, P. M., Morgan,and Neufeld, G R. (1988). Numerical and gxperimental study of steady-
K. T., Conolly, R. B., and Miller, F. J. (2001a). Dosimetry modeling of state CQ and inert gas washoul. Appl. Physiol64, 1022-1029.
inhaled formaldehyde: Binning nasal flux predictions for quantitative riskcherer, P. W., Shendalman, L. H., and Green, N. M. (1972). Simultaneous
assessmentoxicol. Sci.64,111-121. diffusion and convection in single breath lung wash&utll. Math. Biophys.

Kimbell, J. S, Subramaniam, R. P., Gross, E. A., Schlosser, P. M., and Morgan§5' 393-412.
K. T. (2001b). Dosimetry modeling of inhaled formaldehyde: Comparisorfscherer, P. W., Shendalman, L. H., Greene, N. M., and Bouhuys, A. (1975).

'SeUIN0[pIoIXO" |

B3Ry L g e

Arigqi70Q

uo

¥102 ‘6T BNbny

halen, R. F., and Oldham, M. J. (1983). Tracheobronchial airway structure as
evealed by casting technigues. Am. Rev. Respir. I2i8, S1-S4.


http://toxsci.oxfordjournals.org/

134 OVERTON, KIMBELL, AND MILLER

Measurement of axial diffusivities in a model of the bronchial airways. Values for Use in Risk AssessmeBEA—-600/6—87—008. Environmental

J. Appl. Physiol 38, 719-723. Criteria and Assessment Office, Office of Health and Environmental As-
Stayner, L. T., Elliott, L., Blade, L., Keenlyside, R., and Halperin, W. (1988). Ssessment, U.S. Environmental Protection Agency, Cincinnati, OH.

A retrospective cohort mortality study of workers exposed to formaldehydeS. EPA (1991)Formaldehyde Risk Assessment Upddaénal Draft. Office

in the garment industryAm. J. Ind. Med13, 667—-681. of Toxic Substances, U.S. Environmental Protection Agency, Washington,
Subramaniam, R. P., Richardson, R. B., Morgan, K. T., Guilmette, R. A., andD-C.

Kimbell, J. S. (1998). Computational fluid dynamics simulations of inspirad.S. EPA (1992). An SAB Report: Formaldehyde Risk Assessment Update.
tory airflow in the human nose and nasopharyinkal. Toxicol.10,92-120. Review of the Office of Toxic Substance’s Draft Formaldehyde Risk As-
Swenberg, J. A., Kerns, W. D., Mitchell, R. I., Gralla, E. J., and Pavkov, P. L. sessment Update by the Environmental Health Committee. Science Advi-
(1980). Induction of squamous cell carcinomas of the rat nasal cavity bysory Board. U.S. Environmental Protection Agency. EPA-SAB-EHC-92-

inhalation exposure to formaldehyde vapB8ancer Res40, 3398 -3402. 021.

U.S. Consumer Product Safety Commission (U. S. CPSC). (1982). Part W.S. EPA (1994)Methods for Derivation of Inhalation Reference Concentra-
Consumer Product Safety Commission ban of urea formaldehyde foantions and Application of Inhalation Dosimetry, EPA/600/8—-90-066F. Of-
insulation, withdrawal of proposed labeling rule, and denial of petition to fice of Health and Environmental Assessment, U.S. Environmental Protec-

issue a standard7 Fed. Regist14366—14419. tion Agency, Washington, D.C.
U.S. EPA (1986)Guidelines for Carcinogen Risk Assessment. U.S. Environ).S. EPA (1996).Proposed Guidelines for Carcinogen Risk Assessment,
mental Protection Agencypl Fed. Regist33992—-34005. EPA/600/P—92/003C. Office of Research and Development, U.S. Environ-

[umoQ

U.S. EPA (1987)Assessment of Health Risks to Garment Workers and CertainMental Protection Agency, Washington, D.C.
Home Residents from Exposure to Formaldehyde. Office of Pesticides afetbanck, S., and Paiva, M. (1988). Effective axial diffusion in an expansile
Toxic Substances, U.S. Environmental Protection Agency, Washington.alveolar duct modelRespir. Physiol73, 273-278.
D.C. Weibel, E. R. (1963)Morphometry of the Human Lung. Academic Press, New
U.S. EPA (1988).Recommendations for and Documentation of Biological York.

¥T0Z ‘6T BNBnYy Uo ARIqIT DAD BMJeyl g uaydels e /Aio'sfeuinolplo)xo 1osxoy//:dny wolj papeo


http://toxsci.oxfordjournals.org/

