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Diacetyl vapor is associated with bronchiolar injury in man but

primarily large airway injury in the rat. The goal of this study was

to develop a physiologically based pharmacokinetic model for

inspired vapor dosimetry and to apply the model to diacetyl. The

respiratory tract was modeled as a series of airways: nose, trachea,

main bronchi, large bronchi, small bronchi, bronchioles, and alveoli

with tissue dimensions obtained from the literature. Airborne

vapor was allowed to absorb (or desorb) from tissues based on mass

transfer coefficients. Transfer of vapor within tissues was based on

molecular diffusivity with direct reaction with tissue substrates

and/or metabolism being allowed in each tissue compartment.

In vitro studies were performed to provide measures of diacetyl

metabolism kinetics and direct reaction rates allowing for the

development of a model with no unassigned variables. Respiratory

tract uptake of halothane, acetone, ethanol and diacetyl was

measured in male F344 rat to obtain data for model validation. The

human model was validated against published values for inspired

vapor uptake. For both the human and rat models, a close

concordance of model estimates with experimental measurements

was observed, validating the model. The model estimates that

limited amounts of inspired diacetyl penetrate to the bronchioles of

the rat (<2%), whereas in the lightly exercising human, 24%

penetration to the bronchioles is estimated. Bronchiolar tissue

concentrations of diacetyl in the human are estimated to exceed

those in the rat by 40-fold. These inhalation dosimetric differences

may contribute to the human-rat differences in diacetyl-induced

airway injury.
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Dose response is the most fundamental concept of toxicology.

The relationship between exposure concentration and tissue

dose in respiratory tract targets during inhalation exposure to

irritant vapors is particularly important (USEPA, 1994). Inspired

vapors can be effectively removed from the airstream in

proximal airways (e.g., nose, trachea, etc.) and may not penetrate

significantly to more distal sites such as the bronchioles

and alveoli (Medinsky et al., 1999; Morris et al., 2010). Thus,

widely differing tissue doses are received throughout the

respiratory tract during inhalation exposure. These inhalation

dosimetric relationships may differ widely between rodents and

man, making interpretation and extrapolation of rodent inhalation

toxicity data difficult (USEPA, 1994). This is exemplified by the

inhalation toxicity of diacetyl, a component of butter flavoring

vapors. Exposure to high concentrations of this vapor in certain

occupations has been associated with bronchial wall thickening

and constrictive bronchiolitis, an inflammatory disease of the

bronchioles (Akpinar-Elci et al., 2004; Kreiss et al., 2002).

Injury to the nose and large airways occurs in rodents exposed to

diacetyl, but small airway (bronchiolar) injury is minor or absent

(Hubbs et al., 2002, 2008; Morgan et al., 2008). The degree to

which inhalation dosimetric relationships contribute to this

species difference in regional airway injury is not known, but

Morris and Hubbs (2009) have suggested that diacetyl penetrates

more effectively to the lower airways of the human than the rat.

The goal of the current study was to develop an inhalation

dosimetry model for the entire respiratory tract of the rat and

human to facilitate quantitative inhalation risk assessment of

diacetyl vapor.

The processes involved in respiratory tract vapor absorption

are well understood (Medinsky et al., 1999; Morris et al.,
2010). Airborne vapor diffuses to the air:tissue interface and, if

soluble, enters the tissue phase. Once in tissue, vapor may be

removed from the interface by diffusion toward the blood

stream (and ultimate removal from airway tissue), local

metabolism, and/or direct reaction with tissue substrates. Thus,

local blood flow, metabolism, and reaction, by lowering the

concentration of vapor in tissue, will serve to facilitate

continued uptake of vapor from the air into tissues.

Theoretically, sound models of vapor dosimetry must include

descriptions of these processes. The first successful physiolog-

ically based pharmacokinetic (PBPK) model for upper re-

spiratory tract (URT) vapor dosimetry was proposed by Morris

et al. (1993). This model included measures of vapor solubility

(blood:air partition coefficient) and local metabolism rate and
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accurately described the URT uptake efficiency of a variety of

metabolized and non-metabolized vapors in the rat nose. This

model assumed equilibration of vapor between the air and

mucus lining layers. Concurrently, Kimbell et al. (1993)

developed a computational fluid dynamic (CFD) approach to

examine URT dosimetry under non-equilibrium conditions

based on engineering mass transfer theory. In a significant

advance, these CFD approaches and concepts were incorpo-

rated in the PBPK model structure to form a hybrid CFD-

PBPK model of URT dosimetry (Bush et al., 1998). This

modeling approach has successfully been applied to describe

URT dosimetry of a variety of vapors in the rat and in the

human nose (Frederick et al., 1998, 2001, 2002; Hinderliter

et al., 2005; Schroeter et al., 2008; Teeguarden et al., 2008). In

the current study, this approach was extended to include the

entire respiratory tract.

The cyclic nature of breathing is an important relative to vapor

uptake and should be incorporated in comprehensive models of

inspired vapor dosimetry. In cyclic breathing, vapor is trans-

ferred from air to tissue during inhalation (absorption), but vapor

desorbs back into the airstream during exhalation when exhaled

air that has been stripped of vapor in the alveoli passes over the

airways. The desorptive process can strongly affect absorption

during the subsequent inspiration (Gerde and Dahl, 1991;

Johanson, 1991) and leads to complex relationships between

vapor solubility (e.g., tissue:air partition coefficient) and vapor

uptake. The absorptive/desorptive process for human lower

respiratory tract (LRT) airways was perhaps first modeled by

Johanson (Johanson, 1991). This model allowed for transfer of

airborne vapor into and out of anatomically defined lower

airways, but did not include terms for lower airway blood flow

and only modeled airway tissue as a single 15-lm thick

compartment. This modeling approach was extended by

Kumagai and Matsunaga (2000). Lower airway perfusion was

included, but anatomically constrained tissue compartments

were not nor were the large airways included in the model.

Hypothetical tissue compartments were assumed, and data were

fit to the model by modulating the values of the model constants.

This study included a dataset (compiled from the literature) on

human vapor dosimetry during mouth breathing. Included were

average uptake efficiencies and end expiratory air concentrations

(normalized to inspired concentration) for a variety of vapors to

which the model predictions compared favorably. Tracheobron-

chial airways were explicitly included into a PBPK model for

inspired styrene dosimetry (Sarangapani et al., 2002), but the

model used unidirectional constant velocity inspiratory airflow

patterns and, therefore, did not include absorption-desorption

behavior.

The approach for the current study was to extend the CFD-

PBPK modeling structure that has been used for URT dosimetry

to include the LRT and apply the model to describe diacetyl

dosimetry. Toward the end, anatomically defined models for the

LRT of the rat and human were developed based on the

anatomical models of Yeh (Yeh and Schum, 1980; Yeh et al.,

1979) as described by McBride (1992). Previous publications

have shown that the human and rat URT modeling structures

successfully describe uptake in nose and upper airways (Frederick

et al., 1998, 2001; Hinderliter et al., 2005; Schroeter et al., 2008;

Teeguarden et al., 2008). The human LRT model was validated

by comparison of model estimates for average uptake efficiency

and end expiratory air concentrations to the dataset compiled by

Kumagai and Matsunaga (2000). To provide data for validation of

the rat model, two studies were performed: whole body uptake in

spontaneously breathing rats of halothane, acetone, and ethanol

vapor (non-reactive vapors) was measured as well as whole body

uptake of diacetyl vapor (at two concentrations). The models

include vapor solubility (as measured by blood:air partition

coefficient), local metabolism, and direct reactivity. Therefore, the

current studies included measurement of several chemical/

biochemical properties of diacetyl including: blood:air partition

coefficient, airway tissue enzymatic kinetics for diacetyl metab-

olism, and assessment of the direct reaction rate with potential

tissue substrates. N-Acetylarginine was used as a representative

substrate for this purpose (Mathews et al., 2010). With these data,

it was possible to develop a dosimetry model with no unassigned

variables. The validated models were then extended to diacetyl,

with the goal of comparing and contrasting the dosimetry of

diacetyl to the lower airways of the rat versus the human.

METHODS

Animals and Reagents

Male F344 rats (VAF/Plus Crl:CDBR) were obtained from Charles River

(Wilmington, MA). Rats were acclimated for at least 1 week prior to use and were

8–14 weeks of age at the time of use. Body weights averaged 290 g. Animals were

housed over hardwood bedding in rooms maintained at 22�C–25�C with a 12-h

light cycle (lights on at 0630 h). To collect tissues for the in vitro studies, rats were

anesthetized (urethane, 1.3 g/kg) and killed by exsanguination. The entire nasal

respiratory mucosa (nasoturbinate, maxilloturbinate, and anterior septum), nasal

olfactory mucosa (dorsal medial meatus, ethmoturbinates, posterior septum), and

extrapulmonary lower airways (trachea plus mainstem bronchi) were collected and

homogenized in 3, 10, and 3 ml, respectively, of Krebs-phosphate buffer. A 0.1 g

sample of the remaining lung tissue was also collected and homogenized in 10 ml

of the same buffer. Homogenates were spun at 1000 3 g for 5 min to remove

debris and the supernatant used as described below. All reagents were the highest

purity possible and were obtained from Fisher Scientific (Springfield, NJ) or

Sigma-Aldrich (St Louis, MO).

In vitro studies

Diacetyl is known to be metabolized by dicarbonyl xylulose reductase

(DCXR), a nicotinamide adenine dinucleotide phosphate (NADPH)–dependent

pathway (Nakagawa et al., 2002). Therefore, diacetyl metabolism was

measured in vitro based on disappearance of NADPH. Metabolism was

examined in nasal respiratory, nasal olfactory, extrapulmonary airway, and lung

homogenates (total protein content of these homogenates averaged 1.6, 6.7, 2.0

and 5.5 mg, respectively). For assay, 0.1 ml aliquots of homogenate were

combined with NADPH (final concentration 0.1mM) and diacetyl (0.000–

15mM), in a temperature regulated (37�C) cuvette, and absorbance was

monitored at 340 nm for a 10-min period. The total incubation volume was 1.0

ml. Buffer pH was 7.4. Samples without diacetyl were used as blanks. The rate

of reaction was calculated from the molar extinction coefficient of NADPH
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(6.22 3 103/M/cm) and was linear with time and protein concentration. Some

incubations also contained 0.3mM sodium benzoate, an inhibitor of DCXR

(Carbone et al., 2005).

The blood:air partition coefficient can be estimated mathematically from the

water:air, saline:air, olive oil:air, and/or octanol:air partition coefficients. These

partition coefficients were determined by vial equilibration techniques (Morris

and Cavanagh, 1986). For the determinations, septum vials (40 ml) containing

0–0.4 ml water, saline, olive oil, or octanol were incubated at 37�C for 1 h or

more. Headspace air diacetyl concentrations were measured by gas chromatog-

raphy (see below). Partition coefficients were determined from the reduction in

headspace air concentrations in the presence of known amounts of fluid assuming

mass balance. Headspace air concentrations were in the 10–100 ppm range.

Partition coefficient was determined with varying amounts of fluid in each vial;

the measured coefficients were independent of the amount of fluid in the vial.

Reactions rates of diacetyl were determined in sealed vials. Diacetyl was

incubated with Krebs-phosphate buffer (pH ¼ 7.4), with or without the

substrate N-acetylarginine at 37�C for periods of 10–60 min. N-acetylarginine

concentrations of 5–30mM were used. Diacetyl concentrations were analyzed

by as described below. The disappearance rate (fraction/min) was calculated by

log linear regression of the fluid diacetyl concentrations.

Whole Body Uptake

Whole body vapor uptake was measured in an 8-l stainless steel and glass

cylindrical chamber. Toward this end, individual animals were placed in

the chamber, test compounds were added as vapors, and exposure progressed

for 30 min. During exposure, air was bled out of the chamber at a flow rate of

20 ml/min and through a gas chromatograph gas sampling valve for analysis

(see below). Breathing frequency was taken every 5 min by direct observation

through glass port. (Carbon dioxide absorbant, e.g., soda lime, was not added

because initial experiments indicated that the vapors of interest, particularly

diacetyl, adsorbed.) For data analysis, plots were made of airborne

concentration versus time. Log-linear relationships were observed and

regression analysis was performed to calculate the rate constant for decay

(fractions per minute). This was multiplied by the volume of the chamber to

express decay as a clearance (liters per minute). (In initial experiments in which

no rat was within the chamber, the calculated clearance was similar to the

airflow sampling rate of 20 ml/min). The fractional uptake for each rat was

calculated by dividing the vapor clearance (liters per minute) by the estimated

ventilation rate (liters per minute) for the rat. For assessment of decay rate due

to fur adsorption, etc., rats were killed by overdose with anesthetic and

immediately placed in the chamber followed by measurement of decay rate for

each vapor. For model validation, uptake of three non-reactive vapors was

measured: halothane, acetone, and ethanol. These vapors span a wide range of

blood:air partition coefficients (2.5–1800, see below). Mixtures of these three

vapors were added such that the initial concentration in the uptake chamber was

~10 ppm for each. For diacetyl uptake, rats were exposed to this vapor alone.

The initial concentration in the chamber was targeted to be 5 or 25 ppm; 25

ppm corresponds to concentrations used in animals toxicity testing, 5 ppm

represented the lowest concentration that could be easily examined.

Analytical Methods

Airborne vapor concentrations were measured with a gas chromatograph

(Model 3600; Varian, Sugarland, TX) equipped with a gas sampling valve and

a 15M DB-Wax column and a flame ionization detector. Standard curves were

prepared by adding known amount of compound to 4.3 l bottles, allowing > 1 h

for evaporation and drawing headspace air from the bottle through the gas

sampling valve. For the reaction rate studies, diacetyl concentrations were

measured by high performance liquid chromatography with a Waters (Milford,

MA) Model 600 pump and a Shimadzu (Columbia, MD) Model SPD-20A UV

detector (wavelength 284 nm) using a Waters 3.9 3 150 mm NovaPax Phenyl

column and mobile phase of 2:98 acetonitrile: 0.1% phosphoric acid (0.8 ml/min).

The diacetyl peak eluted with a retention time of 2.6 min.

Statistics. Data are reported as mean ± SD unless otherwise reported.

Enzyme kinetic data were analyzed by non-linear regression assuming the

presence of two (Michealis-Menten) enzymatic pathways. Decay rate data were

analyzed by log-linear regression. Statistical calculations were performed with

Statistica software (Tulsa, OK).

Modeling

General model structure. A PBPK-CFD model for LRT vapor uptake was

developed based on the tissue stack modeling approach developed by Morris et al.

(1993), which has been used to successfully describe nasal dosimetry of diacetyl

in the rat (Morris and Hubbs, 2009). This model structure has also successfully

described nasal dosimetry of a variety of vapors in the rat and human (Frederick

et al., 1998, 2001; Hinderliter et al., 2005; Plowchalk et al., 1997; Teeguarden

et al., 2008). The model is described in detail in the Appendix. Briefly, air is

allowed to pass over tissue, which is modeled as stacks of tissue compartments

(Fig. 1). The most superficial compartment is the mucous lining layer, followed by

epithelial and then submucosal compartments. Blood perfuses the submucosal

compartments only. Vapor diffuses through the stacks on the basis of its

diffusivity (Kety, 1951). The mucus diffusivity was estimated from the diffusivity

of ethanol in water (Martin et al., 1983) and the tissue diffusivity set at a value

1/4th of the water value to account for increased viscosity of intracellular fluids

(Bush et al., 1998; Miller et al., 1993; Morris et al., 1993). For diacetyl, mucus

and tissue diffusivities were 5.2 and 1.3 3 10�4 cm2/min, respectively. Vapor

transfer from the air to the mucous lining layer (and vice versa) is modeled in

accordance with mass transfer theory (Frederick et al., 1998; USEPA, 1994) with

the overall air tissue mass transfer coefficients for the nose being obtained from the

literature (see Appendix) and for the lower airways being calculated as described

by Sarangapani et al. (2002) based on flow in circular pipes (Cussler, 1997).

Model anatomical structure. The compartmental structure of the URT

portions of the respiratory tract are described in Morris and Hubbs (2009). This

model consists of four tissue stacks and allows for regional ventilation patterns

of the nose. Specifically, 15% of the airflow is allowed to pass over a dorsal

tissue stack representing the anterior respiratory/transitional mucosa followed

by a tissue stack representing the olfactory mucosa. The remaining flow (85%

of total) passes over two consecutive ventral tissue stacks representing the

respiratory/transitional mucosa of that region of the nose. A similar structure

was used for both the rat and human models.

Lower airways were modeled similarly in the human and rat and included

trachea, mainstem bronchi, large bronchi, small bronchi, bronchioles, and a gas

exchange region (alveoli) in sequence. Lower airway structure and dimensions for

the model were based on the model of Yeh (Yeh and Schum, 1980; Yeh et al.,

1979) as described by McBride (1992), referred to herein as Yeh’s models. Due to

its length, the trachea was split into three equal length segments. The trachea and

FIG. 1. Conceptual structure of airway compartmental model. Vapor in air

passing over the airways is allowed to transfer into (and out of) the mucous

lining layer as described by mass transfer approaches. Vapor in mucus can

diffuse into tissues according to its diffusivity. Vapor can be removed from

tissues by direct reactivity with tissue substrates and/or via metabolism.

Vascular perfusion is allowed in the submucosal tissues only.
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main bronchi were modeled as separate compartments because histopathology

data are available for each of these airways (Hubbs et al., 2002, 2008). A lumped

airway approach was used to model the bronchi and bronchioles. The large

bronchi consisted of generations three to seven in Yeh’s human model (McBride,

1992) and were modeled as 64 airways of 0.435-cm diameter (the number and

diameter of seventh generation airways) with a total length of 2.43 cm. The length

is calculated to give the same total surface area for the lumped compartment as

would be obtained by summing the surface areas of individually for generations

three through seven. The same approach was used to provide dimensions for the

small bronchi and bronchioles. An analogous approach was used for the rat.

Provided in the appendix are tables showing the airway dimensions for the human

and rat model. The gas exchange region is modeled as a single compartment the

volume of which varies during inspiration and expiration, with a functional

residual capacity of 2700 ml for the human and 6.8 ml/kg for the rat (Kumagai

and Matsunaga, 2000; Lai, 1992). The airspace within each airway or lumped

airway compartment was treated as a single compartment whose volume equals

the calculated volume of that airway based on its dimensions. The flow rate in

each lumped airway generation was calculated by dividing the total volumetric

flow rate by the numbers of airways in that generation.

The compartmental structure of the tissue stacks in the LRT model of the

human is shown in Figure 2. The trachea consisted of three consecutive tissue

stacks (proximal, mid, distal), but only one tissue stack is shown for the sake of

simplicity. LRT tissues are modeled as stacks of 0.01-mm compartments, the

total depth and distribution of cell types were based on the summary of mucosal

cell types of the airways (Mariassy, 1992; Plopper and Hyde, 1992). In all

airways, the most superficial layer is mucus and is modeled as a single 0.010-mm

compartment. For the human LRT, the epithelium of the trachea, main bronchi,

and large bronchi were modeled as four 0.010-mm compartments (total depth

0.040 mm), the small bronchi as three (total depth 0.030 mm), and the

bronchioles as two (total depth 0.020 mm). An identical approach was used for

the rat, except fewer numbers of 0.010-mm compartments were used for the

epithelium of each airway to reflect the smaller airway thickness of this species:

trachea—two 0.01-mm compartments, all other airways—one 0.01-mm

compartment. In both the rat and human, perfusion occurred only in the

submucosal compartments which were modeled as two 0.010-mm compart-

ments in both species. It should be noted that the model does not incorporate

the entire airway wall (e.g., smooth muscle, etc.) but only the superficial layers

which are anticipated to participate in gas exchange.

Physiological parameters. Human ventilation rates are based on the ICRP

dosimetry model (2001) which provides a tidal volume and breathing frequency of

750 ml and 12 breaths/min for a sitting male, and 1250 ml and 20 breaths/min for

FIG. 2. Schematic representation of LRT model for the human. The thin vertical arrows represent the inspired and expired airstream. Kg represents the overall

mass transfer coefficient for vapor between the air and tissue phase. The model consists of tissue stacks in each of multiple airways: trachea (three consecutive

stacks, only one shown for sake of simplicity), mainstem bronchi, large bronchi, small bronchi, bronchioles, and alveoli. The large bronchi, small bronchi, and

bronchioles represent lumped airways (see text). Each box represents a 0.01-mm deep tissue compartment (Epi ¼ epithelium, Sub ¼ submucosal tissue). The thick

arrows indicate compartments, which are perfused. The gas exchange regions are modeled as a single compartment (FRC ¼ functional residual capacity). An

analogous structure was used for the rat with the exceptions that the trachea tissue stacks contained two 0.010-mm epithelial compartments (as opposed to the four

for the human); all other airways of the rat contained one 0.010-mm epithelial compartment.
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light exercise. These provide minute ventilation rates of 9000 and 25,000 ml/min,

respectively. Allometric studies reveal that the tidal volume among multiple

species (including human) is 7 ml/kg (Lai, 1992). Therefore, this tidal volume

was assumed for the rat. The average breathing frequency of rats in this study

was 130 breaths/min; this value was used for modeling efforts. Cyclic

ventilation was assumed with equal time during inspiration and expiration. As

in previous LRT dosimetry models (Kumagai and Matsunaga, 2000),

ventilation was modeled as a square wave with inspiratory and expiratory

flows equal to twice the minute ventilation.

In many species, the nose receives ~1% of the cardiac output (Brown et al.,

1997; Frederick et al., 2002; Sarangapani et al., 2002; Stott et al., 1983); this

value was assumed. The nasal circulation is stratified into three layers;

therefore, it was assumed that one third of the total nasal blood flow perfuses

the superficial capillaries which are in closest communication with the airspace.

The submucosa of the LRT is perfused with bronchial circulation. The total

bronchial arterial flow has been estimated to be 2% of the cardiac output

(Brown et al., 1997; Paredi and Barnes, 2009); this flow perfuses the

peribronchial plexus as well as the muscular layer of the airways and also the

visceral pleura (Paredi and Barnes, 2009). It was, therefore, assumed that

one-half of the total arterial flow perfuses the superficial airway tissues. Thus,

the total LRT perfusion rate for the model was assumed to be one-half of

the bronchial artery flow. Perfusion rates within each airway generation were

assumed to be proportional to the surface area of that airway, specifically,

the fraction of the total blood flow in an airway is set equal to the ratio of the

airway surface area to the total surface area of all the airways. Within each

airway, perfusion was assumed to be equally distributed between the two

submucosal compartments. Alveolar perfusion as assumed to be equal to the

cardiac output. Cardiac output was estimated based on body weight as

described by Frederick et al. (1998).

Gas transport. Transport of vapor molecules between air and the mucous

lining layer is a reversible process which depends on the vapor solubility (as

measured by the mucus:air partition coefficient), concentration gradient, molecular

diffusivity of the vapor in air and tissue, and the flow velocity of the airstream. It is

assumed that the blood:air partition coefficient provides a reasonable surrogate for

the mucus:air value (Morris et al., 1993). The absorption process can be described

on the basis of the overall mass transfer coefficient which is dependent upon the

air-phase and the tissue phase-mass transfer coefficient (MTCA and MTCT,

respectively (USEPA, 1994). Sarangapani et al. (2002) provide a formula for

estimating the lower airway overall mass transfer coefficient for vapors of differing

partition coefficients. This approach was used. Mass transfer coefficients for nasal

tissues were based on previously used values (Frederick et al., 1998). Transfer of

vapor between the tissue compartments is described as a first order rate constant

equal to the tissue diffusivity divided by the square of the depth of each

compartment (Kety, 1951). It should be noted that this approach is mathematically

identical to the Fick’s Law-based approach used in some modeling applications

(Sarangapani et al., 2002; Schroeter et al., 2008)

Diacetyl-specific parameters. a-Diketones are known to be substrates for

DCXR, an enzyme that is expressed in rat and human airways (Nakagawa et al.,

2002). Immunohistochemical studies suggest that DCXR is expressed only in the

airway epithelium and is relatively evenly expressed throughout the airways of the

rat (Gardiner et al., 2009). Therefore, it was assumed that DCXR activity was

present only in the epithelium and that the activity (normalized to surface area) was

uniform throughout the entire tracheobronchial tree. The enzymatic kinetic

parameters obtained in the current study were used for model inputs for the rat

model. It was assumed the Km values were identical in both the rat and human.

Two approaches were used for the Vmax values in the human model. In the first,

the human and rat Vmax values (expressed as nmol/min/cm2) were assumed to be

identical. (Vmax is the maximal enzyme velocity; Km is the Michealis constant, the

concentration at which the half-maximal rate is observed.). The data of Nakagawa

et al. (2002) suggest that the kcat for human DCXR for diacetyl is considerably

lower than for the rat (1.6 vs. 25/s), therefore, the Vmax for human airways was

normalized by this ratio for the second approach. (Kcat is the overall catalytic rate

and is Vmax divided by the total enzyme concentration.). A first order reaction rate

constant of 0.3/min for diacetyl was used in the model (see below).

Model simulations. Human model simulations were performed for each of

the vapors in the compiled dataset of Kumagai and Matsunaga (2000). The

vapors in this dataset (and blood:air partition coefficients) include: desflurane

(0.42), hexane (0.8), carbon disulfide (3.3), 1,1,1,-trichloroethane (3.3), dichloro-

methane (9.7), tetrachloroethylene (13), toluene (16), xylene (26), styrene (52),

methylisobutylketone (90), methylpropylketone (150), methylethyl ketone (202),

acetone (245), butanol (677), isopropyl alcohol (848), methanol (2590), ethylene

glycol monobutyl ether (7970), propylene glycol monomethyl ether (12,400),

ethyleneglycol monoethyl ether (22,100), and etheylenglycol monomethyl ether

(32,800). Simulations were run under the ICRP estimate of 12 breaths/min with

a tidal volume of 750 ml for sitting males. Uptake during a 10-min exposure was

simulated. Apparent plateau values were obtained by that time. Model outputs

were average overall uptake efficiency and end expiratory air concentration

(normalized to the inspired concentration). Model predictions were then

compared with the Kumagai and Matsunaga (2000) compiled dataset. Rat model

simulation were performed for halothane (2.5), acetone (260), and ethanol (1800)

(Fiserova-Bergerova, 1983; Morris, et al. 1986). Model simulations were also

performed for diacetyl at inspired concentrations of 5 and 25 ppm.

Sensitivity analysis was performed for a vapor with blood:air partition

coefficients of 500. This analysis was performed for predictions for uptake

efficiency because this is the value to which the model was validated. For this

purpose, each parameter was increased by 10% from its original value and

the resulting change in predicted uptake efficiency was calculated and

expressed as a normalized value. Thus, a 10% proportional change in uptake

efficiency or penetration to the bronchioles would represent a 1:1 or 100%

relative sensitivity with the parameter of interest. A positive value indicates

uptake efficiency increased as the parameter of interest was increased,

a negative value indicates the uptake efficiency decreased.

RESULTS

Partition Coefficients

The water:air and saline:air partition coefficients were virtually

identical; the average pooled value was 572 ± 42 (mean ± SD).

The octanol:air and olive oil:air values averaged 499 ± 57 and

238 ± 24 (mean ± SD), respectively. Meulenberg et al. (2003)

and Poulin and Krishnan (1995) provide somewhat differing

algorithms for estimating blood:air partition coefficient from

these parameters. Human blood:air partition coefficients of 512

and 461 are estimated, and estimated rat values of 480–535 are

estimated using these algorithms, respectively. A value of 500

was therefore used for subsequent modeling of diacetyl.

Metabolism Reaction Rate Studies

In vitro metabolism rates were not consistent with a single

enzymatic pathway but appeared to reflect two pathways, one

of high affinity and low capacity, the other of low affinity and

high capacity. This pattern was seen in homogenates of all

tissues: nasal olfactory mucosa, nasal respiratory/transitional

mucosa, extrapulmonary airways, and lung parenchyma. Similar

Km values were observed for these pathways in all tissues. The

overall averages for the Km values in all tissues were 10 ± 2 and

6500 ± 780 nmol/ml (mean ± SEM), respectively, for the high

and low affinity pathways. The calculated Vmax values for

respiratory tissues are shown in Table 1. Data are provided

on a whole tissue basis and on a per surface area basis (for use in

the modeling). A large degree of inter-animal variability was
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observed. In the respiratory/transitional, extrapulmonary, and

parenchyma samples the overall activity, when normalized to

surface area, appear to be similar. Therefore, average normalized

values of 4 and 20 nmol/min/cm2 was used in the modeling

efforts. The DCXR inhibitor sodium benzoate (Carbone et al.,
2005) diminished the diacetyl metabolism rate by 25–50% when

measured at a substrate concentration of 0.2mM. No greater

inhibition was observed at a substrate concentration of 20mM,

providing evidence that the low Km pathway was sensitive to

benzoate inhibition, but the high Km pathway was not.

The reaction rate constant of diacetyl with N-acetylarginine

was examined by measuring the rate of disappearance of

diacetyl during 0 to 60-min incubation with varying concen-

trations of N-acetylarginine. The disappearance rate was log-

linearly related to time. The pseudo-first order reaction rate

constant was quite low, averaging less than 0.01/min even at

N-acetyl-arginine concentrations of 30mM. (Similar values

were observed using rat nasal mucosal homogenates, data not

shown.) This would correspond to a pseudo-first order rate

constant of 0.3/min if tissue substrate concentrations were 1M.

This value (0.3/min) was included in the modeling efforts. (As

noted below, inclusion of this direct reaction rate term does not

substantively model estimates.)

Uptake Studies

In studies using an empty uptake chamber, the removal rate of

all vapors, expressed as a clearance, was similar to the airflow

sampling rate of 20 ml/min. The measured clearance rate was

higher when the uptake chamber contained a dead rat, but for all

vapors, the values with living animals in the uptake chamber

exceeded that of dead animals by at least threefold. After

correction for the value obtained with dead animals, fractional

uptake values of 0.239 ± 0.03, 0.33 ± 0.03, and 0.60 ± 0.16

(see Fig. 5) were observed for halothane, acetone, and ethanol

respectively (n¼ 7). Non-reactive non-metabolized vapors such as

halothane, acetone, and ethanol exhibit linear first order kinetics,

therefore, uptake of these vapors was not measured at multiple

exposure concentrations. The average breathing frequency was

129 breaths/min. Whole body uptake of diacetyl was measured in

two exposure concentration groups. In the low concentration

group, the initial concentration averaged 5.2 ± 0.6 ppm and

fractional uptake averaged 0.78 ± 0.11 (n ¼ 4); in the high

concentration group, the initial concentration averaged 22.4 ± 3.1

ppm and fractional uptake averaged 0.62 ± 0.16 (n ¼ 5).

Breathing frequency averaged 137 in these rats. Breathing

frequencies remained constant throughout the 30-min measure-

ment period.

Model Predictions and Validation

Shown in Figure 3 is a simulation of the concentration of

a non-reactive non-metabolized vapor (blood:air partition co-

efficient 500) in the upper trachea and bronchioles of the human

during the first 3 min of exposure at a concentration of 1 ppm

under mouth breathing. Airborne vapor concentrations increase

and decrease with each inspiration and expiration, respectively.

It can be noted that the concentrations in the small bronchi

are considerably lower than the trachea, reflective of vapor

extraction in the proximal airways. Qualitatively analogous

relationships were obtained in simulations for the rat. Initially,

vapor concentrations in the bronchioles are quite small and build

up to an apparent plateau within 1–2 min. The concentration

depicted for the upper trachea during exhalation represents the

concentration exhaled from the body (under the assumption of no

significant absorption/desorption in the mouth). The lowest level

represents the end expiratory level. In this instance, it is 32% of

the inspired concentration. Calculation of the average concentra-

tion during exhalation and comparison to the exposure concen-

tration can be used to calculate the average uptake efficiency of

TABLE 1

In Vitro Metabolism Kinetics for Diacetyl

High affinity Vmax Low affinity Vmax

Tissue nmol/min nmol/min/cm2 nmol/min nmol/min/cm2

Olfactory 75 ± 16 13 ± 2 875 ± 180 154 ± 32

Respiratory transitional 21 ±14 3.9 ± 2 62 ± 17 11 ± 4

Extra-pulmonary 23 ± 9 5.5 ± 2 175 ± 93 42 ± 22

Parenchyma 226 ± 57 4.1 ± 2 391 ± 315 7.2 ± 6

Note. Data are presented as mean ± SD (n ¼ 4–5) for four tissue samples,

olfactory mucosa, anterior nose (respiratory plus transitional mucosa),

extrapulmonary airways (trachea plus mainstem bronchi), and the remaining

lung parenchyma. Vmax (maximal velocity) data were obtained by non-linear

regression analysis of the in vitro metabolism rate data. To express per unit

surface area, the activities were normalize to the surface areas predicted for

each region by the model (see text for details).

FIG. 3. Model output vapor concentration in the air in the top of the trachea

(upper curve) and the air in the bronchioles (bottom curve) during 3-min exposure

to 1 ppm of a non-reactive, non-metabolized vapor with blood:air partition

coefficient of 500. Airborne vapor concentrations increase during inhalation and

decrease during exhalation. Plateau values are achieved in ~1 min.

236 GLOEDE ET AL.



the respiratory tract. In this instance, an average respiratory tract

uptake efficiency of 57% is calculated.

Shown in Figures 4A and 4B are the human model outputs for

LRT average uptake efficiency and end expiratory air levels

(during mouth breathing) for the vapors in the dataset of

Kumagai and Matsunaga (2000) assuming a breathing frequency

of 12 breaths/min and a tidal volume of 750 ml. Predictions

are plotted versus the partition coefficient. As can be seen,

a complex relationship exists between these parameters and

partition coefficient. The model captured this behavior. Model

estimates showed close concordance with the measured values

for both uptake efficiency and end expiratory air levels. The goal

of this project was to develop a first-principles, anatomically

constrained model for vapor dosimetry. Therefore, no attempt

was made to vary parameters to obtain a best fit.

Shown in Figures 5A and 5B are the model output and

measured values for isolated URT uptake (Fig. 5A) and whole

animal respiratory tract uptake (Fig. 5B) of several vapors in the

FIG. 4. Model output and measured values for LRT vapor uptake in human. Measured values are depicted as filled circles, model estimates are shown by the

solid line. (A) Average uptake values for the LRT. (B) End expiratory air concentrations for the LRT expressed as a fraction of the inspired concentration.
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rat. The isolated URT uptake values were obtained from our

previous publications (Morris and Buckpitt, 2009; Morris et al.,
1993) and, for metabolized vapors, were obtained in animals

pretreated with metabolism inhibitors to minimize the confound-

ing influence of local metabolism. The strong concordance of the

model estimates for isolated URT uptake provides evidence that

the model structure is predictive of vapor dosimetry within an

isolated airway. A concordance between model estimates and

total uptake in spontaneously breathing rats is also apparent

(Fig. 5B), with the predicted values being within 1 SD of the

measured values. Diacetyl uptake appeared to exhibit non-linear

kinetics with higher uptake efficiency at 5 ppm compared with

25 ppm. Although estimates for diacetyl uptake were somewhat

lower than the measured values, the model predicted non-linear

kinetics with slightly higher uptake efficiencies at 5 ppm

compared with 25 ppm. To examine this in more detail, model

simulations were performed under varying assumptions relative

to in situ metabolism rates. Specifically, the model was run with

metabolic Vmax values set to zero, in this condition, the model

estimates uptake efficiencies of 41% at 5 and 25 ppm, values

much lower than estimated when metabolism is allowed. This

comparison suggests in situ metabolism is important in

controlling overall uptake of diacetyl. Were the in situ
metabolism rate to be twofold higher than that estimated from

the in vitro data, uptake efficiencies of 72 and 59% would be

predicted at 5 and 25 ppm, respectively.

Sensitivity Analysis

The results of the sensitivity analysis for the model are

shown in Table 2. This was performed for a vapor with

blood:air partition coefficient 500 and was performed assuming

no respiratory tract metabolism occurred. Sensitivity analyses

were performed for the nose-breathing rat, nose-breathing

human, and mouth-breathing human. Effects of changing lower

airway-specific parameters in the nose-breathing human may

be diminished by nasal modification of the expired airstream,

thus, examination of these parameters under mouth breathing

allows for assessment of their importance relative to LRT

disposition. Estimated uptake efficiency was most sensitive to

breathing frequency, airway dimensions, cardiac output,

regional airway blood flow rates, and the overall mass transfer

coefficients. The sensitivities of model estimates to these

FIG. 5. Model output and measured values for vapor uptake in the rat.

Measured values are depicted as bars (withSDs), model estimates are shown as

filled circles. (A) Uptake efficiency in the surgically isolated URT of the

urethane-anesthetized rats. (B) Whole body uptake of spontaneously breathing

non-anesthetized rats.

TABLE 2

Sensitivity Analysis: Relative Sensitivity Coefficients for

Changes in Predicted Uptake Efficiency Caused by a 10%

Increase in Each Identified Parameter

RAT HUMAN HUMAN

Nose breathing Nose breathing Mouth breathing

Breathing frequency �12% �13% �10%

Tidal volume �3% �9% �1%

Functional residual

capacity

þ0% þ0% þ0%

Airway length �7% �14% �18%

Airway diameter �11% �29% �25%

Cardiac output þ17% þ11% þ14%

Airway blood flow

Nasal þ13% þ3% —

Tracheobronchial þ5% þ11% þ14%

Overall mass transfer

coeficient

Nasal �8% þ1% —

Tracheobronchial �5% �10% �12%

Tissue diffusivity þ4% �6% þ5%

Note. Shown is the relative sensitivity in uptake efficiency caused by a 10%

change in each parameter normalized to that 10% change, e.g., if uptake efficiency

was increased from 30 to 31.5% this would be as a 5% increase due to the10% change

or a relative (normalized) sensitivity of 50%. A positive sign indicates that uptake

efficiency was increased by increasing the parameter of interest; a negative sign

indicates that uptake efficiency decreased. Sensitivity analyses were performed at an

inspired concentration of 1 ppm assuming there was no respiratory tract metabolism.
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parameters were generally similar for the rat and human. It

should be recognized that this analysis is specific to a vapor of

partition coefficient 500. (When simulations were performed

including diacetyl metabolism rates, sensitivity analyses

showed the same general patterns, except that the absolute

magnitude of the changes caused by modulating each in-

dividual parameter was smaller, reflective of the fact that

uptake was due to metabolism in addition to partitioning into

tissue and removal via the bloodstream.)

Diacetyl Dosimetry

Scrubbing of vapors in proximal airways leads to decreased

distal penetration of airborne vapor to distal airways. Shown in

Figures 6A and 6B are the model estimated penetration fractions

through each airway, in the rat and human, respectively. In the

absence of metabolism, 50–60% of inspired diacetyl is estimated to

penetrate through nose of the rat (‘Nose’ in Fig. 6A) with 20–30%

penetrating through the small bronchi (‘SB’ in Fig. 6A) and entering

the bronchioles. When metabolism is allowed, the distal airway

penetration depends on the concentration, with increased distal

penetration occurring at the high concentration compared with low

concentration. This is likely due to saturation of the metabolic

pathways (see below). At 1 ppm, only limited distal penetration of

diacetyl occurs. Model estimates suggest only 20% of inspired

diacetyl penetrates through the nose and less than 2% penetrates

through the small bronchi and enters the bronchioles of the rat.

The model estimates that the human airways scrub diacetyl

less efficiently than the rat leading to greater distal penetration.

The distal penetration estimates depend on the breathing pattern.

Shown in Figure 6B are the distal penetration estimates for

a human breathing 1 ppm diacetyl under three conditions: nose-

breathing at rest, mouth-breathing at rest, and mouth-breathing

during light exercise. These simulations were performed

assuming the human metabolism rate (nmol/min/cm2) was

identical to the rat. (Similar results were obtained if the kcat

normalized metabolism rates were utilized.) Under nose

breathing, the model estimates that 70% penetrates through that

site and 8% penetrates through the small bronchi to the

bronchioles. This is in contrast to less than 2% penetration

through the small bronchi in the rat (see above). These

penetration values are slightly increased during mouth breathing,

but greatly increased during light exercise. Under light exercise,

the model predicts that 24% of inspired diacetyl penetrates

through the small bronchi to the bronchioles, a level ~10-fold

greater than estimated for the nose-breathing rat. It can be noted

that metabolism also appears to be important in influencing distal

penetration of diacetyl in the human respiratory tract as model

estimates with Vmax values set to zero estimate significantly

greater distal penetration that that shown in Figure 6B.

Specifically, in the absence of metabolism, it is estimated that

70% penetrates through the nose and 10% penetrates through the

small bronchi and enters the bronchioles. Less than 10% is

estimated to penetrate through the bronchioles to the alveoli.

The model output also provides estimated tissue concen-

trations during inhalation exposure (Table 3). Rat simulations

were performed with metabolism rates set to zero and also

using the measured enzyme kinetic parameters for the rat. For

the human, simulations were performed with metabolism set

to zero, assuming the Vmax (per unit surface area) was

identical in the rat and human, and also assuming a kcat

normalized Vmax (per unit surface area) to account for the

potential differences between human and rat DCXR. This was

performed for the high affinity pathway only. Estimated tissue

concentrations were sufficiently low (< 20lM at 1 ppm

diacetyl) that the low affinity pathway (Km ¼ 6500lM) would

not be anticipated to be quantitatively important. These

simulations estimated that in the absence of in situ
metabolism roughly a 10-fold gradient would exist in diacetyl

concentrations in the nose (12lM) versus the bronchioles

(1lM) of the rat. This difference is a reflection of the high

partition coefficient of diacetyl. In the absence of metabolism,

the estimated tissue levels of diacetyl in the nose of the human

are fairly similar to those for the rat and were in the low

micromolar range. This was not the case for the lower

airways. Due to the increased distal penetration of diacetyl in

the human (see above), the concentrations of diacetyl

estimated for the lower airways of the human are roughly

twice that predicted for the rat.

Inclusion of metabolism enhanced scrubbing and diminished

penetration (see above). The result being that the estimated

concentration in the bronchiolar epithelium of the rat

(0.002lM) was negligible compared with the 5lM estimated

for the proximal nose. Metabolism was included in the human

model by two approaches, either by direct Vmax–Vmax (per

surface) area extrapolation or by basing the species extrapo-

lation on the kcat values published for DCXR in the rat and

human (Nakagawa et al., 2002). Similar results were obtained

by either approach. For nose-breathing humans at rest, the

estimated bronchiolar epithelial tissue concentrations are

0.008–0.011lM, exceeding those in the rat by roughly fivefold.

For mouth-breathing humans at rest, similar results are

obtained, with roughly a sevenfold difference predicted for

the human versus rat. The differences between the human and

rat are more marked under light exercise and mouth breathing.

In this case, distal airway penetration is greatly increased

leading to greater dose delivery to the small airways (see

above). The model estimates that the small bronchi and

bronchiolar tissue concentrations in the mouth breathing-lightly

exercising human exceed those in the nose breathing rat by 20-

to 40-fold. In fact, the estimated tissue concentration in the

bronchiolar epithelium of the lightly exercising human is

estimated to be similar to that in the mainstem bronchi of the

spontaneously nose-breathing rat.

Model simulations were also performed at a concentration of

100 ppm. This level causes frank injury in the rat nose and trachea

(Hubbs et al., 2008) but not small bronchi and bronchioles.

Workers were likely transiently exposed to this level in poorly

DIACETYL INHALATION DOSIMETRY 239



ventilated facilities (Akpinar-Elci et al., 2004; Kreiss et al., 2002).

Tissue concentrations in the rat nose and trachea were estimated to

be 1100 and 300lM compared with only 3 and 0.3lM in the

small bronchi and bronchioles, respectively. In the mouth-

breathing lightly exercising human exposed to 100 ppm, tracheal

concentrations of 900lM are estimated, values similar to the nose

of the rat. (Similar values were obtained regardless of the

extrapolation procedure used for metabolism rate.) Small bronchi

and bronchiolar tissue concentrations of 300 and 20lM are

estimated, values much greater than the rat, and levels that

FIG. 6. Penetration of inspired diacetyl to the alveoli. Model estimates for the fraction of inspired diacetyl which penetrates through the designated airway.

(Nose ¼ nose, T1 ¼ proximal trachea, T2 ¼ mid trachea, T3 ¼ distal trachea, MS ¼ mainstem bronchi, LB ¼ large bronchi, SB ¼ small bronchi, Br ¼
bronchioles). (A) Model estimates for distal penetration of diacetyl vapor in the rat exposed to 100 ppm with no metabolism or direct reaction, 100, 10, or 1 ppm

when metabolism and direct reaction are allowed to occur. (B) Model estimates for distal penetration of 1 ppm diacetyl vapor in the human breathing through the

nose (at rest), mouth (at rest), and mouth during light exercise.
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approximate the concentration estimated in the trachea of the rat

exposed to 100 ppm.

DISCUSSION

The goals of the current study were (1) to develop a model for

total respiratory tract vapor uptake by integrating the concepts of

LRT vapor absorption/desorption with the modeling structures

used for the URT and (2) to apply this model to gain insights into

the inhalation dosimetry of diacetyl (2,3 butanedione). Uptake of

inspired vapors is a complex process. Early descriptions assumed

that vapors did not absorb in the airways and focused solely on

alveolar vapor uptake (Henderson and Haggard, 1943). These

resulted in the development of simple ventilation-perfusion

models. It is now clear that the conducting airways do not behave

as inert tubes and respiratory tract vapor uptake can be strongly

influenced by processes within the conducting airways (Gerde and

Dahl, 1991; Johanson, 1991; Kumagai and Matsunaga, 2000).

Soluble vapors are absorbed in the airway mucus and tissues

during inspiration and desorb back into the airspace during

exhalation, a process termed washin/washout or vapor recycling.

The desorption of vapor into the expired airstream serves to

increase end inspired air vapor concentration and diminish overall

uptake efficiency because the desorbed vapors are exhaled (Gerde

and Dahl, 1991; Johanson, 1991; Kumagai and Matsunaga, 2000).

This process is not important for low solubility vapors (blood:air

partition coefficient < 10) because little vapor is absorbed into the

airways. High solubility vapors (blood:air partition coefficient

vapors > 1000), partition effectively into airway tissues but do not

effectively desorb (due to their very high partition coefficient),

therefore vapor recycling becomes insignificant. This leads to

a multiphasic relationship between uptake efficiency and in-

creasing partition coefficient with uptake efficiency (1) increasing

as partition coefficient increases from 0 to ~10 (due to increasing

alveolar absorption with little airway absorption/desorption), then

(2) decreasing as partition coefficient increases from ~10 to ~1000

as airway absorption/desorption becomes more significant, and

finally (3) increasing as partition coefficient increases from 1000 to

higher levels (as desorption becomes less and less significant). The

current model captured this behavior (Fig. 4), providing strong

evidence that it captures essential absorption and desorption

behaviors. The model also described uptake in the rodent, both

uptake within the isolated URT as well as whole respiratory tract

uptake of spontaneously breathing rats, with model estimates

being within 1 SD of the measured values (Fig. 5). This

concordance of model predictions with experimental values in

both the human and rat serves to validate the modeling approach.

In this regard, it is important to note that every variable has

a preassigned value; no variable was altered to enhance the fit to

the data.

While the model is validated with respect to experimental

measures obtained from exhaled air, it is important to note that

the model is not validated with respect to experimental

measures of regional absorption within the tracheobronchial

tree. This represents a limitation of the current approach. It can

be noted, however, that due to its invasive nature, it is not

possible to directly measure regional tracheobronchial vapor

uptake without introducing considerable artifacts. Another

limitation of the model is that the assigned values for some

parameters, particularly superficial airway blood flow rates, are

somewhat arbitrary. Nonetheless, the closeness of model

predictions to experimental values suggests that the assigned

parameter values were adequately representative. It should be

noted that modeling approaches provide informed estimates but

model output should not be construed to represent actual

experimental data. The model is focused on inhalation

dosimetry during the start of inhalation exposure. As exposures

progress, vapor accumulates in systemic tissues leading to

systemic blood recirculation to the respiratory tract. Typical

respiratory uptake studies for PBPK modeling rely on

measurements over several hours of exposure and exclude

TABLE 3

Estimated Airway Tissue Concentrations (mM) in the Rat and Human Exposed to 1 ppm Diacetyla

Species breathing route breathing pattern

metabolism

Rat nose rest Human nose rest Human mouth rest

Human mouth

exercise

None Vmax None Vmax Kcat Vmax Kcat Vmax Kcat

Proximal nose 12 5.4 12 3.4 8.6

Proximal trachea 6.6 0.33 11 1.1 1.4 1.6 2.0 2.1 2.5

Mainstem bronchi 4.9 0.10 10 0.77 1.0 1.2 1.4 1.7 2.1

Small bronchi 2.5 0.018 5.2 0.10 0.13 0.15 0.18 0.47 0.58

Bronchioles 1.0 0.0022 2.9 0.008 0.011 0.013 0.016 0.07 0.09

ratio: human/rat bronchiole 33 43 53 63 73 343 433

aEstimated tissue concentrations in five respiratory tract airways of the human and rat exposed to 1 ppm diacetyl for 10 min. Estimations were performed assuming

no in situ respiratory tract metabolism or assuming metabolism rates (expressed per cm2 surface area, see text) were the same in the rat and human based on the Vmax

values obtained for the rat or calculating the rat-human species difference based on the kcat values for each species (see text for definitions and details.).
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early time points. This is necessary because the focus of these

studies is to quantify the effect of systemic organ clearance

(e.g., liver) on uptake. The focus of the current study was on

the early time points because this is when regional respiratory

tract dosimetric patterns can be revealed without the con-

founding influence of systemic events. For highly soluble

vapors such as diacetyl, several hours would be expected to be

required before significant systemic blood recirculation of

vapors occurs. The model could be extended by including

whole body PBPK approaches, as has been done for ethyl

acrylate (Frederick et al., 2002), if it was desired to model long

exposure periods. Finally, it should be noted that the model

relied upon CFD predictions for nasal mass transfer coefficient

estimates, but a simplified cylindrical tube approach was used

for the LRT (see Appendix), thus, it should be recognized that

the model structure is not fully CFD based.

Sensitivity analysis provides insights into those factors

which strongly influence inhalation dosimetry. In both the rat

and human, uptake efficiency diminished with increasing

breathing frequency because faster breathing leads to less time

for airway absorption. For high partition coefficient (e.g.,

soluble) vapors, it has long been known that uptake efficiency

will depend on cardiac output (Henderson and Haggard, 1943);

this was predicted by the model. Local airway perfusion rates

also increase uptake efficiency as blood removal from the

airways enhances absorption and decreases the amount of

vapor available for desorption. The values for local airway

perfusion are not known with certainty but were assumed based

on estimates of regional perfusion and the split of blood flow to

superficial versus deep airway tissues. Better estimates of

airway perfusion might improve model estimates. The

sensitivity analysis also indicates that uptake efficiency is

sensitive to the airway dimension (length, diameter), suggest-

ing that improved values for these parameters (relative to body

weight, for example) might improve model predictions and that

interindividual variation in these parameters might be impor-

tant. Model predictions were also sensitive to overall mass

transfer coefficient, particularly for the human, again suggest-

ing that improved values might improve model predictions.

The model suggests that functional residual capacity is not

important. For a vapor of partition coefficient of 500, little

penetration to the alveoli is predicted, thus, the independence

on functional residual capacity is expected. It is important to

note that entirely differing behavior would be anticipated for

a low partition coefficient vapor, highlighting that the

sensitivity analysis is specific to a vapor with properties

similar to diacetyl.

Diacetyl simulations reveal diacetyl uptake efficiency is

highly sensitive to in situ metabolism rates, as estimated

uptake efficiencies of 40% were obtained for the rat assuming

no metabolism compared with ~60% if in situ metabolism

was allowed. The importance of in situ metabolism in

enhancing airway vapor absorption has long been appreciated

(Morris, 1990; Sarangapani et al., 2002). The results of the

in vitro studies revealed diacetyl was extensively metabolized

in all tissues of the respiratory tract. Both a high affinity and

low affinity pathway were observed. In this way, diacetyl

metabolism appears quite similar to that of acetaldehyde

(Morris, 1997) for which both high and low affinity pathways

are observed in respiratory tract tissues of multiple species.

The identities of the high and low affinity pathways for

diacetyl metabolism are not known with certainty. However,

the high affinity path was inhibited by sodium benzoate,

a known inhibitor of DCXR. The Km for this path (10lM)

differs widely from the Km reported for cloned/expressed rat

DCXR (1.1mM). The reasons for this are not clear. It may

represent a strain difference and/or it is possible the Km of

cloned/expressed enzyme differs from that in tissue homoge-

nates. Further studies are needed to resolve this issue. The low

affinity pathway demonstrated a high Km—6.5mM. It is

unlikely this pathway contributes significantly to diacetyl

metabolism during environmentally relevant exposure sce-

narios. Even at exposure concentrations of 100 ppm, tissue

maximal tissue concentrations of 1.1mM were estimated,

levels fivefold below the Km of this path. Exposure at these

levels may induce tissue injury resulting in altered metabo-

lism rates, the current approach did not attempt to model this

possibility.

The current results confirm, based on N-acetylarginine

dependent disappearance of diacetyl, that diacetyl reacts

directly with N-acetylarginine. The reaction rate, however, is

slow, averaging less than 0.01/min, even at N-acetylarginine

concentrations of 30mM. This is consistent with the results of

Mathews et al. (2010), whose data suggest that ~50% of

diacetyl reacts with N-acetylarginine over a 3-h incubation

period. An estimated reaction rate constant of 0.3/min was

included in the model. This would be equal to the reaction rate

were the tissue substrate concentration 1M. This is also one-

tenth of the estimated first order reaction constant for acrolein

(Schroeter et al., 2008). It is important to note that at a value of

0.3, inclusion of the first order reaction term had minimal effect

(less than a factor of 1.01) on model output. The term was

included, however, for the sake of completeness. It is

recognized that reactions rates may differ with changes in pH

or with substrates other than N-acetylarginine, however, that

the model was insensitive to reaction rate indicates the precise

value assumed for reaction rate does not markedly affect model

predictions. Although not fast enough to strongly influence

dosimetric relationships, the reaction of diacetyl with protein

arginine residues may be very important toxicologically, as

adducts may accumulate slowly, particularly during repeated

exposures, and result in immunologic responses (Mathews

et al., 2010).

An advantage of developing validated rat and human vapor

dosimetry models of identical fundamental structure is that it

allows for direct model-based comparisons of the dosimetry of

diacetyl in both species. In both species, significant absorption

of diacetyl in proximal airways is estimated to occur leading to
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limited penetration to the distal airways. This is observed

regardless of the specific assumptions made relative to in situ
metabolism rates. In the absence of metabolism, the model

predicts that < 10% penetrates through the bronchioles and

reaches the alveoli of the human. This is consistent with the

earlier models (Johanson, 1991; Kumagai and Matsunaga,

2000) which predict limited alveolar penetration of vapors with

partition coefficients of 500 or greater. Distal penetration of

vapors appears to be more limited in the rat than human. In the

absence of metabolism, it is estimated that 20% penetrates to

the bronchioles of the rat compared with 40% in the human.

This is likely the result of many factors. In the human LRT, the

epithelium is thicker (leading to a larger air:blood barrier in the

airway), the mass transfer coefficients are smaller (leading to

less efficient transfer across the air:mucus interface), and the

perfusion, expressed as ml/min/cm2 airway surface area, is

smaller than in the rat. Diminished scrubbing of vapors in the

nose of the human compared with the rat has been observed

previously for multiple vapors including ethyl acrylate, acrylic

acid, acrolein, and acetaldehyde (Frederick et al., 1998, 2002;

Schroeter et al., 2008; Teeguarden et al., 2008) and is the result

of the same multiple factors as enumerated above for the LRT.

Increased distal penetration of airborne diacetyl in the human

compared with rat lung leads to increased delivered doses to

the small airways. Estimated bronchiolar epithelial tissue

concentrations (in the absence of metabolism) averaged

approximately threefold higher in the nose breathing human

at rest than the spontaneously nose-breathing rat at the same

inspired concentration.

The difference between the large and small airways and

between the human and rat become accentuated when

metabolism is allowed. Inclusion of in situ metabolism in the

rat simulations leads to near total scrubbing of diacetyl in the

proximal airways, with only 2% of inspired diacetyl estimated

to penetrate to the bronchioles at an inspired concentration of 1

ppm. Estimated bronchiolar tissue concentrations with metab-

olism allowed are 0.002lm compared with 1.0lM with no

metabolism. This is due to the diminished distal penetration

with metabolism (as noted above) but also to effective

metabolic clearance of diacetyl within the bronchiolar

epithelium. At exposure concentrations of 100 ppm, which

result in cytotoxic injury in the nose and tracheal (Hubbs et al.,
2008), concentrations of 1100–300lM are predicted in the nose

and trachea of the rat compared with levels of only 0.3lM in

the bronchioles. Given this steep gradient in airway epithelial

diacetyl concentrations, the absence of injury in the small

airways of the rat is, perhaps, not surprising.

Bronchiolar tissue concentrations in the human are

estimated to be substantially higher than in the rat exposed

to the same concentration. These projections are somewhat

limited in that the metabolism rate within human airways is

not known with certainty, however, similar patterns are

observed if a direct extrapolation of rat metabolism rates is

used or if a species-specific kcat extrapolation is performed

(as described above under diacetyl-specific parameters). The

estimated tissue concentrations in the resting nose breathing

human are fivefold higher than the spontaneously nose-

breathing rat, irrespective of the metabolic extrapolation

method that was used. This is in large part due to greater distal

penetration of inspired diacetyl in the human than the rat. This

suggests that for diacetyl, and perhaps other soluble vapors,

the nose breathing rat may underestimate the risks of small

airway injury to the human due to differences in inhalation

dosimetric patterns. Perhaps, more importantly, humans who

are exercising are predicted to be at substantially greater risk

than spontaneously nose-breathing rats. Certainly, the concept

of increased risk to the small airways in exercising humans is

not new (Miller et al., 1993). Exercise causes mouth

breathing, which eliminates the scrubbing of vapors in upper

respiratory tract. Moreover, diminished airway scrubbing and

increased distal airway penetration occurs during exercise due

to the increased breathing frequency and increased ventilation

rates. This results in estimated bronchiolar tissue concen-

trations in the human during light exercise that exceed those

in the rat by 40-fold. Analogous predictions have been made

for ozone dosimetry (Miller et al., 1993). For diacetyl, the

estimated bronchiolar tissue concentrations in the human

during light exercise were similar to those estimated for the

main stem bronchi of the spontaneously breathing rat exposed

to the same concentration (1 ppm). Quantitatively similar

estimates were obtained regardless of the extrapolation

procedure used for human metabolism rate. Given the

proportionately large delivered dosage rate in the bronchiolar

epithelium, it is perhaps not surprising that injury results in

this site in the human. The observation of bronchiolar injury

in rodent models in which diacetyl is delivered to the small

airways via instillation, documents these airways are sensitive

to diacetyl if local delivery rates are sufficiently high (Palmer

et al., 2011). Precise comparisons among airways would

require information on the sensitivity of bronchial versus

bronchiolar epithelium in the human and rat to diacetyl-

induced injury. Importantly, the model simulations provide

evidence that the delivered dosage rates and tissue concen-

trations in the bronchiolar airways of the exercising human

may be significantly greater than in the rat. In this regard,

inhalation toxicity testing which relies on the spontaneously

breathing rat may not be predictive of injury that may result in

the exercising human. This certainly appears to be the case for

diacetyl, in which a discordance of target sites is seen in the

human versus the rat (Akpinar-Elci et al., 2004; Hubbs et al.,
2008; Kreiss et al., 2002) as well as a discordance in delivered

dose as predicted by the model simulations described herein.

This may generally be the case for other soluble vapors as

well. If so, appropriate interpretation of rodent toxicity data

requires appropriate dosimetric extrapolation which, in

particular, considers relationships between the spontaneously

nose-breathing rodents used in inhalation toxicity testing and

mouth-breathing exercising humans.
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APPENDIX

The hybrid CFD-PBPK model for lower airway dosimetry was based on the

URT PBPK approach developed in this laboratory (Morris et al., 1993)

incorporating the CFD components described by Frederick et al. (1998). This

general structure is shown in Figures 1 and 2. This structure has been widely

used and validated relative to URT dosimetry for a variety of vapors (see text).

The model structure consists of a moving airstream that passes over respiratory

tissues that are modeled as stacks of tissue, the dimensions of which are

anatomically defined. Airborne vapor was allowed to diffuse into the mucous

lining layer in accordance with mass transfer theory and vapor was allowed to

diffuse between tissue compartments in accordance with its diffusivity. Direct

reaction of vapor with tissue substrates and/or metabolism rates are

incorporated into each compartment as appropriate.

The anatomical parameters for the URT are identical to those used

previously (Morris and Hubbs, 2009). Shown in Table A1 are the anatomical

parameters for the lower airways. The same fundamental structure was used for

the rat and human models. The lower airways were modeled as seven airway

tissue stacks. Three stacks for the trachea, followed by tissue stacks

representing the main bronchi, large bronchi (generations 3–7), small bronchi

(generations 8–12), bronchioles (generations 13–16), and alveoli. The

anatomical parameters for these airways are shown in Table A1. These were

derived from the models of Yeh and coworkers as described by McBride

(1992). For the lumped airway stacks (large bronchi, small bronchi,

bronchioles), the diameter represents the diameter of the lowest airway in the

lumped group (generation 7, 12, and 16 for large bronchi, small bronchi, and

bronchioles, respectively). The surface area represents the sum of the surface

areas for each of the airways lumped into each designation, and the length is the

value calculated to provide the total surface area based on the assumed diameter

(see text for details). The alveoli (not shown) are assumed to have a functional

residual capacity of 2700 ml for the human (Kumagai and Matsunaga, 2000)

and 6.8 ml/kg for the rat (Lai et al., 2000).

Also shown in Table 1 are the airway perfusion rates. These were calculated

assuming 1.0% of the total cardiac output perfuses the superficial layers of the

airways (see text) and then distributed among the airways assuming each

airway is perfused in proportion to its surface area (see text). The perfusion of

the alveoli is assumed to equal the cardiac output. Based on the equation

provided by Frederick et al. (1998), a cardiac output 5404 and 92.3 ml/min is

estimated, respectively, for the human and rat.

All airways were assumed to be covered by a mucus lining layer of 0.010

mm in depth. The epithelial cell layer depth of each airway was based on

measurements in either the human (or monkey) or rat (Mariassy, 2000;

Plopper and Hyde, 1992). For the human, the total epithelial depth of the

trachea, mainstem bronchi, and large bronchi was assumed to by 0.04 mm

and was modeled as four consecutive 0.01-mm compartments. The small

bronchi epithelial depth was assumed to be 0.03 mm (three 0.01-mm

compartments) and the bronchiolar epithelial depth was assumed to be 0.02 mm

(two 0.001-mm compartments). The airway epithelium of the rat is less deep

than the human (Mariassy, 2000) and was modeled as 0.020-mm deep in the

trachea (two 0.010-mm compartments) and 0.010 mm deep in all other airways

(one 0.010-mm compartment). In all airways, a submucosal depth of 0.02 mm

was assumed (two 0.01-mm compartments). Blood perfused only the

submucosal layer, the perfusion rates for each modeled airway are provided

in Table A1.

Transfer of vapor between the air and mucus phases was modeling based on

mass transfer approaches using the mass transfer coefficients provided by

Frederick et al. (1998) for the URT and the approach of Sarangapani et al.

(2002) for the lower airways. This formulation uses an air diffusivity of 6 cm2/min

(Cussler, 1997) to estimate the air-phase mass transfer coefficient by the formula

MTCA ¼ 1.62 (D2v/Ld)1/3, where D is the air-phase diffusivity in cm2/min, v is

that average fluid velocity in cm/min, L is the airway length and d is the airway

diameter (Cussler, 1997; Sarangapani et al., 2002). The overall mass transfer

coefficient, Kg, is given by the relationship: 1/Kg ¼ 1/MTCA þ 1/MTCT 3

partition coefficient (USEPA, 1994). [An alternate approach for Kg estimation

is provided by Condorelli and George (1999) (Condorelli and George, 1999).

This approach likely provides a better reflection of flow patterns in branching

airways but relies on vapor specific empirical parameters and is not easily

amenable for use for a variety of vapors of differing partition coefficient. Using

this formulation as developed for ethanol to estimate Kg values for the current

model provides predictions similar to those obtained with the Sarangapani et al.

(2002) (Sarangapani et al., 2002) approach (data not shown)]. Once in mucus,

vapor was allowed to diffuse into the underlying tissues. The diffusivity in

mucus was assumed to equal that in water as was estimated from the ethanol

water diffusivity as described by Morris et al. (1993). Based on the higher

viscosity of tissues relative to water, the tissue diffusivity was assumed to be

fourfold lower than that in mucus (Bush et al., 1998; Morris et al. 1993).

For a metabolized and reactive vapor such as diacetyl, it is necessary that

metabolism and reaction rates be included in the tissue phases. The values for

these parameters are provided in the text. Reaction was modeled as a pseudo-

first order process and was allowed in mucus and all tissue compartments. It

should be noted that the reaction rates of diacetyl as determined in the current

study were not sufficiently large to exert a significant effect on model

predictions; the reaction rate constant was included for the sake of

completeness. Metabolism was assumed to follow Michaelis-Menten kinetics

and was allowed in only the epithelial compartments as DCXR expression

appears to be limited to these cells (Gardiner et al., 2009). In vitro studies

revealed the existence of both high and low affinity metabolic pathways;

therefore, two metabolic terms were included in each cellular layer. As noted in

the text, the low affinity pathway would not be expected to contribute to

diacetyl dosimetry at typical exposure levels but was included for the sake of

completeness.

The CFD-PBPK model consists of a series of mass balance differential

equation. The mass balance equation for vapor in each airway lumen was

identical to that described by Teeguarden et al. (2008):

VldCl=dt¼ QaðCin�ClÞ�KltðCl�Ct=HtaÞ;

Where Vl is the volume of the airway lumen over each tissue stack, Cl and Ct

are the vapor concentration in the airway lumen and mucus compartment, Cin is

the vapor concentration in air entering the airway lumen, Qa is airflow over the

mucus compartment, Hta is the air:mucus partition coefficient (assumed to be

equal to the blood:air partition coefficient), Klt is the lumen to tissue overall

mass transfer coefficient, calculated as described above.

As an example, the mass balance equation for vapor in a deep epithelial

compartment (E2), which is immediately below the E1 epithelial compartment

and immediately above the S1 submucosal compartment, is given by:

VtCe2=dt ¼ kb�V�
t

�
Ce1�Ce2

�
þ kb�V�

t

�
Cs1�Ce2

�
�V�

maxe2

�
Ce2=

�
Ce2 þ Km

��

þ V�
maxe2L

�
Ce2=

�
Ce2 þ KmL

��
þ K�

1V
�
t Ce2;

Where Vt is the volume of the tissue compartment (all tissue compartments

of a stack are of the same volume), kb governs the diffusion between

compartments (as described by Morris et al., 1993), Ce1, Ce2, and Cs1 are the

concentrations in the superficial and deep epithelial and superficial submucosal

compartments, respectively (see Fig. 1B), and, Vmaxe2 and Km are the

Michealis-Menten constants for the high affinity pathway, and Vmaxe2L and

KmL are the Michaelis-Menton constants for the low affinity pathway, and K1 is

the pseudo-first order rate constant for direct reactivity.
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