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using water and oil air partition coefficients (Droz, 1978;
A Physiologically Based Pharmacokinetic Model for Arsenic Fiserova-Bergerova, 1983).

Exposure. II. Validation and Application in Humans. MANN, S., For metals and metaloids such as arsenic, much less is
DROZ, P.-O., AND VAHTER, M. (1996). Toxicol. Appl. Pharmacol.

known concerning pharmacokinetic modeling. A major dif-140, 471–486.
ference from organic compounds is that there is no evidence
that metals diffuse freely and rapidly over the entire wallsA physiologically based pharmacokinetic model (PB-PK) for
of the capillaries and alveolar membranes. Another probleminorganic arsenic exposure in humans has been developed. This

model is an extension of a PB-PK model for hamsters and rabbits, is related to the assessment of the affinity constants of the
with adjustments for body weight, metabolic rates, and absorption metals for the different tissues.
rates. It describes the absorption, distribution, metabolism, and In the present work, a PB-PK model for the kinetics of
excretion of arsenate, arsenite (As(III)), methyl arsonate, and di- arsenic metabolites in humans after oral and inhalation expo-
methyl arsinate, the four major metabolites of inorganic arsenic. sure to inorganic arsenic is presented. This model is an exten-
The routes of intake considered are inhalation of arsenic dust and sion of an animal model previously developed for hamsters
fumes and oral intake of arsenic via drinking water and food. The

and rabbits (Mann et al., 1996). The objective of the presentPB-PK model for the oral exposure route is validated using data
work is to integrate different aspects of the present knowl-on urinary excretion after repeated oral exposure to As(III) as well
edge on arsenic pharmacokinetics in order to compare uri-as after exposure to inorganic As via drinking water. Absorption
nary excretion at different doses after inhalation exposureby inhalation is validated using data on urinary excretion after
to (As(V)) with inhalation exposure to arsenite (As(III)) andoccupational exposure to arsenic trioxide dust and fumes. In both

cases, the model gives satisfactory results for urinary excretion of oral exposure to As(V) in humans.
the four As metabolites. The PB-PK model is also used in the
description of the effects on the kinetics of exposure via different METHOD
routes and for the simulation of various realistic exposure scenar-
ios. q 1996 Academic Press, Inc.

A list of symbols used in this paper is given in the Appendix.

Description of the physiologically based pharmacokinetic model. The
model consists of six tissue compartments, four absorption compartments,
and three excretion compartments (Fig. 1). The six tissue compartments—

The use of physiologically based pharmacokinetic models blood, liver, kidneys, lungs, skin, and other tissues (other)—were chosen
(PB-PK) to describe the pharmacokinetic behavior of or- according to the affinity of arsenic for the tissues. The ‘‘other’’ compartment

represents the remaining tissues, including bones and muscles. Blood consti-ganic compounds is now well known and mastered. These
tutes one compartment with two subcompartments in equilibrium: plasmamodels are often used in risk assessment because they allow
and red blood cells (RBCs). Only arsenic metabolites present in the plasmathe introduction of biological concepts. So far, PB-PK mod-
subcompartment are considered available for distribution to the tissues,

els have been developed mainly for solvents. In general, because arsenic in the RBCs is bound and therefore considered unavailable
they are based on two types of data: (i) animal-specific pa- for exchange with tissues.

Two routes of absorption are considered in the model (Fig. 1): oral intakerameters, such as tissue and blood volumes and blood perfu-
for simulation of exposure via drinking water and food and inhalationsion; and (ii) chemical-compound-related parameters, such
exposure for simulation of occupational or community exposure to arsenic-as solubility or partition coefficients of the solvents in the
containing aerosols. The oral exposure route includes absorption from the

various tissues and in blood, and metabolic clearance and gastrointestinal (GI) tract, which is considered a transit compartment. The
excretion rates (Andersen, 1991). For solvents, the tissue– dose of arsenic ingested is diluted in the stomach contents and then made

available for absorption in the GI tract. This approach is different from thatgas partition coefficients can be either measured or estimated
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472 MANN, DROZ, AND VAHTER

FIG. 1. Schematic presentation of the PB-PK model showing the exposure routes, the tissues i, and the excretion routes for one arsenic metabolite.
This diagram is repeated four times in the model, once for each arsenic metabolite.

described in the model for animals (Mann et al., 1996). It was introduced The K values (Table 2) have been obtained by fitting the model to experi-
mental data for hamsters and rabbits (Mann et al., 1996). For RBCs, Kto facilitate scaling between species (including some physiological parame-

ters of the GI tract; see Eqs. (20)–(27) in the Appendix). The absorption values obtained in vitro were used (Mann et al., 1995).
The biotransformation of arsenic in the body consists of an oxidation/of arsenic from the GI tract to the liver is described using first-order kinetics.

The inhalation exposure route includes three transit compartments: the naso- reduction and two methylation reactions. The oxidation/reduction of inor-
ganic arsenic takes place in the plasma (Marafante et al., 1985), but thepharynx (NP), the tracheobronchial (TB), and the pulmonary (P) (ACGIH,

1993). The absorption from these compartments into the plasma is described reduction can also occur intracellularly, e.g., in the kidneys (Ginsburg,
1965). Based on several studies showing that the methylation of As(III)using first-order kinetics, which itself is a function of the surface area of

the compartment. The deposition and clearance of dust particles in the lungs takes place mainly in the liver cytosol by enzymatic catalysis (Vahter and
Marafante, 1988; Buchet and Lauwerys, 1987, 1988), the model describesare described below.

The distribution of arsenic to the tissues depends on their blood perfusion, the two methylation steps as occurring in the liver only, according to Mi-
chaelis–Menten (M–M) reactions (Vm is the M–M maximum rate constantthe permeability of the capillary membranes, and the affinity of the tissues

for the arsenic metabolites. In the PB-PK model, these parameters are and Km is the M–M constant).
scaled according to body weight (Lindstedt, 1992; Fiserova-Bergerova and Lung model: Aerosol penetration, deposition, and clearance. In gen-
Hughes, 1983) in order to make the model applicable to different animal eral, inhalation of polydispersed aerosols is described using three lung
species. The physiological data, obtained after scaling and used in the model compartments: NP, TB, and P regions (ISO, 1991). In the model, the deposi-
for humans, are given in Table 1. The scaling parameters are presented in tion of the aerosol in the three respiratory regions is dependent on the
a previous publication (Mann et al., 1996). breathing frequency, tidal volume, particle size distribution, and concentra-

Arsenic distribution to the tissues is described using a diffusion-limited tion of the dust. Such a description allows the simulation of exposure to
model. For membrane transfer, nonionized compounds diffuse freely aerosols of different particle size distributions in situations with different
through the capillary membranes, whereas ionized compounds diffuse only physical work loads.
through the pores of the membranes (Berner and Cooper, 1985). This trans- The deposition in the lungs is calculated in two steps based on a log-
fer is described in more detail in a previous publication (Mann et al., 1996). normal distribution of the aerosol: (i) penetration into the three compart-

The affinity of arsenic metabolites for the different tissues is assumed to ments and (ii) deposition of the penetrated aerosol fraction. The penetration
be independent of the concentration and of the animal species (rabbit, in the three compartments is calculated using the equations proposed by
hamster, and human) at the exposure levels considered. The tissue affinity Soderholm (1989). The calculation of the deposition in the upper part of
constant K represents the affinity of the arsenic metabolites for the tissues, the respiratory tract (NP) is based on the model of the ICPR task group

(James et al., 1989). The deposition of the aerosol in the two lower compart-with no specification of the tissue compounds with which it might bind.
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473PB-PK MODEL FOR ARSENIC. II. HUMANS

TABLE 1
Physiological Data Used in the Model for Humans

Human
Physiological parameter Organ Units (body weight Å 70 kg)

Blood volume ml 5,222
Organ weight Liver g 1,856

Kidneys g 314
Lungs g 584
Skin g 6,225
Others g 55,277

Lumen volume Stomach ml 274
Small intestine ml 393

Blood flow Cardiac output Liters/min 5.29
Liver, hepatic Liters/min 0.32
Liver, splanchic Liters/min 1.02
Kidneys Liters/min 0.95
Lungs Liters/min 0.16
Skin Liters/min 0.35
Others Liters/min 2.49

Creatinine Male g/day 1.7
Creatinine Female g/day 1.0
Clearance GFR ml/min 156
Small intestine length cm 481
Nasopharynx area cm2 177
Tracheobronchial area cm2 5,036
Pulmonary area cm2 712,471
Total capillary surface area cm2 1.877 1 106

ments of the lungs (TB and P) is calculated using the equation of Taulbee Lung clearance occurs via two different mechanisms: (i) clearance by
solubilization and absorption from all three compartments into the plasmaand Yu (1975) and the lung ‘‘Model A’’ of Weibel (1963). The deposited

fraction of the airborne concentration for a given aerodynamic diameter for and (ii) mechanical clearance. For mechanical clearance from the nasophar-
ynx and the tracheobronchial compartments to the GI tract, first-order ratethe three pulmonary compartments (NP, TB, and P) is equal to the fraction

of the aerosol penetrating times the fraction of penetrating aerosol that is constants were taken from the literature (Johnson and Milencoff, 1989). The
rate constant for the alveolar mechanical lung clearance from the pulmonarydeposited. The details of the mathematical equations of the model are given

in the Appendix. compartment to the tracheobronchial compartment was taken from Guil-
mette and Mewhinney (1989). For arsenic, no data on the absorption rateThe results of the predicted dust depositions in the lungs are shown in

Fig. 2. The aerosol deposition was calculated for particles with diameters constant are available in the literature. In the PB-PK model, the absorption
rate constant per unit of surface area is assumed to depend on the solubility§0.1 mm. For industrial aerosols, with a typical mass median aerodynamic

diameter (MMAD) of 5.0 mm and a geometric standard deviation (GSD)
of 2.1, particles with aerodynamic diameters £0.1 mm can be neglected.
For aerosols of very low MMAD, the deposition of small particles should
be introduced into the model.

TABLE 2
Tissue Affinity Constants Obtained by Fitting the Model

for Rabbits and Hamsters and Used for Humans

Tissue i Ki , AsV Ki , AsIII Ki , MMA Ki , DMA

Liver 1 200 10 1
Kidneys 40 20 100 5
Lungs 1 1 1 20
Skin 1 60 50 1
RBCs 0.2 1.5 0.2 0.2
Others 10 40 1 1 FIG. 2. Dust deposition in the three lung compartments used in the PB-

PK model (physical work load, light activity; tidal volume, 1200 ml; breath-
ing frequency, 16 min01).Note. Data from Mann et al. (1996).
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474 MANN, DROZ, AND VAHTER

of the aerosol and assumed to be the same in all three compartments. This
unit absorption rate was obtained by fitting the model to experimental data.

Data obtained by fitting. When physiological parameters were not
available and calculations could not be based on physicochemical proper-
ties, missing values were obtained by fitting. This was done by simulation
of the experimental scenarios, while varying the unknown constants and
visually comparing the simulated results with experimental data. For the
present model, the unknown parameters that had to be fitted were the GI
tract absorption rates, the lung absorption rates, and the metabolic rate
constants. A body weight of 70 kg was assumed for all simulations.

Various experimental data were used for adjustment of the metabolic
rate constants: various oxidation states of the inorganic arsenic and various
exposure doses. To determine the ratio Vm/Km , a low-dose exposure was
first chosen, and then the Vm was adjusted with a high-dose exposure. The FIG. 3. Comparison of predicted urinary excretion of As metabolites
metabolic rate constants were adjusted using experimental data on urinary following a single oral intake of arsenic acid with experimental data from
excretion of arsenic following a single oral dose of As(III) (Buchet et al., six male volunteers (Tam et al., 1979). The graph represents the cumulative
1981a) or As(V) in volunteers (Tam et al., 1979). The total arsenic excretion urinary excretions of the As metabolites (m, model; d, experimental data).
in urine in experimental data was used to fit the GI tract absorption rate
constants of As(III), As(V), monomethyl arsonate (MMA), and dimethyl
arsinate (DMA). Oral exposures to MMA and DMA were included in the

The second set of experimental data used for fitting thedevelopment of the model to validate their distribution and excretion.
PB-PK model was obtained from Buchet et al. (1981a). InThe lung absorption rate constant was obtained by fitting the total urinary

excretion of arsenic as predicted with the model to experimental data from this study, human volunteers ingested a single oral dose (500
occupational exposure to arsenic trioxide (Offergelt et al., 1992). mg As) of NaAsO2, MMA, or DMA. A comparison of the

Validation. The human PB-PK model was validated using data from predicted cumulative urinary excretion of arsenic metabo-
studies of repeated oral intake of sodium meta-arsenite in volunteers (Buchet lites with the experimental data is shown in Fig. 4. The
et al., 1981b), occupational exposure to arsenic trioxide and elemental

simulation results correlate well with the experimental dataarsenic (Vahter et al., 1986), and community exposure to As(V) via drinking
for the three different arsenic compounds.water (Harrington et al., 1978; Valentine et al., 1979).

The first-order rate constant for the absorption of arsenicApplications. Risk assessment is often based on the results of epidemio-
trioxide from the lungs to the plasma was estimated by fittinglogical studies involving exposure from different sources, e.g., inhalation

exposure and oral intake. For this purpose it would be useful to have to experimental data from occupational exposure (Offergelt
information on the differences in the tissue concentrations and urinary et al., 1992). In this study, the exposure to airborne arsenic
excretions in relation to the route of exposure. Similarly, it is essential to

and the urinary excretion of inorganic arsenic and methylatedinvestigate the effect of the oxidation state of the absorbed inorganic arsenic.
metabolites of 18 workers were followed over a 1-weekTo compare data from different exposure studies and to evaluate possible
period. The personal daily airborne arsenic values were useddifferences between some current arsenic recommended exposure limits,

realistic scenarios representing community and occupational exposure were for the simulation. The predicted urinary excretion for 1
also simulated. worker, chosen as representative of the group, is shown in

Fig. 5. It shows a good correlation between the model and
RESULTS the experimental data for urinary excretion of total arsenic

and the As metabolites. Figure 6 summarizes the results
Development of the PB-PK Model for Humans obtained for all 18 workers for 1 week; urinary excretions

of As metabolites (both experimental and predicted by theThe first two sets of experimental data were used to esti-
model) are plotted as a function of the airborne arsenicmate by fitting the metabolic rates in humans and the GI
concentration. The purpose of this figure is to show thetract absorption rates. The first set of experimental data used
contribution of occupational variability to urinary excretionin the fitting of the PB-PK model concerns oral exposure of
variability.volunteers to a single dose of arsenic acid (74As) (Tam et

The fitted GI tract and lung absorption rate constants areal., 1979). In this study, six male volunteers were adminis-
given in Table 3. The fitted metabolic rate constants aretered 0.01 mg As (6 mCi) following overnight fasting. The
presented in Table 4.results predicted by the model for the cumulative urinary

excretions of the As metabolites are compared with the ex-
Validation in Humans

perimental data (mean of six males volunteers) in Fig. 3.
The percentage of dose excreted in urine for the first 5 days The first validation was carried out using data from an

experimental study on repeated oral intake of NaAsO2 (fourfollowing the exposure was 57.9 { 1.5% in the experimental
study, whereas the model predicts 50.0%. There is a good different dose levels) in four volunteers (one volunteer per

dose level) once a day for 5 consecutive days (Buchet et al.,agreement between the predicted results and the experimen-
tal data for the urinary excretion of all As metabolites. 1981b). For the simulation, a body weight of 70 kg was
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475PB-PK MODEL FOR ARSENIC. II. HUMANS

FIG. 4. Comparison of predicted urinary excretion of As metabolites following a single oral intake of 500 mg As with experimental data from Buchet
et al. (1981a). The three graphs represent the cumulative urinary excretions of the As metabolites following exposure to (A) NaAsO2, (B) MMA, and
(C) DMA (m, model; d, experimental data).

assumed. The results of the cumulative urinary excretions water, the simulations were performed assuming a daily ex-
posure to As(V) evenly distributed over 15 hr per day (7of As metabolites at the lowest and highest doses are shown

in Fig. 7. Small differences in the excretions of the As metab- AM to 10 PM), 7 days a week for a person of 70 kg body
weight. The excretion data obtained (reference man) wereolites in urine can be noted. However, because the experi-

mental data involved only one person per dose level, the then compared with the average total As excretion in a popu-
lation group (Harrington et al., 1978; Valentine et al., 1979).differences might be explained by interindividual variation.

For validation of oral exposure to arsenic via drinking For the second study, the upper and lower ranges in the
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FIG. 5. Comparison of predicted urinary excretion of As metabolites following occupational exposure to airborne arsenic with experimental data
from one representative subject in a group of 18 studied (Offergelt et al., 1992). (A) The measured As airborne exposure during the working week. (B
and C) The comparison between the model and the experimental data for urinary excretion of As metabolites.

population were also considered. The results of the valida- tration for the results of the model as measured experimen-
tally). In Fig. 8, the simulated 2-day industrial exposuretion of the model with drinking water indicate a fairly good

overall agreement, especially with the report by Harrington and the urinary excretion of total As are compared with the
experimental data for six workers.et al. (1978) (Table 5). However, it must be noted that the

comparison is based on the daily excretion for a reference
man (70 kg) and the average excretion in a population. There Applications
are also some uncertainties concerning the estimation of the
daily dose for the population. The results show, however, Route of exposure and oxidation state. Three simula-

tions were carried out with the model: oral exposure tothat the absorption rate of As(V) used in the model is in
agreement with the absorption of As from drinking water. As(III), inhalation of As(III), and oral exposure to As(V).

Both oral and inhalation exposures are assumed to occur 7The model for inhalation of As(III) was validated using
occupational exposure data reported by Vahter et al. (1986). days per week, at a dose of 100 mg As/day. In the case of

oral exposure, the simulation involves continuous intake ofThe experimental data included the airborne arsenic concen-
tration for 2 working days and the corresponding urinary arsenic for 15 hr per day (from 7 AM to 10 PM). In the case

of inhalation exposure, occupational exposure for 8 hr perarsenic concentrations of six workers. Workers B and C were
exposed in an arsenic metal plant, worker D–F were exposed day, from 8 AM to 4 PM, is assumed. A daily dose of 100 mg

As/day would correspond to 8 hr of occupational exposure toin an arsenic trioxide refinery, and worker A was a female
assistant (not previously exposed to arsenic) who supervised an airborne As concentration of 27 mg As/m3 assuming a

tidal volume of 1.2 liters, a breathing frequency of 16 min01,the sampling at the arsenic metal plant. Except for subject
A, the exposure during the previous week was considered a MMAD of 5.0 mg, and a GSD of 2.1 (ICPR, 1992).

Figure 9 presents a comparison of the relative distributionin the simulation (the same Monday morning urine concen-
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FIG. 6. Comparison of PB-PK model with data from a study of occupational exposure to As2O3 (Offergelt et al., 1992) showing the correlation
between the arsenic metabolites in postshift urine and the concentrations of airborne arsenic. The four graphs represent the arsenic metabolites in the
postshift urine of 18 workers: (A) total As, (B) inorganic As, (C) MMA, and (D) DMA.

of the predicted As metabolites in urine, in the morning and Application to realistic exposure scenarios. Simulation
of the urinary excretion of As following exposure to drinkingin the evening, for the three scenarios. The predicted arsenic

metabolite distributions in the morning and evening urine water (As(V)) containing 10 mg As/liter (WHO, 1993) or 50
mg As/liter (current drinking water U.S. standard) was car-are summarized in Table 6 and compared with the data re-

ported in a number of exposure studies reviewed by Hopen- ried out. The exposures were simulated for a person
weighing 70 kg and drinking 2 liters of water per day (as-hayn-Rich et al. (1993).

An important issue raised in risk assessment is the linear- sumed to be continuous for 15 hr from 7 AM to 10 PM), 7
days per week. Urinary As excretion following exposure viaity of the dose–response curve. To address this point, single

oral doses of As(III) and As(V) at different concentrations drinking water was compared to that following inhalation
exposure in an industrial environment (arsenic trioxide re-were simulated. The predicted cumulative As metabolite ex-

cretions in urine during the first 24 hr after exposure to finery, As(III)). The latter was simulated for a person of 70
kg, with exposure occurring for 8 hr per day (8 AM–4 PM),As(III) and As(V) are presented in Fig. 10.
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TABLE 3
Fitted GI Tract and Lung Absorption Rate Constants

for Arsenic Compounds in Humans

Lung absorption
Exposure GI tract absorption unit rate constanta

As compound rate constant (hr01) (cm02
rhr01)

AsV
Arsenic acid 2.5 —
Drinking water 2.5 —

AsIII
NaAsO2 1.8 —
As2O3 dust — 0.01

MMA 5.1 —
DMA 4.4 —

a First-order rate constant for absorption per unit of lung compartment
surface area.

5 days a week. The airborne arsenic concentration used was
10 mg As/m3 (ACGIH, 1993) with an aerosol of MMAD of
5.0 mm and a GSD of 2.1. Breathing parameters were 1.2
liters tidal volume and 16 min01 breathing frequency (ICPR,
1992).

The results of the total As urinary excretion for the three
exposure scenarios are shown in Fig. 11. The increase in
total urinary excretion of arsenic after exposure to drinking
water containing 10 mg As/liter reaches a steady state be-
tween 6 and 9 mg As/g creatinine. This level of arsenic
concentration in urine is in the same range as the background
level for urinary arsenic, which was not included in the
model. After exposure to drinking water containing 50 mg
As/liter, the urinary concentration of total As is between 32

FIG. 7. Validation of the model with data from repeated oral intake ofand 43 mg As/g creatinine. During occupational exposure to
NaAsO2 in one human volunteer (for 5 days, once a day; Buchet et al.,airborne arsenic at a concentration of 10 mg/m3, the urinary
1981b). The graphs represent the cumulative urinary excretion of the As

excretion increases from Monday to Friday from 7 to 25 mg metabolites at a dose of (A) 125 As and (B) 1000 mg As (m, model; d,
As/g creatinine. The urinary concentration on Sunday is in experimental data).
the same range as the urinary excretion after exposure to
drinking water containing 10 mg As/liter.

DISCUSSION

A PB-PK model previously developed for hamsters and
TABLE 4

rabbits (Mann et al., 1996) has now been extrapolated to
Fitted Metabolic Rate Constants for Arsenic in Humans

humans. In the process, absorption and metabolic rate con-
stants had to be adjusted to take species differences intoOxidation/reduction First order

Reduction 1.37 hr01 account. All other parameters remained the same or were
Oxidation 1.83 hr01

scaled according to body weight. The results of urinary ex-
Kidney reduction 1.75 hr01

cretion of arsenic metabolites obtained with the model are
in good agreement with experimental data obtained in studiesMethylation Michaelis–Menten

1st step KmMMA
0.15 mmol/liter in which people have been exposed to arsenic orally (intake

VmMMA
0.4 mmol/liter/hr by volunteers and population exposure) or by inhalation

2nd step KmDMA
0.15 mmol/liter (workers). However, in some cases discrepancies exist. For

VmDMA
0.5 mmol/liter/hr

example, the urinary excretion of DMA after oral intake of
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TABLE 5
Validation of the Model for Drinking Water Exposure to As(V)

Urinary total As excretion (mg As/g creatinine)

Daily dose Population experimental data
(2 liters/day) PB-PK model
(mg As/day) average Minimum Average Maximum Referencea

786 295.3 6.0 134.8 543.5 A
246 93.1 3.3 41.5 90.1 A
197 74.4 6.4 47.2 133.6 A
103 38.8 6.5 37.0 165.2 A
õ12 4.5 1.8 6.4 22.6 A
324 122.6 — 146.8 — B
106 40.0 — 37.2 — B
80 30.4 — 35.5 — B
38 14.2 — 32.3 — B
19 7.2 — 31.5 — B

a Population survey data from (A) Valentine et al. (1979) and (B) Harrington et al. (1978).

NaAsO2 seems to be overestimated by the model in some sure fluctuations. Individual differences in arsenic excretion
are therefore not the sole determinant of variability in biolog-cases (Buchet et al., 1981a; Fig. 4A) but agrees well with

other data (Tam et al., 1979; Fig. 3). The reason for this is ical monitoring results; variability may even be a minor
component. Because the model does not take into accountnot clear. Individual differences cannot be excluded as an

explanation because the two groups consisted of few sub- any individual variability in metabolism and exposure (work
load and breathing parameters), the variability observed withjects. Theoretically, it could be an indication of inaccurate

description of nonlinearity in the model, mainly with regard the model is due only to previous exposure. For example,
the evening urine reflects not only the exposure during theto metabolism. Mechanisms other than saturation of the en-

zymatic system could be present and should be tested to shift but also the exposure of the previous days. This is
translated as a corresponding variability in the exposure–describe the different doses of the two studies. To elucidate

the metabolism further, more studies at different doses would excretion relationships.
The model for occupational exposure was validated withbe needed.

Some differences in DMA excretion in urine were also experimental data from Vahter et al. (1986). In Fig. 8, some
discrepancies can be observed, mainly for workers D–F.found during simulation of repeated ingestion of arsenic, as

indicated in Fig. 7. In this case, agreement is satisfactory at The first two workers are described as wearing respirators
during the second day of observation. The elevated resultshigh doses but not at low doses during the first 2 days of

exposure. During the first hours after oral exposure to DMA, measured in urine could be a result of inefficient respiratory
protection. It may also reflect, as suggested in the paper,the predicted excretion of DMA in urine seems to be too

high (Fig. 4C). This tends to show that the DMA excretion other routes of intake, especially oral intake of arsenic due
to poor personal hygiene (Vahter et al., 1986).rate in urine, which is made equal to the glomerular filtration

rate in the model, is too high. This can also be seen for The results of predicted As metabolite excretion in urine
after repeated exposure for 2 weeks further confirm the re-occupational exposure, when DMA excretion in urine de-

creases too rapidly during the weekend (Fig. 5). sults of the model (Table 6) and give interesting information
on the distribution of the As metabolites in urine (Fig. 9).The comparisons of predicted urinary As excretion for

occupational exposure with experimental data among As- The model results indicate that a significant amount of As(V)
is found in the urine only after absorption of As(V). In theexposed workers shown in Figs. 5 and 6 are also satisfactory,

taking into account the limited field studies available. Figure case of exposure to As(III), the fraction of As(V) in urine
is close to zero. More striking is the fact that the fraction6 provides some interesting information concerning interin-

dividual variability. It is often thought that variability in of As(V) in urine is much higher in the evening urine sam-
ples than in the morning samples (morning, 2% As(V); eve-biological samples observed under field conditions is derived

exclusively from differences in metabolism and distribution ning, 10% As(V)), probably due to the intake of As(V) dur-
ing the day. Thus, it is important to standardize the urinebetween individuals. Figure 6 shows that the model can

simulate a similar range of variability, only based on expo- sampling time before any firm conclusions about the As(III)/
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FIG. 8. Validation of the model with data from a study of occupational exposure to arsenic trioxide and elemental arsenic (Vahter et al., 1986). The
graphs represent the urinary excretion of total arsenic (m, model; d, experimental data) and the airborne As level during the workshift (dotted line).
Subjects A–C were exposed in a arsenic metal plant and subjects D–F were exposed in an arsenic trioxide refinery.

As(V) distribution pattern can be drawn. Figure 9 also shows great interest in the risk assessment process when effects
observed at high doses are to be extrapolated to lower doses.that the total concentration of arsenic metabolites in the urine

varies with the exposure route and the chemical form of It seems clear that in animals given very high doses of As
(between 2 and 5 mg As/kg body wt) there is nonlinearityarsenic absorbed (at the same dose level). The predicted

urinary excretion of arsenic was higher for the inhalation of in the methylation of arsenic (Vahter, 1981; Hughes et al.,
1994). However, the results of a number of studies on theAs(III) than for the ingestion of As(III).

The question of nonlinearity in arsenic metabolism is of pattern of urinary As metabolites following environmental,
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FIG. 9. Comparison of urinary excretions results obtained with the model after 3 weeks of exposure to As(III) or As(V) with two intake routes, oral
and inhalation (100 mg As/day, 7 days/week).

experimental, or occupational exposure do not indicate a the urinary excretion of As metabolites under different expo-
sure conditions, especially different routes of absorption andsaturation of the methylation of inorganic arsenic (Hopen-

hayn-Rich et al., 1993). In the range of exposure levels different oxidation states of the absorbed inorganic arsenic.
The results predicted with the model (Fig. 11) indicate thatstudied with the PB-PK model (highest dose, 15 mg As/

kg body wt), the predicted results show a decrease in the consumption of drinking water containing 50 mg As/liter
leads to higher urinary arsenic excretion than occupationalmethylation capacity that can be observed with a decline of

DMA proportion in urine (Fig. 10). This furthermore seems exposure to 10 mg/m3 (ACGIH, 1993). Considering that the
target populations are different and that in the case of expo-to apply mainly to As(III) exposures. Probably after As(V)

exposure, the time needed for its reduction to As(III) reduces sure via drinking water, the entire population, including chil-
dren, elderly, and people with various diseases, must bethe maximum concentration of As(III) in the liver and there-

fore reduces the saturation or inhibition of the two methyla- protected, this should be studied further. The predicted uri-
nary excretion after exposure at a dose level of the recom-tion steps. The predicted increase in excretion of inorganic

arsenic in urine as a function of dose indicates saturation of mended drinking water standard for arsenic by WHO is
lower than that after occupational exposure to 10 mg As/m3.the first methylation step. On the other hand, MMA remains

relatively unchanged in the same range, indicating concomi- At this stage, the PB-PK model can be used mainly to
compare urinary excretion of arsenic metabolites after oraltant saturation of the second methylation step.

One major objective of the present model is to compare or inhalation exposure. The constants estimated within the

TABLE 6
Predicted Arsenic Metabolite Distribution in Urine after Daily Exposure As(V) or As(III) for 3 Weeks

As metabolite distribution in urine (%)

Exposure Time of urine collection Asi MMA DMA

Results Oral AsV Morning 20 17 63
predicted with Oral AsV Evening 33 15 52
the PB-PK Oral AsIII Morning 10 18 72
model Oral AsIII Evening 11 21 69

Inhalation AsIII Morning 19 18 63
Inhalation AsIII Evening 19 18 63

Observed in Background exposure 12–38 4–32 32–78
human studies (mean Å 21) (mean Å 15) (mean Å 65)
(Hopenhayn- Occupational and 12–27 9–22 60–70
Rich, 1993) environmental exposure (mean Å 20) (mean Å 15) (mean Å 65)
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FIG. 10. Predicted cumulative As metabolite distribution in urine 24 hr after a single oral dose of As(III) (A) and As(V) (B).

model should not be used separately, due to the large number
of estimated parameters. Great uncertainties concerning their
physiological values remain.

The PB-PK model could also be used to compare the
metabolism and excretion of arsenic after inhalation of aero-
sols containing As(V). This requires, however, knowledge
of the absorption rates of As(V) chemicals and some experi-
mental data to validate the model. This will be carried out
in future work when experimental data become available.

APPENDIX

List of Symbols

Symbol Definition Unit

a Scaling equation constant —
A Cross-sectional area of one tube in cm2

a lung generation
â Volume occuppied by alveoli in a cm3FIG. 11. Comparison of urinary total As excretion results obtained with

the model for three realistic scenarios; (a) drinking water exposure, 10 mg given generation
b Scaling equation power constant —As/liter, 2 liters/day; (b) drinking water exposure, 50 mg As/liter, 2 liters/

day; and (c) copper smelter exposure, 10 mg As/m3. BF Breathing frequency min01
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BW Body weight kg Menten maximum rate constant
Y Physiological variable gCONC Air concentration mg As/m3

D Deposited fraction — a Weibel fraction of airway surface cm2

alveolatedDae Aerodynamic diameter mm
DB Particle Brownian diffusion cm2/sec Dt Time for an aerosol front to pass sec

through a given generationDMA Dimethyl arsinate —
DW Drinking water — DF Rate of change in F of total

alveolar volume in generation (z)g Gravity constant m/sec
GI Gastrointestinal — dz

r Density g/cm3GFR Glomerular filtration rate ml/min
GSD Geometric standard deviation — m Arithmetic mean of the —

logtransformed distributionk Boltzmann’s constant J/K
K Tissue affinity constant — h Dynamic viscosity of air cm/sec

SubscriptsKm Michaelis–Menten constant mmol As
Second methylation Michaelis– mmol As i TissueKmDMA

Menten constant in Inertial impaction
int InterstitialFirst methylation Michaelis– mmol AsKmMMA

Menten constant j As compound
x Lung compartment: NP, TB, or Rkox Oxidation first-order rate constant hr01

kred Reduction first-order rate constant hr01 z ‘‘Model A’’ Weibel lung
generationMMA Monomethyl arsonate —

MMAD Mass median aerodynamic mm
diameter Mathematical Equations

NP Nasopharynx —
Nalv Total number of alveoli in the lung — This section describes the mathematical equations used in
P Pulmonary — the model for arsenic deposition and clearance in the lungs
Q Blood flow ml/hr and the GI tract. The mathematical equations for the distribu-
RBCs Red blood cells —

tion between the different tissues and the excretions wereS Fraction of aerosol particles deposit sec01

described in a previous paper (Mann et al., 1996).SG Fraction of dust deposit in one —
generation Lungs. The dust fraction that penetrates the respiratory

SI Inhalable dust fraction — system is calculated with the harmonized equations (ISO,
SNP Fraction of the dust in the NP that —

1992; Soderholm, 1989). The fractions of the ambient airdeposits
concentration of airborne particles that penetrate the threeSPP Fraction of the dust in the P that —
lung compartments are defined by the following: SI for inha-deposits

SR Respirable dust fraction — lable dust fraction, ST for the thoracic dust fraction, and SR
ST Thoracic dust fraction — for the respirable dust fraction.
STB Fraction of the dust in the TB that — The deposition of the penetrated dust in the nasopharynx

deposits
(SNP(Dae)) is a function of the aerodynamic diameter (Dae),T Absolute temperature K
the tidal volume (TV), and the breathing frequency (BF)t Time for an aerosol front to reach sec

a given alveoli in the lung (James et al., 1989):
TB Tracheobronchial —
TCS Total capillary surface cm2

SNP(Dae) Å 1
TV Tidal volume ml
UA3 Cumulative As(III) quantity in mmol As

0 1
1.5 1 1005

r(Dae2
r(TVrBF)2/3

rTV1/4)1.7 / 1
. (1)urine

UA5 Cumulative As(V) quantity in urine mmol As
UDMA Cumulative MMA quantity in urine mmol As
UIA Cumulative As inorganic quantity mmol As The deposition of the penetrated dust into the TB and P

in urine compartments was calculated with the equations of Taulbee
UMMA Cumulative DMA quantity in urine mmol As and Yu (1975) and Weibel (1963). The lung Model A of
UTOT Cumulative total As quantity in mmol As

Weibel consists of 23 generations. The deposition was calcu-urine
lated for each generation for a given diameter. Then, forValv Total volume of alveoli in the lung cm3

Vgen Volume of the airways in a cm3 each diameter, the total deposition, the deposition in the
generation tracheobronchial compartment (STB(Dae)) for generations

Vm Michaelis–Menten maximum rate mmol/hr 1 to 16, and the deposition in the alveolar region (SPP(Dae))
constant

for generations 17 to 23 were calculated.Second methylation Michaelis– mmol/hrVmDMA

The following are the calculations of the deposition forMenten maximum rate constant
First methylation Michaelis– mmol/hrVmMMA

each generation (z):
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The deposition fraction from the airborne concentrationS(Dae) Å Sin(lung) / Ss / Ss,alv / Sd / Sd,alv (sec01)
for a given aerodynamic diameter Dx(Dae), where x stands

(2) for the three pulmonary compartments (NP, TB, and P), is
calculated as follows:

DNP(Dae) Å SI(Dae)rSNP(Dae) (11)Ss Å (1 0 a)r

1 0 expF0 2gtDt√
pA

G
Dt

(sec01) (3)
DTB(Dae) Å ST(Dae)rSTB(Dae) (12)

DP(Dae) Å SR(Dae)rSPP(Dae). (13)

Sd Å (1 0 a)r

1 0 expF0 36DBDt√
pA

G
Dt

(sec01) (4) The fraction of the airborne particles deposited in the three
compartments for a given interval (FDx(dDae)) is calculated
as follows:

Ss,alv Å
1.13 gtN 1/3

alvV
2/3
alv

dF

dz

Vgen / aP
(sec01) (5) FDx(dDae) Å

Dx(Dae) / Dx(Dae / dDae)
2

rfraction of particles (dDae).

Sd,alv Å
4.23 N 1/3

d,alvV
2/3
alv

dF

dz S DB

pDtD
1/2

Vgen / aP
(sec01) (6) (14)

Finally, the rate of deposition of dust in the three lung
Sin(lung) Å

2ub

pDt
StS1 / p

2Rc

/ 2
3R2

c
D , (sec01), (7) compartments is dependent on the breathing frequency (BF),

the tidal volume (TV), the air concentration (CONC), and
the sum of the percentage of dust deposited:

where

Rate of depositionx

t Å Dae2(rparticle 0 rair)
18 hr Å BFrTVrCONCr∑

Dae

0.1

% D(dDae)x (mg/hr). (15)

DB Å
kT

3phDae
.

The rate constants for absorption from the lung compart-
ments to the plasma depend on the surface area of the com-
partments. The areas of the three lung compartments areWith Eq. (2), the deposition for one aerodynamic diameter
scaled to body weight according to Eqs. (16), (17), and (18).[SGz(Dae)] in generation z can be calculated as
The lung absorption rate is expressed as a quantity of arsenic
absorbed per surface area of lung and time (kabslung) and theSGz(Dae) Å 1 0 exp[0S(Dae)rDt]. (8)
same rate is applied to the three compartments (Eq. (19)).

Lungi area:With Eq. (8) giving the deposition in generation z, the
deposition in the tracheobronchial compartment for one

Nasopharynx area Å 2.371rBW / 11.007 (cm2) (16)aerodynamic diameter STB(Dae) can be calculated, assum-
ing that the TB compartment consists of generations 1–16:

Tracheobronchial area

Å 71.662rBW/ 19.685 (cm2) (17)STB(Dae) Å ∑
16

zÅ1

SGz(Dae). (9)
Pulmonary area Å 9917.92rBW / 18,216.87 (cm2) (18)

dqlungi,j /dt Å rrr 0 kabslungrqlungi,jrlungi area, (19)With Eq. (8) giving the deposition in generation z, the
deposition in the pulmonary compartment for one aerody-

where qlungi,j is the quantity in lung compartment i (mmol),namic diameter SPP(Dae) can be calculated, assuming that
lungi area is the lung compartment i area (cm2), and kabslungthe pulmonary compartment consists of generations 17–23:
is the lung absorption rate constant (liters/cm2

rhr).
GI tract. For a better physiological description of theSPP(Dae) Å ∑

23

zÅ17

SGz(Dae). (10)
GI tract in the PB-PK model, absorption in the liver and
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Transdermal Delivery of Drugs (A. F. Kydonieu and B. Berner, Eds.),excretion in the feces are expressed by taking into account
Vol. II, pp. 41–55. CPR Press, Boca Raton, FL.the stomach volume (Eq. (20)). The stomach lumen volume

Buchet, J. P., Lauwerys, R., and Roels, H. (1981a). Comparison of the(Vstomach) and the feces excretion rate (kel) are scaled to body
urinary excretion of arsenic metabolites after a single oral dose of sodium

weight. This has the advantage of taking into account the arsenite, monomethylarsonate, or dimethylarsinate in man. Int. Arch.
differences between the animal species. The previous PB- Occup. Environ. Health 48, 71–79.
PK model used an absorption rate constant taking into ac- Buchet, J. P., Lauwerys, R., and Roels, H. (1981b). Urinary excretion of
count only the quantity of arsenic in the GI tract and used inorganic arsenic and its metabolites after repeated ingestion of sodium

metaarsenite by volunteers. Int. Arch. Occup. Environ. Health 48, 111–the same excretion rate for all animal species, which is not
118.accurate.

Droz, P. O. (1978). Contribution à la recherche d’indices biologiques d’ex-
position aux solvants: Détermination de leurs coefficients de partage et

dqGI tractrj /dt Å rrr 0 kelr(qGI tractrj /Vstomach) étude de leur comportements dans l’organisme à l’aide de modèles de
simulation. Thesis, Neuchâtel University, Switzerland.0 kabsr(qGI tractrj /Vstomach). (20)

Droz, P. O. (1986). Simulation models for organic solvents. In Safety and
Health Aspects of Organic Solvents, pp. 73–87. A. R. Liss, New York.

The scaling of Vstomach used in the PB-PK model is given by Fiserova-Bergerova, V., and Hughes, H. C. (1983). Species differences on
bioavailability of inhaled vapors and gases. In Modeling of Inhalation
Exposure to Vapors: Uptake, Distribution, and Elimination (V. Fiserova-Vstomach Å 4.5241rBW0.966 (ml). (21)
Bergerova, Ed.), Vol. II, pp. 97–106. CRC Press, Boca Raton, FL.

Ginsburg, J. M. (1965). Renal mechanism for excretion and transformationand was obtained by the data in the literature for mammals.
of arsenic in the dog. Am. J. Physiol. 208, 832–840.

The feces excretion rate represents the movement of the
Hopenhayn-Rich, C., Smith, A. H., and Goeden, H. M. (1993). Human

lumen in the small intestine (sint) and is calculated as the studies do not support the methylation threshold hypothesis for the toxic-
speed of the fluid times the section of the small intestine (Eq. ity of inorganic arsenic. Environ. Res. 60, 161–177.
(24)). The speed in the small intestine is scaled according to Hughes, M. F., Menache, M., and Thompson, D. J. (1994). Dose-dependent

disposition of sodium arsenate in mice following acute oral exposure.Ruckebusch et al. (1981), who proposed a speed scaled to
Fundam. Appl. Toxicol. 22, 80–89.the length of the small intestine for mammals (Eq. (23)).

International Commission on Radiological Protection (ICPR) (1992). ReportThe other parameters of the GI tract are scaled according to
of the Task Group on Reference Man, ICPR Publication No. 23, 5th ed.values taken from the literature for mammals.
Pergamon, Elmsford, NY.

International Organization for Standardization (ISO) (1991). Air quality—
kel Å ratesintrsectionsint (ml/hr) (22) Particle size fraction definitions for health-related sampling. Approved

for publication as CD 7708, Geneva.
Ratesint Å 0.79rlengthsint / 3.95 (cm/min) (23)

International Organization for Standardization (ISO) (1992). Standard
CD7708. Particle size fraction definition for health sampling. ISO, Ge-Sectionsint Å volumesint/lengthsint (cm2) (24)
neva.

Lengthsint Å 119.4rBW0.328 (cm) (25) James, A. C., Birchall, A., Cross, F. T., Cuddihy, R. G., and Johnson,
J. R. (1989). The current approach of the ICPR task group for modeling

Volumesint Å 5.878rBW0.989 (cm3) (26) doses to respiratory tract tissues. Health Phys. 57, 171–282.

Johnson, J. R., and Milencoff, S. (1989). A comparison of excretion andkel Å (56.60rBW0.328 / 237)r0.0492rBW0.661 (ml/hr).
retention between the surrent ICPR lungs model and proposed new model.
Health Phys. 57, 263–270.(27)

Lindstedt, S. L. (1992). Allometric extrapolation. In International Workshop
on Physiologically Based Pharmacokinetic Modeling and Risk Assess-
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Paris. graphs. Springer-Verlag, Berlin.

Vahter, M., Friberg, L., Rahnster, B., Nygern, A., and Nolinder, P. (1986).Soderholm, S. C. (1989). Proposed international conventions for particles
size-selective sampling. Ann. Occup. Hyg. 33, 301–320. Airborne arsenic and urinary excretion of metabolites of inorganic arsenic

among smelter workers. Int. Arch. Occup. Environ. Health 57, 79–91.Tam, G. K. H., Charbonneau, S. M., and Bryce, F. (1979). Metabolism of
inorganic arsenic (74As) in humans following oral ingestion. Toxicol. Weibel, E. R. (1963). Morphology of the Human Lung. Springer-Verlag,

New York.Appl. Pharmacol. 50, 319–322.

Taulbee, D. B., and Yu, C. P. (1975). A theory of aerosol deposition in the World Health Organization (WHO) (1993). Guidelines for Drinking-Water
Quality, 2nd ed., Vol. 1, pp. 176. WHO, Paris, France.human respiratory tract. J. Appl. Physiol. 38, 77–85.

AID TOX 7903 / 6h10$$$485 09-03-96 13:27:25 toxas AP: Tox


