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SOMMAIRE 

L'objectif général de cette thèse est d'estimer pour des substances 

organiques le facteur d'incertitude animal-humain relatif à la toxicocinétique 

(UFAH_TK) sur la base des mécanismes biologiques, ceci en utilisant une 

approche de modélisation à base physiologique. En premier lieu, le UFAH-TK sera 

estimé à partir d'un modèle toxicocinétique à base physiologique (PBTK) 

développé chez le rat et l'humain, ceci pour un pesticide de la famille des 

carbamates: l'aldicarb (ALD). Par la suite, cette méthodologie sera appliquée 

pour estimer le UFAH-TK d'autres substances chimiques. Subséquemment, le 

modèle PBTK sera simplifié en des expressions algébriques pour ainsi identifier 

les facteurs mécanistiques qui influencent le UFAH-TK lorsque l'état d'équilibre est 

atteint dans l'organisme. 

Cette thèse comprend quatre chapitres. Le chapitre 1 présente les 

différentes théories et les méthodologies utilisées pour déterminer le UFAH-TK lors 

de l'analyse d'un risque toxicologique. Dans ce cas, on y discutera de la 

démarche de l'analyse du risque toxicologique des substances non cancérigènes 

et de la façon conventionnelle de déterminer le UFAH-TK. Ensuite, les défauts de 

cette approche conventionnelle seront discutés en détail. A la fin du chapitre 1, 

on discute de la modélisation à base physiologique et de ses applications 

scientifiques, plus particulièrement son application en toxicologie pour 

l'estimation des facteurs d'incertitude. 
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Dans le chapitre 2, on retrouve trois publications dans lesquelles on traite 

de l'utilisation des modèles physiologiques pour déterminer le UFAH-TK. Dans la 

première publication, on démontre une nouvelle façon de conceptualiser un 

modèle PBTK dans le but de permettre la prédiction des coefficients de partage 

tissu:sang lors des simulations. En se basant sur une récente étude, les 

compartiments (tissus) d'un modèle PBTK peuvent être représentés comme 

étant un mélange de lipides neutres, de phospholipides et d'eau; à partir de la 

valeur de la solubilité dans l'eau et dans l'huile pour chacune des substances 

chimiques, la valeur des coefficients de partage tissu:sang peut être calculée 

automatiquement durant la simulation. Cette façon de calculer les coefficients de 

partage a été validée à l'aide d'un modèle PBTK développé chez l'humain pour le 

dichlorométhane. Par la suite, la valeur des coefficients de partage tissu:sang de 

l'ALD a été calculée de la même manière. 

Dans les deux autres publications du chapitre 2, l on traite de la 

modélisation toxicocinétique de l'ALD chez le rat et l'humain, ainsi que de la 

détermination du UFAH-TK. Pour commencer, on y retrouve la méthodologie 

utilisée pour mesurer la valeur des constantes métaboliques de l'ALD. La vitesse 

d'oxydation de l'ALD a été déterminée par la mesure de la quantité de d'aldicarb 

sulfoxide (ALX) produite suite à l'incubation de l'ALD avec des microsomes 

hépatiques, rénaux et pulmonaires. Les valeurs de la vitesse maximale 

(mg/kg/hr) pour l'oxydation de l'ALD sont de 718, 587 et 5.26 respectivement 

dans le foie, les reins et les poumons chez le rat. Les valeurs correspondantes 
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de la constante de Michaelis-Menten (mg/L) chez le rat pour ces trois tissus sont 

35, 200 et 36, respectivement. Par comparaison, chez l'humain, la valeur de la 

vitesse maximale (kimoles/min/mg protéine) et celle de la constante de Michaelis-

Menten (pIM) pour l'oxydation de l'ALD suite à l'incubation avec des microsomes 

hépatiques sont de 3497 et 1318, respectivement. Sous des conditions 

expérimentales in vitro telles qu utilisées dans cette étude, l'ALX est le seul 

métabolite généré; ainsi les voies d'on/dation subséquentes ont été négligées 

(p.ex., l'ALX en aldicarb sulfone). 

Après le travail sur la prédiction de la valeur des paramètres physico-

chimiques et la mesure de la valeur expérimentale des constantes métaboliques, 

un modèle PBTK chez le rat et l'humain a été développé pour l'ALD et l'ALX. Les 

simulations avec le modèle ont été obtenues suite à l'incorporation de la valeur 

de chacun des paramètres (physiologiques, physico-chimiques, biochimiques) 

dans les équations différentielles décrivant les divers processus toxicocinétiques 

de l'ALD et de l'ALX, et suite à la résolution de ces équations par intégration 

numérique à l'aide d'un logiciel de simulation basé sur le language Fortran 

(ASCL®, Advanced Continuous Simulation Language, MGA, Concord, MA). Le 

modèle PBTK de l'ALD pour le rat a été validé en comparant les valeurs 

simulées de la concentration de l'ALX dans les différents tissus en fonction du 

temps avec des valeurs obtenues sous des conditions in vivo suite à une 

administration intra-veineuse (0.1 et 0.4 mg/kg de ALD). A cause de l'absence de 

données chez l'humain et du fait que l'éthique ne permet pas l'expérimentation 
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avec des sujets humains, la validation du modèle PBTK à été effectuée à partir 

de valeurs de la littérature portant sur l'inhibition de l'acétylcholinestérase (AChE) 

par l'ALD. Dans ce cas, le mécanisme de l'inhibition de l'AChE a été décrit dans 

le modèle PBTK humain, lequel a ensuite été validé avec des valeurs 

expérimentales. Ce même exercice de validation pour l'inhibition de l'AChE a été 

effectué en utilisant un modèle PBTK développé chez le rat. 

Suite à la validation du modèle PBTK chez le rat et l'humain, la 

concentration tissulaire et sanguine de l'ALD et l'ALX a été simulée chez l'une et 

l'autre espèce sous des scénarios d'exposition comparables; les valeurs 

obtenues ont été utilisées pour calculer le UFAH-TK. Les résultats indiquent que 

pour une dose équivalente d'exposition à l'ALD, les concentrations sanguine et 

cérébrale sont 9.5 fois plus petites chez le rat que chez l'humain et 17 fois plus 

petites lorsque la cinétique du métabolite est considérée. En d'autres mots, pour 

avoir une équivalence de la toxicocinétique entre l'humain et le rat pour les 

concentrations sanguine et cérébrale, l'humain doit être exposé à une dose 9.5 

fois plus petite que celle chez le rat. En se basant sur cet exercice de 

modélisation, le UFAH-TK utilisé par défaut (= 3.16) ne semble pas adéquat pour 

tenir compte de la différence inter-espèce observée avec l'ALD et l'ALX (i.e., 9 et 

17). Or, l'ALD est rapidement éliminé de l'organisme, et il contribue peu à 

l'inhibition de l'AChE contrairement à l'ALX; par conséquent, on devrait 

considérer le facteur 17 comme étant le UFAI-1-TK le plus approprié. 
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Dans le troisième chapitre qui traite de la quatrième publication, on 

présente les résultats du UFAH-Tk Pour onze substances chimiques. Le UFAH-TK de 

ces onze substances a été calculé avec un modèle PBTK de la même manière 

que pour l'ALD et l'ALX, pour ainsi le comparer avec le UFAH-TK de 3.16 qui est 

présentement utilisé par défaut. Les modèles PBTK validés antérieurement chez 

l'animal et l'humain pour le dichlorométhane (DCM), le tétrachloroéthylène 

(TETRA), le 1,4-dioxane (DIOX), le toluène (TOL), le m-xylène (XYL), le styrène 

(STY), le tétrachlorure de carbone (CATE), l'éthyl benzène (ETBE), le 

chloroforme (CHLO), le trichloroéthylène (TRI) et le chlorure de vinyle (VICH) ont 

été utilisés pour estimer les concentrations tissulaire et sanguine de la 

substance-mère et de ses métabolites pour des scénarios d'exposition 

comparables. Les résultats indiquent que pour ces substances chimiques le 

UFAH-TK déterminé avec ces modèles PBTK varie de 0.06 à 1.45, indiquant que le 

UFAH-TK (= 3.16) utilisé par défaut n'est pas adéquat. En plus, ces résultats 

réfutent l'opinion que la vitesse des processus régissant la clairance 

physiologique est toujours plus petite chez l'humain que chez les animaux de 

laboratoire. 

La méthodologie utilisée dans la présente recherche pour estimer le 

UFAH_TK pourrait aussi être utilisée pour comprendre et estimer les facteurs 

responsables de la variabilité entre les espèces lors d'expositions chroniques, 

lorsque l'état d'équilibre est atteint. Dans la cinquième publication, l'on présente 

des expressions algébriques simples qui permettent d'estimer la concentration 
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d'une substance chimique dans les tissus et le sang, à l'état d'équilibre. De ces 

expressions algébriques, on note que des 17 paramètres utilisés dans le modèle 

PBTK pour prédire la toxicocinétique des substances chimiques, seuls la vitesse 

du métabolisme (VMAX), la constante de Michaelis-Menten (KM), la fraction du 

débit cardiaque qui passe par le foie (QLC), le coefficient de partage sang:air 

(PB) et les coefficients de partage tissu:sang (PT) sont des paramètres critiques 

pour la prédiction de la toxicocinétique à l'état d'équilibre. Dans la sixième 

publication, en se basant sur les expressions algébriques qui sont présentées 

dans la cinquième publication, l'on à déterminé l'impact de chacun des 

paramètres sur le UFAH-TK. Il est important de noter que le UFAH-TK calculé avec le 

modèle PBTK et les expressions algébriques est identique, ce qui a été vérifié 

pour plusieurs substances chimiques. Dans le dernier chapitre, l'on retrouve une 

discussion générale portant sur les résultats contenus dans la thèse et sur 

l'impact d'une telle recherche en toxicologie. 

La méthodologie développée dans cette étude pour calculer un UFAI-I-TK 

spécifique à chaque substance pourrait remplacer l'approche traditionnelle et 

améliorer le caractère scientifique de la démarche de l'analyse d'un risque 

toxicologique. 
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ABSTRACT 

The overall objective of this dissertation is to elucidate the magnitude and 

mechanistic basis of animal-human toxicokinetic uncertainty factor (UFAH--rk)‘ 

using a physiological modeling approach. Initially the UFAH-TK for the carbamate 

pesticide aldicarb (ALD) is determined by developing rat and human 

physiologically-based toxicokinetic (pharmacokinetic) PBTK (PBPK) models. This 

is accomplished by incorporating the values of the mechanistic parameters, i.e., 

physiological, physicochemical and metabolic parameters, into differential 

equations that describe the toxicokinetics of ALD and ALX in blood, liver, kidney, 

lungs, brain, fat and rest of the body tissue compartments. The values for the rat and 

human physiological parameters are obtained from the literature, and the estimation 

of the partition coefficients (PCs) is based on a new modeling framework that 

involves the description of each tissue compartment as a mixture of neutral lipids, 

phospholipids, and water, and data on oil and water solubility of the chemical. 

The rate of sulfoxidation of ALD in rat hepatic, renal and pulmonary microsomes 

is determined by quantitating the levels of aldicarb sulfoxide (ALX) produced 

during incubations. The average maximal velocity (mg/kg/hr) for the sulfoxidation of 

ALD, based on measurements of product formation, in liver, kidney and lung 

microsomes is 718, 587, and 5.26, respectively. The corresponding values for the 

Michaelis constant (mg/L) are 35, 200 and 36 respectively. The average maximal 

velocity (moles/min/mg protein) and the Michaelis constant (pM) for the 

sulfoxidation of ALD in human liver was 3497 and 1318 respectively. Under in vitro 
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experimental conditions used in the present study, ALX was the only metabolite 

produced, and further metabolism of ALX to aldicarb sulfone was negligible. 

Solutions of the equations that describe the toxicokinetics of ALD in the 

tissues are obtained by numerical integration with the aid of a Fortran-based 

simulation software (ASCL®, Advanced Continuous Simulation Language, MGA, 

Concord, MA). The adequacy of the rat PBTK model is assessed by comparing 

the model simulations of the metabolite ALX time-course with those obtained from in 

vivo intravenous administration of ALD (0.1 and 0.4 mg/kg), while the validation of 

the human model is based on available data that describe profile of the ALD-caused 

acetylcholinesterase (AChE) inhibition in human blood. This necessitated the 

expansion of the PBTK model to include the description of the ALD-induced AChE 

inhibition. The validated rat and human PBTK models are run under the same 

exposure scenario and the interspecies toxicokinetic uncertainty factor for ALD was 

calculated from the respective blood and brain concentrations. The results indicate 

that with respect to the parent chemical, equivalent applied doses in rats and 

humans result in a 9.5-fold difference in the effective dose in the blood and brain 

concentration in the two species, and 17-fold difference with respect to the 

concentration of the metabolite in blood and brain. ln other words, in order to 

have toxicokinetic equivalence in the blood and brain concentrations in the rat 

and human, the former must be exposed to a dose that is 9.5 and 17 times 

higher than the human with respect to the parent chemical and the metabolite 
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respectively. This means that the default UFAFI_TK (=3.16) is not sufficient to 

correct the interspecies differences. 

ln order to gain a better understanding of the accuracy of the currently 

used UFAH--rk, the same methodology is applied in the determination of the 

UFAH-TK for eleven other chemicals commonly encountered in the environment. 

Validated animal and human PBTK models of dichloromethane (DCM), 

tetrachloroethylene (TETRA), 1,4-dioxane, (DIOX), toluene (TOL), m-xylene 

(XYL), styrene (STY), carbon tetrachloride (CATE), ethyl benzene (ETBE), 

chloroform (CHLO), trichloroethylene (TRI) and vinyl chloride (VICH) are run 

under the same exposure scenarios to estimate the total dose received, blood 

and tissue concentrations of the parent compound, and conc,entrations of the 

metabolite in animais and humans. The results indicate that for the chemicals 

used in the present study the UFAH-TK varies between 0.06 and 1.45, thus 

indicating that the use of the default UFAH-TK (3.16) overestimates the derived 

exposure limits, by a factor as large as 3, and refute the unidirectionality of the 

UFAH-Tk• 

With the applicability of PBTK models in the estimation of UFAH-TK 

established, the unanswered question pertains to the specificity and nature of the 

factors that contribute to the toxicokinetic variability across species. To answer 

this question, PBTK model-based mathematical equations that make possible the 

estimation of blood and tissue concentration of chemicals at steady-state are 
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developed. The results show that, of the 17 parameters used in conventional 

PBTK models to predict the toxicokinetic behavior of chemicals only the 

maximum metabolic rate, Vmax, the Michaelis-Menten constant, Km, the fraction 

of cardiac output reaching the liver, QLC, the blood:air partition coefficient, PB 

and tissue:blood partition coefficients, PT, are critical to the prediction of steady-

state kinetics. By incorporating the values of these mechanistic factors into 

analytical equations one can obtain estimates of the UFAH-TK that are identical to 

those determined with the PBTK models. 

The methodology developed in this dissertation can replace the currently 

used empiridal default approaches to provide the chemical-specific UFAH-TK and 

thus improve the scientific basis of the risk assessment process. 
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GENERAL INTRODUCTION 

1.1. INTRODUCTION TO RISK ASSESSMENT 

The term "risk" has different meanings in different situations. ln 

everyday life it is used to describe a situation characterized by uncertainty, 

danger or an adverse outcome. In a business venture, where the adverse 

outcome is material loss, it is seen as an opportunity for increased reward. ln 

the public health domain risk is used as a technical term that is characterized 

within carefully selected and calibrated scientific means. It is defined as the 

probability that an individual will develop a particular adverse effect under 

specified exposure conditions. It may be described either in qualitative terms 

(high or low risk) or quantitatively taking values from zero to one. Quantitative 

risk assessment is the use of scientific data to define the risk. It is a formai, 

analytical process of estimating the probability and magnitude of an adverse 

outcome in individuals or populations from some environmental hazard or 

practice, such as a toxic substance or a construction project (Covello and 

Merkhofer 1993). 

1.1.1. Overview of the risk assessment process 

The process of human health risk assessment involves the qualitative and 

quantitative characterization of potential health effects of human exposure to 

environmental hazard (National Research Council, 1983). It is performed in 
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four steps: i) hazard identification, ii) exposure assessment, iii) dose-

response assessment and iv) risk characterization. Once the toxic effects of 

a chemical are identified (hazard identification), the risks associated with 

exposure are characterized (risk characterization) by combining quantitative 

information on exposure levels (exposure assessment) and on the dose-

response relationship for the critical toxicological endpoint (dose-response 

assessment). 

1.1.2. Default approach of dose-response assessment of systemic 

toxicants 

Non-cancer risk assessment is currently conducted with the Reference 

Dose/Concentration (RfD/RfC) or Benchmark Dose (BMD) methodology. The 

United States Environmental Protection Agency (USEPA) has chosen the 

RfD1  methodology to estirnate of "safe exposure limits" (USEPA, 1985). 

Other agencies also use the same method although with a different name 

(ADI, acceptable daily intake, Food and Drug Administration, FDA; PEL, 

permissible exposure level Occupational Safety and Health Administration, 

OSHA; TDI, tolerable daily intake, Health Canada). The RfD is defined as: 

"a lifetime daily dose of a substance that would not result in an observable 

increase in adverse effects in a well conducted study of a sub-population of 

humans sensitive to the substance" 

1  The approach and discussion presented here apply to both the RfD and RfC, but for ease of reading, 
the RfD will be used throughout this thesis, except in cases we are dealing exclusively with volatiles. 
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Doses at or below the RfD are considered to be without a noncancer risk, 

while doses above the RfD are assumed to have some unknown probability 

of causing adverse effects. The RfD method represents one component of 

the risk assessment process and the RfD estimate must be compared 

against an exposure estimate in order to characterize risk. lb  estimation 

requires the identification of the highest experimental dose that is not 

associated with an increase in any adverse effect above background, and 

then division by uncertainty factors and a modifying factor. Typically, the RfD 

is expressed in mg/kg of body weight/day, and is estimated by dividing the 

NOAEL (derived usually from animal studies) by arbitrary uncertainty factors 

as follows: (USEPA, 1991): 

NOAEL (LOAEL) 
RfD -  

UF(s)*MF 
where: 

• NOAEL (no observable adverse effect level)=the highest exposure 

level at which there are no statistically or biologically significant 

increases in the frequency of adverse effects between the exposed 

population and its appropriate control, 

• LOAEL (lowest observable adverse effect level)=Iowest exposure 

level at which there is statistically significant increase in the frequency 

of adverse effects between the exposed population and its appropriate 

control, 
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• UF(s)=uncertainty or safety factor(s), and 

• MF=modifying factor that addresses the adequacy and quality of the 

toxicologic database used in the derivation of the RfDs. 

The Benchmark Dose approach, advocates the use of an alternative to 

the NOAEL, called benchmark dose, BMD, which is calculated by fitting a 

dose-response model to the experimental data. The BMD is the dose that is 

associated with a pre-determined response (benchmark response, BMR). 

Then an RfD is estimated by dividing the BMD with the appropriate 

uncertainty factors, similar to the NOAEL-based approach (Crump, 1984; 

USEPA, 1991). 

1.1.3. Uncertainty factors 

ln conducting health risk assessment of chemicals human data are 

preferred (USEPA, 1991). However, since they are often unavailable or 

inadequate and ethical considerations prevent experimentation with humans, 

risk assessors are forced to use data obtained in animal studies to derive 

RfD. The use of animal data for human health risk assessment is based on 

the assumption that there is: 

• a qualitative similarity in effects in different species, and 
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• a quantitative equivalence in the tissue chemical exposure required to 

produce an equivalent intensity of biological effect in various species 

(Andersen, 1987). 

The validity of these assumptions has been attributed to the 

evolutionary relationships and the phylogenetic continuity of animal species 

including man and the principle of extrapolation of animal data to humans 

has been widely accepted in the scientific and regulatory communities. Thus, 

at least among some mammalian species, the basic anatomical, 

physiological and biochemical parameters are similar across species 

(USEPA, 1985). Despite the fact that the general principle of inferring effects 

in humans from effects in experimental animais is well founded, there have 

been exannples where these assumptions are known to be inaccurate and 

this has led risk assessors to question their validity (Davidson et al. 1989). ln 

general the use of animal data to estimate safe levels for humans introduces 

several uncertainties, which are due to: 

• The qualitative and quantitative differences between the animais and 

humans. For example, if the toxicity observed in animais is due to an 

enzyme that is not present at all or it is present at lower concentrations in 

humans, then the particular experimental data are irrelevant for humans. 

• Uncertainties associated with the extrapolation from high experimental 

dose to low dose typical of human exposures. Since most animal studies 
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are conducted at doses that are much higher than the expected human 

exposure levels, quantitative dose-response models are needed to 

interpolate/ extrapolate from high doses to lower doses. 

• The issue of whether equivalent doses of a chemical are equitoxic given 

the variability in toxic responses among different species. 

The RfD methodology employs uncertainty factors (UFs) to get around all 

the above concerns (Dourson and Stara, 1983). The requirement for UFs 

stems in part from the belief that humans could be more sensitive to the toxic 

effects of a chemical than laboratory animais and the belief that variations in 

sensitivity are likely to exist within the human population (National Research 

Council, 1980). Those beliefs are plausible, but the magnitude of interspecies 

and intraspecies differences for every chemical and every toxic end point are 

not known. The uncertainty factor used in noncancer risk assessment has 

been defined by the National Academy of Sciences as (NAS, 1977): 

"a number that reflects the degree or amount of uncertainty that must be 

considered when experimental data in animais are extrapolated to man" 

The types of uncertainty factors used in the RfD methodology and their 

default values in brackets are shown below: 
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• Human heterogeneity [10]: account for differences in sensitivity among 

individuals in the human population. 

• Animal to human extrapolation [1O]: account for species differences in the 

extrapolation from animais to humans in long-term studies. 

• Subchronic to chronic extrapolation [10]: account for differences betvveen 

animais and humans, if animal exposures are less than lifetime or 

otherwise deficient, due to such variables as accumulation and recovery. 

• LOAEL to NOAEL extrapolation [10]: account for uncertainty in 

establishing the relationship between the observed adverse effect level 

and the presumed threshold. 
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1.2. EMPIRICAL FOUNDATION OF THE UNCERTAINTY FACTORS 

AND THE DEFAULT APPROACHES USED IN THE INTERSPECIES 

EXTRAPOLATION OF TOXICOLOGICAL DATA 

1.2.1. Introduction to allometry 

Allometry is based on the concept of isometry which was advanced 

along with Euclidean geometry 2000 years ago (Schmidt-Nielsen, 1984). 

Two objects, e.g., triangles (Figure 1), are said to be geometrically similar or 

isometric [iso=equal] if the following relationship is observed: 

L2 = Ki_ * Li or 

L2/Li = Ki_ 	 [1-2-1] 

where: 

L1 	=side 1 of the object 

L2 	=side 2 of the object 

KL 	=similarity constant 

The constant iq is called similarity constant and relates all linear properties of 

similar objects, such as height, angles, etc., and is true for all tvvo-

dimensional bodies. 

Similarly, geometric considerations dictate that the surface areas of 

two isometric three-dimensional bodies are not related linearly, but rather 



L2 = KL * L1 L2 /L1 = KL 

10 

Figure 1. Linear dimensions in isometric triangles 

L2 =- KL * L1 
	 (L2)2 = (102 * (L1)2 

Figure 2. Surfaces in isometric bodies 
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with the square of the linear ratio, while their volume is proportional to the 

third power of their linear dimensions (Figure 2). 

2 L2  = KL2*L 2 1  

Surface2  = KL2*(Lengthi) 2 [1-2-2] 

L23  = KL 3 *L13  

Volume2 = KL3*(Lengthi)3 	 [1-2-3] 

From Eqns [1-2-2] and [1-2-3] Eqn [1-2-4] is obtained, which states that, the 

increase in the surface of a three-dimensional body does not increase 

linearly with its volume but rather to the 2/3 power of its volume. 

Surface = KL*V2/3 	 [1-2-4] 

These equations hold true for all isometric three-dimensional objects 

regardless of their shape, and have been extended to describe the 

relationship of volume and surfaces among animais. However, since 

biological organisms are not truly geonnetric and certain proportions change 

in a regular fashion, the term allometric [allo=different] is used to describe 

any scaling or extrapolation process that is applied to biological variables. 

The general form of allometric equations is the following: 

Y = a * X13  or 

log Y = logcc+plogX 	 [1-2-5] 
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where: 

Y 	=parameter of interest 

X 	=predictor (usually body weight) 

a 	=an empirically derived proportionality coefficient 

13 	=an empirically derived exponent 

Thus, when one plots two variables, X and Y, on logarithmic scales a 

straight line results with slope 13.  The intercept of the straight line, i.e., the 

proportionality coefficient a, relates information about the differences 

between two variables of two groups, while the slope, i.e., the exponent [3 

describes the variation with respect to the predictor. Let us, for example, 

assume that the allometric equation that describes the variation of metabolic 

rate annong birds and mammals, with respect to body weight, has a=1 and 

13=0.75. That means that both birds and mammals have the same rate of 

metabolism, which varies with respect to the % power of the body weight. If 

on the other hand, a=0.6 and 13=1, that would have meant that birds have a 

lower metabolic rate than mammals which varies with changing body weight 

in the same way in birds and mammals. 

1.2.1.1. Extrapolations based on surface body area 

The first quantitative use of allometry was made by Rubner in 1883 

who studied basal metabolic rate (measured as oxygen consumption) in 

dogs of various sizes. He found that when body weight was the predictor, the 
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metabolic rate increased as the weight of the animal decreased. However, 

when basal metabolic rate was calculated per body surface area, the ratio 

was constant regardless of body weight. The work of Moore (1909) also 

suggested that extrapolation based on body surface area was appropriate. 

The work of Rubner and Moore led to the formulation of "the surface law" 

which states that there is a direct proportionality between metabolic rate and 

body surface area in mammals. Since the surface area in almost all 

vertebrates is a function of BVVOE67 (Hemmingsen, 1950), this was established 

as a metric for interspecies extrapolations. The surface law gained 

momentum from the work of Crawford et al. (1950), Pinkel (1958) and 

Freireich et al. (1966). Their argument is essentially based on Eqns [1-2-2 - 

1-2-4]; they argued that if surface area is proportional to the square of linear 

dimension of size, and body weight (or volume) is proportional to the cube of 

the dimension, then body surface area is proportional to the two-thirds power 

of body weight. Since the two-thirds power is a reasonable approximation of 

many allometric physiologic correlations (Adolph, 1949), and in agreement 

with the data of a large number of antineoplastic drugs, which they tested in 

experimental animals and humans, the surface law seemed to be a 

reasonable way to extrapolate. VVhat is significant about the work of 

Crawford et al. (1950), Pinkel (1958) and Freireich et al. (1966) is that they 

used body surface area to extrapolate toxicity data, and not just metabolic 

determinants like the earlier researchers did. 
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1.2.1.2. Extrapolations based on body weight 

Body weight, perhaps because it can easily and accurately be 

measured, has been used more frequently for interspecies extrapolation. 

Kleiber (1932) analyzing the metabolic rates in a variety of animais ranging in 

size from rats to steers (0.15 kg-679 kg) came up with the following 

allometric equation to describe metabolic rate (MR) as a function of body 

weight (kg): 

MR = 73.3 * BW3-74 	 [1-2-6] 

Later on Brody et al. (1934) expanded the work of Kleiber and 

included a larger number of animais with a wider range of body weight. He 

concluded that the slope of the regression line, p was 0.734. ln 1934 

Benedict studied the metabolism of birds and mammals and found that [3 was 

0.76. The results of these studies were the first indication regarding 

deviations from the surface law, which at that time had been in use for almost 

a century, and used unquestionably for extrapolations. Eventually, these 

observations led to the acceptance of extrapolation based on body weight. 

1.2.1.3. Linear extrapolations based on body weight 

A third type of extrapolation, is called body weight equivalence or 

linear body weight extrapolation. It assumes that metabolic and/or 

physiological parameters are related linearly to body weight in all species. ln 

other words, it is assumed that the exponent in the allometric equation is 1. 
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Of the three methods presented, this is the least explained and least 

frequently used one (Vocci and Farber, 1988). 

1.2.2. Interspecies extrapolation of toxicological data 

1.2.2.1. The allometric approach 

The extensive use of allometric equations to extrapolate the 

physiological and biochemical parameters that determine toxicity across 

species (Boxenbaum 1982b; Mordenti, 1986b), has led toxicologists and risk 

assessors to use it for dose extrapolation across species. If toxicity Y is a 

function of dose X, and Y is allometrically related to body weight by the usual 

allometric equation, then the following equation is true: 

Y = f (X) = f (a*BIN5) 	 [1-2-7] 

Therefore, when the dose in the experimental animal is Xe1 /4  the equivalent 

dose in human, XH will be: 

XH 	a*(human body weight, BWHI3) 
Or 

)ÇA 	a*(animal body weight, BWAD) 

Equivalent human dose = XH = (BWH BWA)D * XA 	 [1-2-8] 

With the equation in hand, the risk assessor has to decide which type 

of extrapolation he will use. The type of extrapolation used depends on 

individual choice. Some people argue against body weight extrapolation 

(BW°.75) claiming that the number of data used by Kleiber was insufficient 

(Davidson et al. 1986, Travis et al. 1990, Dedrick 1992), while others argue 
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against surface extrapolation claiming that mammals are not isometric 

bodies, and thus the use of BWOE67  is inappropriate. 

1.2.2.2. The Interspecies uncertainty factor — UFAH 

The use of interspecies uncertainty factor, UFAH, was initiated by 

Lehman and Fitzhugh in 1954 who advocated the derivation of the 

Acceptable Daily Intake (ADI) from chronic animal NOAEL (mg/kg) (Lehrnan 

and Fitzhugh, 1954). Initially they proposed the use of a 100-fold uncertainty 

factor, to account for what they called "several sources of variability" and 

later clarified as uncertainty due to interspecies and intraspecies variation. 

The National Academy of Science (1977) and regulatory agencies (WHO, 

FAO, EPA, Food Safety Council) (Food Safety Safety Council, 1982; Hill and 

Wands, 1989) adopted and expanded these guidelines, but provided no 

evidence to support it. Later on, the 100-fold factor was divided into two 10-

fold factors in order to distinguish and account separately for inter- and intra-

species variation (Bigwood, 1973; Klaasen and Doull, 1980). 

Recently, EPA in the redefined RfC methodology reduced the 

magnitude of the interspecies uncertainty factor from 10 to 3.16 (USEPA, 

1989). The RfCs for inhaled compounds now incorporate dosimetric 

adjustments to account for species-specific relationships of exposure 

concentrations to deposited/delivered doses, and the rationale for the 

reduction is based on the following two premises. First, the various species 
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used in inhalation studies do not receive identical doses in comparable 

respiratory tract regions, mainly the extrathoracic, tracheobronchial and 

pulmonary areas, when exposed to the same toxicant. Second, the adverse 

toxic effect may be more directly related to the quantitative pattern of 

deposition within the respiratory tract than to the exposure concentration, 

because the regional deposition pattern determines not only the initial lung 

tissue dose, but also the specific pathways and rates by which the inhaled 

material is cleared and re-distributed (Schlesinger, 1985; Jarabek, 1994). 

Therefore, if it is assumed that the default UFAH  adjusts for both toxicokinetic 

and toxicodynamic differences among species, and if the dose has already 

been adjusted for toxicokinetic (dosimetric) differences, only half the 

correction, on a geometric scale, is necessary. The RfC methodology argues 

that the default UF-rotai is equal to: 

U FAR-Total 	= (U FA-Toxicokinetics) * ( U FA-Toxicodynamics) 

= 	(3.16) 	* 	(3.16) 

= 	10 	 [1-2-9] 

Thus, when the delivered dose is the same in both species, UFAH-TK=1 and 

the UFAH-Totai=3.16. 
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1.3. RESEARCH ISSUES 

1.3.1. Deficiencies of the default approaches used in the interspecies 

extrapolation of doses 

1.3.1.1. Allometric approach 

The use of allometry in the interspecies extrapolation of toxicological 

doses is problematic for the following reasons: 

• First, the magnitude of the extrapolation factor depends not only on the 

weight of the animal but also on the type of extrapolation used. 

Extrapolation from rat to human and mouse to human, based on linear 

body extrapolation (BVV"), result in uncertainty factors of 70/0.25=280 

and 70/0.025=2333, respectively, while extrapolation based on BVV"5, 

results in uncertainty factors of (70/0.25)"5=68.5 and (70/0.03)"5=335. If 

on the other hand, the extrapolation is based on body surface correction, 

the uncertainty factors are (70/0.25)0.67= 43 and (70/0.025)0.67=180. Thus, 

depending on the method of extrapolation used, there could be a 6.5-fold 

difference for rat to human extrapolation, and a 13-fold difference for 

mouse to human extrapolation (Table 1). 

• Second, although the concept of surface area extrapolation explains why 

the metabolic rate per kilogram of small animais is greater than that of 

larger animals, no appropriate mechanism has been described and it has 

been through several cycles of acceptance and rejection. It has been 

criticized as being simply empirical and therefore should not be treated as 
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TABLE 1: INTERSPECIES UNCERTAINTY FACTORS DETERMINED BY 
ALLOMETRY 

BVV:167  BVV6.76  BW1.6  

Bwo.75 

BW6.67  

Bwto 

Be.67  

Bwto 

BW6.76  

Rat to 
Human 43.6 68.5 280 1.57 6.42 4.09 

Mouse to 
human 180 335 2333 1.86 13 8.36 
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though it is a scientific principle (Forbes, 1959). Regression analysis of 

the same data used by Freireich et al. (1966), which led to the wider 

acceptance of the surface law, has shown that the exponent was not 

constant and equal to 0.67, but that it varied from 0.60-0.87 (Mordenti, 

1986c). Others suggested that the surface area/dosage is a semantic 

faux pas and proposed a more appropriate power exponent for the body 

weight, i.e., BVV°.75  (Done, 1964). Heusner (1982) has challenged the 

body weight extrapolation. His analysis of covariance of the data of 

Kleiber, Brody and Benedict showed that the exponent is 0.67, i.e., the 

surface law applied. Feldman and McMahon (1983) re-analyzed the same 

data and concluded that the exponent is 0.75. They also concluded that 

when extrapolating between children and adults of the same species the 

exponent varied between 0.612 and 0.728, while when extrapolating 

across species the exponent varied between 0.744 and 0.760. This has 

led to the suggestion that the surface law is appropriate for intraspecies 

extrapolation, and body weight extrapolation for interspecies 

extrapolation. it should be noted here, that none of the aforennentioned 

allometric relationships are applicable for animals at different stages of 

growth. This deviation has been explained in terms of energy required by 

the developing animal to grow. In growing animais the metabolic rate 

initially rises quickly as a function of increasing mass and then drops with 

time and eventually, the metabolism of mature humans approaches the 
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general curve related to weight in mature animais of other species (Brody, 

1945). 

• Third, there is no similarity among the regulatory agencies in the type of 

extrapolation used. VVHO considered and rejected the body surface 

extrapolation (Lu, 1985). The main reason was that the metabolism of 

chemicals does not necessarily correlate with the normal metabolic rate. 

The EPA has adopted the body surface approach (BVV°.67) for 

interspecies extrapolation of equivalent exposure doses. It has however 

been pointed out that this type of extrapolation is appropriate only if i) the 

parent compound is responsible for the toxic effects, and ii) total exposure 

is the appropriate correlate of toxicity (Gargas et al. 1989; Krishnan and 

Andersen, 1991). This is because the toxic effect of direct acting 

toxicants, is dependent on the clearance of the chemical, which at low 

concentrations is influenced by blood flow to the metabolizing organs, 

which in tum is related to body surface (BVVOE67). Linear body weight 

(BV‘11.°). extrapolation is recommended for chemicals, which produce 

stable metabolites, because both metabolite production and elimination 

are likely to be related to body weight. 

Despite the 150-year debate, controversy still exists about the 

relationship for energy metabolism and the value of the exponent, and in 

general about the usefulness of allometry in Toxicology. It has been argued 

that similarity analysis is difficult to apply in living organisms because of their 
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complexity, and therefore nothing can be proven mathematically (Gunther, 

1975). Furthermore, the empirical nature of allometry and its inability to 

provide an understanding of underlying mechanisms make it even more 

difficult to accept its conclusions in an era dominated by mechanistic 

toxicology. 

1.3.1.2. Uncertainty factor approach 

Although the use of the UFAH  is widely practised, there is no conclusive 

experimental or theoretical justification for its magnitude, nor a strong 

scientific basis for using the same uncertainty factor for all situations (NRC, 

1986). Bigwood (1973) tried to justify the 100-fold UFAH  on the basis of 

differences in the body size of experimental animals versus humans, 

differences in food requirements which vary with age, sex, differences in 

water balance exchange between the body and the environment among 

species, and differences in susceptibility to the toxic effect of a given 

chemical among species. The conclusion of his studies however, cannot be 

evaluated satisfactorily because of the lirnited data. 

Dourson and Stara (1983) tried to justify the UFAH of 10 on theoretical 

grounds. Based on the experimental work of Altman and Dittmer (1962) they 

calculated an UFAH  as the cube root of the average human body weight (70 

kg) divided by the animal body weight (kg): 



UFAH  = (Human body weight/Animal body weight)1/3  

This equation was hypothesized to adjust for dose differences 

(mg/kg BW/day) due to the different body surface areas between 

experimental animais and humans, and was based on the assumption that 

different species are equally sensitive to toxic effects on a dose per unit 

surface area. This assumption is based on the principles of allometry, which 

state that dose conversions based on body-surface area are thought to more 

accurately reflect differences among species in several biological parameters 

when compared to conversions based on mg per kilogram body weight. Thus 

the UFAH  can be thought as a reduction of the animal dose needed to 

estimate the equivalent human dose. The validity of this assumption has 

been questioned based on the following reasons: 

• First, as was mentioned in section 1.3.1.1. depending on the animal used, 

the calculated UFAH is not constant and varies depending on the weight of 

the animal. For a 0.25 kg rat the UFAH is (70/0.25)1/3= 6.5 while for a 

0.025 kg mouse the is (70/0.025)1/3=13. That means that a rat to human 

extrapolation using an UFAH  of 10 would overestimate the RfD by a factor 

of approximately 2, while a mouse to human extrapolation using an UFAH 

of 10 will underestimate the RfD by a factor of between 1 and 2. It has 

been shown that in general with most experimental animais the UFAH  of 

10 underestimates the RfD by a factor between 1 and 10. Also it has 



24 

been shown that upward extrapolation from small animal body weight to 

large human body weight results in larger error than downward 

extrapolation, because the variance in the measurement of small body 

weight is multiplied (Dourson and DeRosa, 1991). 

• Second, the use of UFAHs has not been validated with respect to 

particular adverse health effects, and that they may not adequately 

account for important sources of variability. 

• Third, the unidirectionality of the UFAH  has been questioned since it has 

not been well established and the assumption that humans are more 

sensitive than most laboratory animais is debatable as evidenced by the 

many of experimental studies that show the opposite (Davidson et al. 

1986). 

• Fourth, the UFAH  will vary depending on whether it is the parent 

compound or a metabolite(s) that are responsible for the observed toxicity 

and whether the detoxification mechanisms are the same across all 

species. Since the metabolic rate of most experimental animais is higher 

than that of humans, if the detoxification mechanisms follow similar 

patterns in animais and humans, it would be expected that the 

susceptibility to the parent compound would be reduced in the animal 

species as compared to man due to the greater rate of detoxification. lf, 



25 

however, the toxic moiety is the metabolite, this same higher metabolic 

rate would generally make the experimental animal more vulnerable than 

the human, again if the detoxification mechanism is similar (Dourson and 

DeRosa, 1991). 

The RfC approach has improved the risk assessment process, in that 

what was previously implied is now explicitly stated; the default UFAH-TOT 

adjusts for differences in two processes: 

• changes in toxicokinetics from one species to another, i.e., how the target 

tissue dose associated with exposure varies from one species to another, 

and, 

• changes in sensitivity to tissue dose, i.e., how the tissue response to 

tissue dose varies among species. 

The differentiation of the default UFAH-TOT into toxicokinetic and 

toxicodynamic components was never made clear in the early applications, 

and became increasingly apparent as the risk assessment of chemicals 

moved away from the correlation of exposure dose and response and began 

to incorporate knowledge on mechanism of toxicity and differentiate between 

tissue and exposure dose. Although, operationally the RfC is similar to the 

RfD in that NOAEL is divided by uncertainty factors, it differs from the latter in 

that the animal NOAEL is adjusted to derive a human equivalent NOAEL 
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(NOAELHEc). More importantly, the RfC nnethodology recognizes the 

potential errors in equating exposure with tissue dose, and proceeds to 

improve this discrepancy by explicitly accounting for the interaction of 

physicochemical characteristics of the chemical and the quantitative patterns 

of deposition within the upper respiratory tract. 

ln spite of the fact that the RfC methodology represents an improvement 

in that it provides a justification - at least in part - based on mechanistic 

considerations for the use of UFAH, there are several basic questions that 

have to be clarified. Why is UFAH-TOTAL equal to ten? Why are both UFAH-TK 

and UFAH-TD equal to 3.16? Is the UFAH the same for all chemicals regardless 

of the toxic endpoint? Is it possible that the UFAH-TOTAL varies depending on 

each chemical and species? 

There is a need to develop tools/approaches to determine the magnitude 

and mechanistic basis of the uncertainty factors in general, and of the 

interspecies uncertainty factors in particular. ln the past, there was no 

quantitative tool that would permit either the estimation of the overall UFAH  or 

its components, and risk assessors were forced to use the default values. A 

relatively new tool has, however become available which may provide the 

answers to the questions raised above. This tool is called physiologically-

based modeling and is described in the next section. 
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1.4. INTRODUCTION TO MODELING 

Modeling is the art of creating mathematical descriptions of 

phenomena that appear in reality (Kheir, 1988). It is a means of capturing 

some aspects of a given reality, within the framework of a mathematical 

apparatus, and provides us with an instrument for exploring the properties of 

that reality (natural or man made). A model is a system of postulates, data 

and inferences presented in a mathematical description and is a 

representation of an entity or a state of affairs. Models are not reality, and no 

matter how complex, they are a representation of reality and should never be 

confused with it (Bekey, 1977). 

Because reality cannot be studied in its entirety at the same time, the 

modeler must at the outset decide which part of reality he will study, i.e. he 

has to select a system. A system is a subjective entity that encompasses 

those items important to the objectives of the modeling exercise, and as such 

reflects the modeler's understanding of reality, its components and their 

interrelationships. Thus, modeling is grasping a central issue from reality and 

translating it into an abstract language such as a mathematical model, and it 

enables us to understand and/or describe reality, at least partially. 

Understanding of reality is achieved by: synthesis: use of knowledge 

of inputs and outputs to infer system characteristics, analysis: use of 
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knowledge of the parts and their stimuli to account for the observed 

responses, instrumentation: design a system such that a specified output is 

the result of an input. Models as representations of reality can be used in 

each of these areas and when they are, they allow us to: (i) understand an 

existing physical system or a scientific theory, (ii) predict the future state of a 

physical system that is currently unknown, and (iii) control a system to 

produce a desirable condition (Haefner, 1996). 

Systems that are modeled mathematically can be classified in several 

ways, some of which are based on the particular mathematical structure that 

is used, i.e., classification is based on the mathematical form of the 

equations. A continuous system is one for which the system variables 

change continuously with respect to time, whereas in a discrete system 

variables change only at distinct (specific) instants of time. A stochastic 

system is one in which the relationships between system variables are 

random and are described in a probabilistic fashion, whereas in a 

deterministic system they are described by known and unique mathematical 

equations. Static models describe a linear (or non-linear) relation between 

output and input of a function with the aid of algebraic equations, and are 

applicable for steady-state conditions. Dvnamic models describe the 

behavior of the system in time with the aid of differential equations, and are 

based on the laws of conservation of energy, mass and momentum. Models 

that describe biological systems are classified as: compartmental: they 
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describe the flow of physical materials (e.g., water, blood, etc.,) between 

physical and biological compartments, transport: those that model transport 

material from point to point in physical space, and particle: they model the 

fate of individual particles moving in space. The classification of systems is 

not mutually exclusive, and a given model can contain elements of several of 

thenn. For example, a continuous atmospheric transport model may contain a 

compartmental model describing the effects of a volatile pollutant in humans. 

Mathematical models can also be described or classified as empirical  

or mechanistic (Hopkins and Leipold, 1996). Empirical models comprise an 

arbitrary mathematical function and suitable parameter values that 

adequately describe the process being modeled. The model parameter 

values are generally obtained by an optimization procedure that adjusts the 

parameter values until the best fit of the model predictions to the 

experimental data is found. If no acceptable fit is possible, the arbitrary 

mathematical function underlying the model is modified or replaced and the 

optimization procedure is repeated. The end result is a mathematical function 

and a set of parameter values that adequately describe the process, but 

there is an implicit understanding that neither the nature of the function nor 

the parameter values have any fundamental physical significance. 

Mechanistic models, on the other hand, attempt to describe a system in 

terms of identifiable physical processes and parameters. With these models, 
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the parameters have fundamental physical significance, e.g., rate constants, 

equilibrium constants, initial concentrations, etc. 

The process of mathematical modeling involves three steps: (i) 

identification and characterization of a system's individual elements 

(subsystems), (ii) identification and characterization of the interaction among 

the subsystems, and (iii) application of scientific laws (physical, biological, 

etc.) (Cannon, 1967; Shearer et al. 1967; Luenberger, 1979). This type of 

modeling involves deduction. Experimental modeling, on the other hand, is 

the selection of mathematical relationships (through induction) of an already 

existing system by fitting its observed input-output data. 

VVhen building models, the most important decision a modeler has to 

make concerns the choice of mode!. Since the same "reality" can be 

represented by several models each describing sonne aspects of it, of the 

very many models that can be applied to a specific part of reality only a few 

can be useful in illuminating the processes being under study. The success 

of modeling depends on the selection of only those characteristics, among 

the many that describe the system, that are necessary and sufficient to 

describe the process accurately enough to suit the objectives of the model 

and the modeler. It also depends on the constraints imposed in the model 

which in turn depend on the goal of the model. The model constraints 

include: realism: the degree to which the model structure mimics reality (in a 
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biological model one could describe all arteries and veins), precision: the 

accuracy of mode! predictions (in precise rat model, the percent inhibition of 

acetylcholinesterase is exactly the same as in the "real" rat), and generality: 

the number of systems and applications to which the model correctly applies 

(a physiological model that includes the gizzard as one of its compartment 

will only be applicable to birds and none of the mammals). ln building models 

one cannot maximize all three properties. Each of these properties is traded 

off against each other, depending on the purpose of the model. ln general, 

prediction requires more precision or reality and less generality, 

understanding needs more generality and less precision, while control needs 

a lot of precision and less generality (Levins, 1966) 

The application of mathematical models in Toxicology serves four broad 

roles: 

• First, a model proposed before experiments are actually done serves as 

an extended hypothesis that can aid in the experimental design. 

• Second, a mathematical model can be used to correlate data. 

• Third, by implying the quantitative relationship suggested by a 

mathematical model outcomes can be predicted at conditions where 

measurements were not made. 

• Fourth, a mathematical model can be used for simulating observed 

toxicological phenomena in order to determine underlying mechanisms. 
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1.4.1. Physiological models 

Physiologically-based modeling refers to the development of 

mathematical description of the processes that determine the toxicokinetic 

and toxicodynamic behavior of a chemical, as well as the quantitative 

interrelationships among the critical biological determinants of these 

processes (Leung, 1993; Krishnan and Andersen, 1994). These 

determinants include physicochemical (e.g., tissue:blood partition 

coefficients), biochemical (e.g., rate constants for metabolisnn and binding), 

physiological (e.g., tissue volumes, blood flow rates, breathing rates) and 

molecular (e.g., genetic regulation of enzyme activity) parameters. 

1.4.2. Development of physiological models 

The development of physiologically-based toxicokinetic (PBTK) 

models is performed in four steps: (i) model representation, (ii) model 

parameterization, (iii) model simulation and (iv) model validation (Figure 3). 

1.4.2.1. Model representation is subdivided into three steps: (a) conceptual, 

(b) functional and (c) computational description of the model. 

1.4.2.1.1. Conceptual representation involves the selection of the appropriate 

anatomical and physiological features of the animal, and the uptake and 

disposition pathways of the chemical. The organism i.e., the system is 

represented by a series of tissue compartments that are physiologically and 
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MODEL REPRESENTATION 

Conceptual 	Functional 	Computational 

MODEL PARAMETRIZATION 

Physiological 	Biochemical 	Physicochemical 
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experimental data 	refinement 	analysis 

Figure 3: Development of Physiologically-based Toxicokinetic Models 
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anatomically correct and represent the actual body tissues. The number of 

tissue compartments depends on the chemical that is modeled, its toxic 

effects and the objective of the study. Each tissue can be represented as an 

individual compartment, or a number of tissues sharing the same 

characteristics (e.g., same rate of blood flow, same partition coefficient, same 

enzyme activity, etc.) can be lumped together. Additional factors that are 

taken into consideration when determining the number of compartments 

include: the site of administration (skin, lungs), the excretion site (urine, 

lungs), the target organ (brain, blood) and the ability of the chemical to 

bioaccumulate in specific tissue (fat, bone). Traditionally, only 91% of the 

actual body volume is modeled with the balance (9%, representing skeletal 

and structural components) being omitted because they do not play a 

significant role in the toxicokinetics of organic chemicals. Once the tissue 

compartments of the animal and pathways of disposition of the chemical are 

identified, the interrelationships among the critical biological determinants are 

characterized with a series of differential equations. 

1.4.2.1.2. Functional representation involves the mathematical description of 

the processes that take place in the tissue compartments, the relationships 

among the mechanistic parameters that determine these processes as well 

as the relationships among the tissue compartments. 
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(i). Uptake of chemicals. Figure 4 represents a tissue compartment. The 

chemical enters the tissue via the arterial blood with concentration equal to 

CA and flow QT, and exits the tissue via the venous blood with concentration 

equal to CVT (concentration in venous blood exiting tissue T). The transport 

of chennicals through the membranes that separate blood from tissues or in 

the case of volatile compounds from the air across the alveolar spaces in the 

lungs most commonly occurs by simple diffusion. The uptake of chemical is 

driven by the difference in concentration on either side of the membrane in 

accordance to Fick's first law: 

VT*(dCT/dt) = -ic*dC 	 [1-4-1] 

where: 

CT 	=the concentration of the chemical in the tissue 

K 	=the transfer constant 

VT 	=the volume of the tissue compartment 

dCT 	=the concentration gradient in the tissue 

If the transfer is perfusion limited (i.e., blood flow limited), the transfer 

constant is the rate of blood flow to the compartment, and the following 

equation describes the rate of change in the amount of chemical in the 

tissue: 
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Figure 4. Functional representation of perfusion-limited uptake of chemicals. 

QT=Blood flow to the tissue, CT=Concentration of chemical in tissue, 

CA=Concentration of chemical in arterial blood, CVT=Concentration of 

chemical in the venous blood exiting the tissue, and PT= Tissue:blood 

partition coefficient. 
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Rate of change in the 

amount of chemical in 

the tissue 	 =input - output 

VT*(dCT/dt) 	=QT*(CA - CVT) 

VT*(dCT/dt) 	=QT*(CA - CT/PT) 

[1-4-2] 

[1-4-3] 

where: 

QT 	=the blood flow to the tissue 

CA 	=the concentration of chemical in arterial blood 

CVT 	=the concentration of chemical in the venous blood exiting the 

tissue, and 

PT 	= the tissue:blood partition coefficient. 

(ii). Distribution of chemicals. The tissue compartments in a model are 

connected via the systemic circulation. The arterial circulation distributes the 

chemical to the tissues, and the venous blood exiting each tissue 

compartment is combined to yield the rnixed venous blood concentration, 

which reaches the lung via the heart and the cycle restarts. 

(iii). Metabolism of chemicals. For metabolizing tissues (e.g., liver) the 

equation that describes the amount in the tissue has to be modified to 

account for the amount of chemical being lost through metabolism. 

Metabolism is usually modeled as a saturable or as a non-saturable (first 
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order) process. The mass balance differential equation (MBDE) for a 

metabolizing tissue is as follows: 

Rate of change in 
the amount of che- 

mical ln the tissue =input - output - rate of loss due to metabolism 

VT*(dC/dt) =QT*(CA-CT/PT) - (VMAX*CT/PT)/(KM+CT/PT) [1-4-4] 

or 

VT*(dC/dt) =QT*(CA-CT/PT) - KF*CVT*VT 	 [1-4-5] 

where: 

VMAX =the maximum velocity of metabolism 

KM 	=the Michaelis constant, and 

KF 	=the first order rate constant 

(iv). Excretion of chemicals. The most common route of excretion, particularly 

for those that are volatile, is expired air and urine, and the following 

equations are used to describe them. 

Unnary excretion: 

Rate of amount of 

chemical excreted 

in urine 	 =urinary excretion constant* concentration of chemical 

in arterial blood *volume of blood 
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dAEU/dt 	= KUE*CA*VB 	 [1-4-6] 

where: 

KUE =the urinary excretion constant, and 

VB 	=the volume of arterial blood 

Pulmona ty excretion: 

The concentration of chemical in exhaled air (CX) is given by the following 

equation. 

CX 	= (0.7*CA/PB) + (0.3*CINH) 	 [1-4-7] 

where: 

PB 	=Blood:air partition coefficient, and 

CINH =Concentration of chemical in inhaled air 

1.4.2.1.3. Computational representation  

Once the structure of the model has been outlined and each tissue 

compartment has been described mathematically, the differential equations 

that describe the model must be written in a programming language to be 

used for simulation. Examples of simulation languages commonly 

encounetered in PBPK modeling include ACSL®, SCOPE®  and MATLAB®. 
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1.4.2.2. Model parameterization. 

It deals with the estimation of the numerical values of the parameters 

of the system being nnodeled. ln general, the more a priori information about 

the system is available, the "better" the model will be. Models that assume 

less a priori knowledge are not only less accurate but also more complex in 

terms of their functional representation and require more computational time 

than those with more prior knowledge (Kheir 1988). Three type of parameters 

are employed in physiological-based models, physiological, physicochemical 

and biochemical. 

1.4.2.2.1. Phvsiological parameters such as breathing rates, blood flow rates 

and tissue volumes are generally measured directly in the animal species of 

interest or obtained from the literature. If the values of any of the parameters 

are not directly known, allometric extrapolation is employed for their 

estimation. Briefly, the parameters and the allometric equations that are used 

in estimating them are presented below (Leung, 1993; Krishnan and 

Andersen, 1994). 

0 Organ volumes. 

It is generally accepted that organ volumes can be scaled across species 

using the following allometric equation: 

= Vi * (BVV)" 	 [1-4-8] 
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where: 

Vi = is the species-independent allometric constant. 

This has been based on the work of Stahl (1967), Schmidt-Nielsen (1984), 

and the recommendations of National Research Council (1986). 

ii) Cardiac output 

The work of Guyton (1971) showed that cardiac output is a function of basal 

metabolism. Based on body weight extrapolation the following allometric 

equation is derived and used to estimate the cardiac output, and its 

distribution to the different tissues: 

QC Qci (Bw)°.74 	 [1-4-9] 

where: 

QC i = is the species-independent allometric constant. 

iii) Alveolar ventilation 

According to Guyton (1947), Adolph (1949) and Stahl (1967), the fraction of 

ventilation volume available for gas exchange is a function of body weight 

and the following allometric equation is used: 

Qalvi = 
Qam  * (Bv\)0.74 	 [1-4-10] 

where: 

Qam = is the species-independent allometric constant. 
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iv) Renal clearance 

Adolph (1949) showed that the rate of elimination of insulin by the kidneys is 

a function of BVV174. This finding was corroborated by the studies of Brody 

(1945), Edwards (1975), Lindstedt and Calder (1981), Boxenbaum (1982a), 

Schmidt-Nielsen (1984) and Mordenti (1986a), and the following allometric 

equation is used: 

Ki  = Ki (BRo.74 	 [1-4-11] 

where: 

Ki = is the species-independent allometric constant. 

1.4.2.2.2. Physicochemical parameters refer to partition coefficients, 

which describe the solubility of the chemical in tissues. The partition 

coefficient of a chemical betvveen two media is defined as the ratio of the 

equilibrium chemical concentration in the first medium to the chemical 

concentration in the second medium. The most corrimon measurements for 

volatile organics are blood/air and tissue/air partition coefficients with 

tissue/blood derived as the ratio of (tissue/air)/(blood/air). It is generally 

believed that tissue/air partition coefficients are constant across species, 

while blood/air partition coefficients are species-dependent (Gargas et al. 

1989). 
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1.4.2.2.3. Biochemical parameters such as rates of absorption, 

biotransfornnation, binding and excretion are determined by conducting time-

course in vivo or in vitro experiments. ln the absence of experimental data, 

allometric extrapolation may be used. When metabolism is described as a 

saturable process the following equation is used to describe the rate of the 

amount metabolized (dArnet/dt): 

dA,,et 	VMAX * CVT 
[1-4-12] 

dt 	KM + CVT 

With respect to VMAX body weight extrapolation is the method most 

commonly used (Leung, 1993; Krishnan and Andersen, 1994). 

VMAX; = VMAX i * (BVV)°.74 	 [1-4-13] 

where: 

VMAX i = the species-independent allometric constant. 

The Michaelis-Menten constant, KM, is assumed to be species-invariant and 

thus the same value is used when modeling the kinetics of the sanne toxicant 

in different species. 
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1.4.2.3. Model simulation 

Simulation is the process of experimenting with a computerized 

system model such that the specific purpose of the study is achieved through 

observing the model's behavior under the assumptions defined by the 

experirnenter. The computerized model is an operational computer program 

that implements a system's model and is used for: 

• obtaining model responses in order to analyze and understand their 

dynamic behavior, 

• comparison of alternatives model designs on the basis of some 

performance measures, 

• retrospective and prospective analysis, and 

• sensitivity analysis and parameter optimization studies. 

Simulation is used when experiments with real systems is: 

• impossible, 

• expensive, 

• too fast or too slow, and 

• for extrapolation of measured data. 

1.4.2.4. Model validation. 

Model validation is defined as the substantiation that a computer 

model represents the system's model within specified limits of accuracy. It 
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requires comparison of its behavior, i.e., the simulation results, with that of 

the real system (observed data). 

1.4.3. Theory of physiological toxicokinetic modeling 

ln the model shown in Figure 5, the following mass balance equations 

are applicable: 

VF*(dCF/dt) = QF*(CA-CVF) [1-4-14] 

VS*(dCS/dt) = QS*(CA-CVS) [1-4-15] 

VR*(dCR/dt) = QR*(CA-CVR) [1-4-16] 

VL*(dCL/dt) = QL*(CA-CVL) - dAmet/dt [1-4-17] 

CA = (QP*CINH+QC*CV) / (QC+(QP/PB)) [1-4-18] 

CV = (QF*CVF + QL*CVL + QS*CVS + QR*CRV)/QC [1-4-19] 

where: 

Vi 	=Volume of the ith tissue compartment 

CINH =Concentration of the chemical in inhaled air 

CV 	=Concentration of the chemical in venous blood 

CA 	=Concentration of the chemical in arterial blood 

CVi 	=Concentration of the chemical in the venous blood 

exiting the ith compartment 
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Ci 	=Concentration of the chemical in ith tissue 

compartment 

	

QC 	=Cardiac output 

Qi 	=Blood flow in the ith compartment 

	

QP 	=Pulmonary ventilation 

Amet =Amount metabolized, and 

	

PB 	=Blood:air partition coefficient 

The symbols F, S, R and L designate the fat, slowly perfused, richly 

perfused, and liver compartnnents respectively. It is assumed that the delivery 

of the chemical in the different tissue compartments is perfusion limited, and 

that there is no macromolecular binding of the chemical in blood or any of the 

tissues. ln the above equations the terms that describe the volumes and 

flows of each compartment are considered known but the ternns CF, CL, CS, 

CR, CV, CA, CVF, CVL, CVS and CVR are not. Thus, there are 6 equations 

and 10 unknown variables. ln order to solve these equations the venous exit 

condition, which states that the blood flowing out of a tissue compartment 

has a chemical concentration proportional to the concentration of the 

chemical in the tissue compartment, is used (Perl, 1972). 

	

CVi 	= y * Ci 	 Or 

	

CVi 	= 1/PCi * Ci 	Or 

	

CVi 	= Ci/PCi 
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where: 

PCi 	=the ith tissue / blood partition coefficient 

The coefficient y may be thought as inversely proportional to partition 

coefficient. By using the venous exit condition (i.e., tissue:blood partition 

coefficients) and provided that the tissue:partition coefficients and metabolic 

constants are known, the number of variables is reduced to six, and the 

equations can be solved using numerical methods, thus providing estimates 

of tissue concentrations. 

1.4.4. Application of Physiological Models in Risk Assessment and the 

Estimation of lnterspecies Uncertainty Factors 

Every adverse effect has a dose-response curve, the shape of which 

is deten-nined by: 

• the relationship between exposure and dose in the target tissue 

• the relationship between the parent compound in the target tissue and its 

biologically active form, and 

• the sequence of events triggered by the biologically active form, which 

produces the effect. 

The goal of quantitative risk assessment is to accurately predict the 

shape of the dose-response curve in hunnans from animal studies, thereby 

allowing direct translation from exposure to risk of adverse effect. ln this 
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section the application of allometry and physiological modeling in 

extrapolating animal data to humans will be discussed. The original National 

Academy of Science report used the expression "dose-response assessment 

to refer to the process of estimating the expected incidence of response for 

various exposure levels in animals and people (NRC 1983). Because tissue 

dose is not always proportional to exposure concentration and the need to 

clearly distinguish between the two concepts, the use of the more 

comprehensive expression "exposure-dose-response assessment has been 

promoted (Andersen et al. 1992). This expression refers to the determination 

of the quantitative relationship between exposure levels and target tissue 

dose, and further the relationship between tissue dose and observed 

response in animals and humans. 

Physiological models may be used in non-cancer risk assessment to: 

• convert exposure concentration or doses to internal dose for NOAEL 

determination in the critical study. 

• allow integration and extrapolation using diverse data, and 

• enable interspecies toxicokinetic and toxicodynamic comparisons 

The most important property of physiological models in risk assessment is 

their ability to incorporate toxicokinetic information of both experimental 

animals and humans. The same model can be used to describe the 

toxicokinetic behavior of a chemical in different species. All that is required is 
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a change in the species-specific values of the mechanistic determinants of 

toxicity, i.e., the physicochemical, biochemical and physiological parameters. 

Once the model has been constructed and validated in a species, the overall 

behavior of the same chemical in different species can be validated and 

compared. ln doing so, the PBTK model may allow the quantitative 

evaluation of interspecies uncertainty and may ultimately enhance the 

accuracy of health risk assessment process. This can be stated in the form of 

a hypothesis: 

"PBTK models can be used to quantitate the interspecies toxicokinetic 

uncertainty factors" 

Despite its important implications in risk assessment, surprisingly, there have 

been few attempts to test this hypothesis (Clewell and Jarnot, 1994). If valid, 

this approach can serve as a logical tool to determine the chemical-specific 

interspecies toxicokinetic uncertainty factors. 
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1.5. OBJECTIVES 

1.5.1. General objective 

To elucidate the magnitude and nnechanistic basis of the animal-

human toxicokinetic uncertainty factor (UFAH-TO for organic chemicals, using 

a physiological modeling approach. 

1.5.2. Specific objectives 

(i) To determine the magnitude of UFAH-TK for the carbamate 

pesticide aldicarb following the development and validation of rat and 

human physiological models. 

(ii) To determine the magnitude of the UFAH-TK for eleven volatile 

organic chemicals, using previously published rat and human 

physiological models. 

(iii) To identify the mechanistic determinants and the magnitude of 

UFAH-TK determined per preceding objectives, by developing 

physiologically-based algebraic expressions of the toxicokinetics of 

organic chemicals at steady-state in rats and humans. 
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1.6. APPROACH 

The magnitude of the UFAH-TK  was initially determined by developing 

rat and human PBTK models for the carbamate pesticide aldicarb, and then 

the methodology was extended to determine the magnitude of UFAH-TK of 

eleven other chemicals. Subsequently, the PBTK models for steady-state 

conditions were simplified to develop algebraic expressions which were then 

used to identify the critical determinants of UFAH-TK. ln the following sub-

sections, the methodological approaches used to accomplish the above 

objectives are briefly outlined. 

1.6.1. Determination of the toxicokinetic interspecies uncertainty factor 

for the carbamate pesticide aldicarb with physiological models 

The first objective of the thesis is to evaluate the applicability of 

physiological models in the determination of interspecies uncertainty factors, 

using the carbamate pesticide aldicarb (ALD) as a model chemical. Initially, a 

physiological model that describes ALD toxicokinetics in rats and humans will 

be developed. The physiological parameters for the rat and human PBTK 

models (blood flow rates, cardiac output, and tissue volumes) will be obtained 

from the literature. For the determination of the tissue:blood partition 

coefficients of ALD a novel approach will be developed that will facilitate their 

calculation. This will involve the characterization of each tissue compartment 

as a mixture of neutral lipids, phospholipids, and water, as well as the 
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determination of oil and water solubility of ALD, since these physicochemical 

properties approximate the solubility of ALD in tissue lipids and water. This 

tissue composition-based model framework will provide the means for the 

"automatic" calculation of the tissue:blood partition coefficients of ALD 

(during each simulation run). The biochemical parameters (maximum rate of 

aldicarb oxidation and the Michaelis constant) will be deternnined in both species 

by quantitating the levels of metabolites produced during in vitro nnicrosomal 

incubations. 

The adequacy of the rat tissue composition PBTK model for ALD will 

be assessed by comparing the model simulations of the blood time-course 

concentrations of the metabolite (aldicarb sulfoxide, ALX) with those obtained 

from in vivo intravenous administration of ALD. Due to the unavailability of 

human tissue concentration data, and since ethical considerations prohibit 

experimentation in humans, the validation of the human model will be based on 

available data that describe profile of ALD-induced cholinesterase inhibition in 

humans. This will necessitate the expansion of the PBTK model to include the 

description of ALD-induced acetylcholinesterase inhibition. The model will be 

validated first in the rat by comparing the simulations of acetylcholinesterase 

inhibition patterns in blood with experimental data obtained from the iv 

administrations and then in humans. Once both the rat and human nnodels have 

been validated, they will be run under the same exposure scenario and the 

respective areas under the blood and brain concentrations vs time curves 
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(AUC) will be estimated. The interspecies toxicokinetic uncertainty factor, i.e., 

the ratthuman ratio of the AUCs will be calculated and compared with the 

default value. 

1.6.2. Determination of the interspecies toxicokinetic uncertainty factor 

for organic chemicals with physiological models 

Upon the demonstration of the applicability of the PBTK-based 

methodology in the evaluation of the UFAH-TK of aldicarb, the same approach 

will be applied in the estimation of UFAH-TK for other chemicals. Validated 

animal and human PBTK models will be run under the same exposure 

scenario to estimate the total dose received, blood and tissue concentrations 

of the parent compound, and concentrations of the metabolite in animais and 

humans. Then the ratio of the respective concentrations will reflect the 

magnitude of the toxicokinetic component of the interspecies uncertainty 

factor. At the same time the accuracy of the default interspecies toxicokinetic 

uncertainty factor will be assessed by comparing the respective ratios, and 

the degree of deviation from 3.16. 

1.6.3. Mechanistic determinants of the toxicokinetic interspecies 

uncertainty factors 

VVith the applicability of physiological models in the estimation of 

UFAH-TK well established, the unanswered question pertains to the nature of 

the factors that determine the toxicokinetic variability across species. Since 
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the interspecies toxicokinetic uncertainty factors used in risk assessments 

typically are for a chronic exposure scenario leading to steady-state 

condition, the steady-state concentrations of chemicals will be predicted by 

simplifying the PBTK model equations. Analytical expressions for predicting 

steady-state conditions in rats and humans will be developed by simplifying 

the PBTK nnodel equations such that the predictions provided by both 

approaches will be identical. 

These equations will permit the characterization of the magnitude and 

mechanistic deterrninants of the components of the interspecies toxicokinetic 

uncertainty factors. The values of the mechanistic parameters in rats and 

humans will be used to estimate the rat/human ratio of blood and tissue 

concentrations for the same exposure scenario, and the degree of deviation 

of these ratios from the currently used factor of 3.16 will be examined to 

identify situations where the current default approach should be adequate. 



CHAPTER 2 
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ABSTRACT 

The objective of this study was to develop an approach for 

incorporating tissue composition data into physiologically based 

pharmacokinetic (PBPK) models in order to facilitate "built-in" calculation of 

tissue:air partition coefficients (PCs) of volatile organic chemicals. The 

approach involved characterizing tissue compartments within PBPK models 

as a mixture of neutral lipids, phospholipids, and water (instead of using the 

conventional description of them as "empty " boxes). This approach enabled 

automated calculation of the tissue solubility of chemicals from n-octanol and 

water solubility data, since these data approximate those of solubility in 

tissue lipids and water. Tissue solubility was divided by the saturable vapor 

concentration at 37°C to estimate the tissue:air PCs within PBPK models, 

according to the method of Poulin and Krishnan (1995c). The highest and 

lowest lipid and water levels for human muscle, liver, and adipose tissues 

were obtained from the literature and incorporated within the tissue 

composition-based PBPK model to calculate the tissue:air PCs of 

dichloromethane (DCM) and simulate the pharmacokinetics of DCM in 

humans. The PC values predicted for human tissues were comparable to 

those estimated using rat tissues in cases where the relative levels of lipids 

and water were comparable in both species. These results suggest that the 

default assumption of using rat tissue:air PCs in human PBPK models may 

be acceptable for certain tissues (liver, adipose tissues), but questionable for 
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others (e.g., muscle). The PBPK modeling exercise indicated that the 

interindividual differences in tissue dose arising from variations of tissue:air 

PCs may not be reflected sufficiently by venous blood concentrations. 

Overall, the present approach of incorporating tissue composition data into 

PBPK models would not only enhance the biological basis of these models 

but also provide a means of evaluating the impact of interindividual and 

interspecies differences in tissue composition on the tissue dose surrogates 

used in PBPK-based risk assessments. 
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INTRODUCTION 

Physiologically based pharmacokinetic (PBPK) models incorporate 

data on physiological parameters, biochemical rate constants, and partition 

coefficients (PCs) to provide simulations of tissue dose of chemicals in 

exposed animais. Very few studies have attempted to incorporate data on 

specific tissue components within PBPK models. Among those that have are 

D'Souza et al. (1988), Frederick et al. (1992), and Krishnan et al. (1992), 

which included tissue concentrations of glutathione (GSH), nonprotein 

sulfhydryls, and DNA, respectively, in PBPK models. The inclusion of this 

kind of tissue connponent data was useful for describing the reactivity of 

specific chemicals within PBPK models. The reactivity of chemicals in these 

cases (i.e., GSH conjugation, DNA binding) was described as a second order 

process, which required the specification of the tissue concentration of the 

co-reactant (i.e., GSH, DNA). The reactivity of volatile organic chemicals 

(VOCs) is only secondary to the normal tissue uptake process. 

The tissue uptake of VOCs in PBPK models is often described as a 

perfusion-limited process requiring estimates of tissue blood flow rates and 

tissue:blood PCs. The tissue:blood PCs of VOCs are obtained by dividing 

tissue:air PC values by the blood:air PC provided as input to the model. It 

has recently been shown that tissue:air PCs of VOCs can be predicted with 

information on (1) the neutral lipid, phospholipid, and water contents of 

tissues, and (2) the solubility of chemicals in n-octanol (or vegetable oil), 
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water (or saline), and air (Poulin and Krishnan, 1995a,c). Therefore, 

tissue:air PCs may be calculated within PBPK models if they contain data on 

the lipid and water contents of tissues and data on chemical solubility. 

The objective of the present study was to develop an approach for 

incorporating tissue composition data into PBPK models to facilitate a "built-

in" calculation of tissue:air PCs of VOCs, using dichloromethane (DCM) as 

an example. 
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METHODS 

To develop and illustrate an approach for incorporating tissue 

composition data into PBPK models, we chose to work with a previously 

published human PBPK model for DCM. This PBPK model was developed 

and validated by Andersen et al. (1987, 1991). It consists of four tissue 

compartments (liver, adipose tissue, slowly perfused tissues, and richly 

perfused tissues) interconnected by systemic circulation and a gas-exchange 

lung, and it describes tissue uptake of DCM as a perfusion-limited process. 

These authors provided the human blood:air and rat tissue:air PCs of DCM 

as input parameters. The human tissue:blood PCs required were calculated 

by dividing rat tissue:air PCs with the human blood:air PC of DCM. VVhereas 

Andersen et al. (1987, 1991) estimated human blood:air PC of DCM 

experimentally, they assurrsed the tissue:air PCs of DCM to be species-

invariant, and thus used the tissue:air PCs of DCM determined with rat 

tissues in the human model. 

lnstead of being provided as inputs, tissue:air and blood:air PCs could 

be calculated using the tissue composition- and blood composition-based 

algorithms (Poulin and Krishnan, 1995c,d) if the PBPK model included data 

on (1) levels of lipids and water in tissues and blood, and (2) n-octanol, 

water, and air solubility of DCM. ln the present work, we only considered 

incorporation of tissue composition data into the PBPK model along with 
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information on DCM solubility in air, water, and n-octanol to predict the 

tissue:air PCs of DCM. To facilitate this process, the volume fraction of 

neutral lipids, phospholipids, and water in each tissue can be included in the 

PBPK model. Alternatively, the volume of tissues specified in the 

conventional PBPK models can be replaced by the actual volumes of neutral 

lipids, phospholipids, water, and other components (e.g., GSH, DNA, 

proteins) in each tissue. Of these, the data on lipid and water contents can 

be used in the tissue composition-based algorithm along with DCM solubility 

data to calculate tissue:air PCs (Poulin and Krishnan, 1995a,c). 

Tissue Composition-Based PBPK Mode! 

The incorporation of tissue composition data into PBPK models written in 

ACSL®  (Advanced Continuous Simulation Language, Mitchell and Gauthier 

Inc., Concord, MA) was accomplished as follows: 

1. The tissue:air PCs of DCM listed as input parameters in the INITIAL 

section of the conventional DCM PBPK model (.CSL) file written in 

ACSL®  (Andersen et al. 1987, 1991; Krishnan and Andersen, 1994) were 

deleted. 

2. The fractional volumes of neutral lipids, phospholipids, and water in 

each tissue were included as input parameters in the INITIAL section of 

the .CSL file. 
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3. Additionally, data on the solubility of DCM in water, n-octanol, and air 

(i.e., saturable vapor concentration) were included as input parameters in 

the INITIAL section of the .CSL file. 

4. ln the subsection of the INITIAL section entitled "calculated 

parameters," equations were included for (1) estimating DCM solubility in 

each tissue, (2) generating the tissue:air PC numbers by dividing DCM 

solubility in tissues by its saturable vapor concentration (Poulin and 

Krishnan, 1995c), and (3) calculating tissue:blood PCs by dividing the 

predicted hunian tissue:air PCs by the experimentally determined human 

blood:air PC (Andersen et al. 1991). 

The tissue composition-based PBPK model written in ACSL®, as outlined 

above, is shown in the Appendix. When the PBPK model was run, the 

solubility of DCM in various tissues (muscle, liver, richly perfused tissues, 

adipose tissues) and the tissue:air PCs were estimated. The tissue:air PCs, 

in turn, were used as inputs for the calculation of tissue:blood PCs. 

Accounting for Variability of Human Tissue Composition in PBPK Models 

The available approaches for evaluating the impact of the uncertainty 

and variability of PBPK model parameters use distributions of physiological 

and biochemical parameters for the population of interest, but assume that 

the PCs vary within 20-40% of the mean values (e.g., Bois et aL 1990; 
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Krewski et al. 1995). The rationale underlying this assumption appears to be 

related to the presunned degree of error associated with the experinnental 

measurement of PCs, and not necessarily to an understanding of the 

nnechanistic factors contributing to interindividual variations in PCs. Since the 

mechanistic basis of the tissue partitioning process appears to depend on the 

relative levels of various lipids and water in tissues (Poulin and Krishnan, 

1995a), we undertook a literature search to obtain data on the highest and 

lowest levels of water, total lipids, and phospholipids in human muscle, liver, 

and adipose tissues. 

For human muscle, the highest and lowest levels of total lipids and 

phospholipids were obtained from Fletcher (1972) and Simon and Rouser 

(1969), while corresponding data on water content were obtained from 

Mitchell et al. (1945) and Forbes et al. (1953). The e)dreme values of total 

lipid and water content of human adipose tissue were obtained from Thomas 

(1962) and Forbes et al. (1953), and the data on phospholipid content of 

mammalian adipose tissue were obtained from Shapiro (1977). ln doing so, 

we neglected three older reports (see Thomas, 1962) of greater (and 

probably unrealistic) water content of human adipose tissues (28-50%). For 

human liver, data on the highest and lowest levels of water, total lipids, and 

phospholipids were derived from the following sources: Long (1961), Simon 

and Rouser (1969), Rouser et al. (1969), and Fiserova-Bergerova (1983). 

The highest (and lowest) neutral lipid levels in various tissues were estimated 
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as the difference between the highest (or lowest) total lipid and the highest 

(or lowest) phospholipid levels. Of the above references, Simon and Rouser 

(1969) and Rouser et al. (1969), the sources of data on the lowest 

phospholipid content of tissues, reported the results as mg lipid phosphorus, 

without specifying the required conversion factor for calculating the actual 

concentration of phospholipids. Therefore, the data on mg lipid phosphorus 

provided by these authors were multiplied with the conversion factor (25) 

obtained from Nelson (1967). ln collecting these data, no effort or judgement 

was made to differentiate experimental errors from true variability, or to 

classify the data according to sex, age, or disease state. 

The human tissue composition data were then arranged to represent 

the extremes of lipid and water contents, i.e., high and low (Table 1). The 

"high" tissue composition data set corresponded to the highest neutral lipid 

levels in tissues, and the "low" tissue composition data set corresponded to 

the lowest neutral lipid level obtained from the literature for each human 

tissue. ln the case of adipose tissue, the low (high) lipid levels were 

combined with high (low) water levels such that the total of volume fractions 

does not exceed 1. Using these extremities of human tissue composition 

data, we calculated the tissue solubility of DCM in liver (also a representative 

for richly perfused tissues), adipose tissues, and slowly perfused tissues 

(muscle). The human tissue:air and tissue:blood PCs were then estimated as 

detailed in the preceding section. 
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Mode! Simulations 

Simulations of the venous blood (Cv) and liver (Cl) concentrations of 

DCM in humans exposed to 100 ppm of DCM for six hours were obtained 

using the "high" and "low" tissue composition-based DCM PBPK model. 

These were compared with the simulations obtained using the conventional 

DCM PBPK model as described by Andersen et al. (1991). All simulations 

were conducted using ACSL®  (version 11.2.1) for IBM-PC. 
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RES ULTS 

The tissue:air PCs of DCM predicted using extreme values of human 

tissue composition data obtained from the literature were compared with the 

PC values used by Andersen et al. (1991) (Table 2). These authors used rat 

tissue:air PCs in the human PBPK model with the assumption that the 

tissue:air PCs are species-invariant. These tissue:air PCs, with the exception 

of muscle:air, were within the range of PCs predicted using data on 

extremities of human tissue composition. The simulations of Cv in humans 

exposed to 100 ppm DCM for six hours obtained with the conventional PBPK 

model (Andersen et al. 1991) are compared with those obtained using the 

tissue composition-based PBPK models in Figure 1. The simulations of Cl 

obtained with the conventional and tissue composition-based models are 

presented in Figure 2. For both Cv and Cl, the simulations of the 

conventional PBPK model for DCM (Andersen et al. 1991) were within, or 

very close to, the range predicted by the present approach. 
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DISCUSSION 

Tissue:blood PCs, representing the relative distribution of chemicals 

between tissues and blood at equilibrium, constitute an important set of input 

parameters for PBPK models. These PCs can be estimated as a ratio of 

chemical solubility (in the absence of any additional active uptake or binding 

processes) in tissues and blood, which in turn is determined by the relative 

contents of neutral lipids, phospholipids, and water in these matrices (Poulin 

and Krishnan, 1995a). Such tissue or blood composition data have not been 

included routinely in the PBPK models, even though they would facilitate the 

estimation of tissue and blood solubility, and thus of tissue:blood PCs of 

chemicals. The approach presented in this article enables the consideration 

of the levels of critical tissue components necessary to facilitate the 

automated calculation of tissue:air PCs of VOCs within PBPK models. 

All previous PBPK modeling efforts have assumed tissue:air PCs to 

be species-invariant and have conducted interspecies, particularly rat to 

hunnan, extrapolations (Ramsey and Andersen, 1984; Reitz et al. 1988, 

1990; VVard et al. 1988; Koizumi, 1989; Tardif et al. 1995). The scientific 

basis for such an assumption has never been presented or investigated. 

According to the approach used here, the tissue lipid and water contents are 

the principal determinants of tissue:air PCs. Consequently, if the water and 
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lipid contents of the various tissues in rats and humans are comparable, then 

the tissue:air PCs in these species would be comparable as well. 

Table 3 presents a comparison of the tissue composition data used in 

the present study with those of the rat. These data indicate that the 

percentages of the various constituents in liver and adipose tissue of the rat 

and human are comparable. It is logical then that the human liver:air and 

adipose tissue:air PCs of DCM are comparable to those previously obtained 

using rat tissues (Andersen et al. 1987, 1991). The rat/human difference in 

muscle:air PCs may be attributed to differences in neutral lipid levels, 

associated with type of muscle analyzed. Even though the range of rat 

muscle neutral lipid levels was not considered in the present study, at least a 

single literature value (shown in Table 3) is outside the reported range for 

human muscle. ln this context, it might be interesting to undertake a 

systematic comparison of rat and human muscle:air PCs of VOCs. 

The tissue composition data used here represent the extremities of 

lipid and water levels found in the literature, and it is important to realize that 

the high and the low sets do not actually reflect any one individuel. ln 

choosing to use these extreme values, our strategy was to examine the 

magnitude of difference in PC values and tissue dose of DCM associated 

with these plausible, if not realistic, upper and lower limits of tissue lipid and 

water levels. 
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Human blood composition data also can be incorporated within PBPK 

models using the methodological approach presented in this article. VVe 

think more work is necessary to elucidate the role and importance of protein 

binding as a deternninant, however, before a conclusion is reached about the 

mechanistic factors of human blood:air PCs (Featherstone and Schoenborn, 

1964; Lam et al. 1990; Poulin and Krishnan, 1995a). 

The PBPK model framework used here allows consideration of the 

impact of variability in the type and content of tissue lipids on the 

pharmacokinetics and target tissue dose of chennicals. The simulation 

exercise indicated that for DCM, the Cv is not influenced markedly by 

changes in tissue composition. The liver concentrations obtained using the 

high and low tissue composition data sets were found to differ, however, by 

about a factor of two. The magnitude of change in tissue:air PCs of DCM is 

smaller than might be anticipated for the range of tissue neutral lipid levels 

considered in the present study. This may be a consequence of the 

hydrophilicity-lipophilicity characteristics of DCM [log n-octanol:water 

PC=1.25 (Howard, 1990)], such that its tissue solubility may not be more 

sensitive to changes in lipid levels than to tissue water levels. This may not 

be the case with more lipophilic chemicals, however, the solubility in water of 

which is negligible. 
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ln the present study, DCM solubility in n-octanol was used as a 

surrogate for DCM solubility in neutral lipids. The use of n-octanol, however, 

leads to erroneous predictions of tissue solubility, particularly for chemicals 

containing oxygen (e.g., alcohols, ketones, acetate esters) (Poulin and 

Krishnan, 1995b). These hydrophilic organics exhibit a greater affinity for n-

octanol than for biotic neutral lipids, and consequently n-octanol solubility 

data overestimate the tissue lipid solubility of these chemicals (Poulin and 

Krishnan, 1995b). Therefore, in extending the present approach to organics 

containing one or more oxygen atoms in their molecule, it is preferable to use 

solubility data obtained in vegetable oils (olive or corn) instead of n-octanol, 

as the surrogate for biotic lipids (Poulin and Krishnan, 1995b). 

The proposed approach of incorporating tissue composition data into 

PBPK models would change the way we describe the volume of tissue 

compartments to include more biologically relevant information. This model 

structure should allow the consideration of inter-individual differences not 

only in physiological and biochemical paranneters, but also in tissue 

composition (i.e., neutral lipids, phospholipids, water). The latter aspect has 

not been addressed in previous attempts at uncertainty and variability 

analyses of PBPK models, but should be possible with the use of the tissue 

composition-based PBPK modeling framework. Once the critical 

determinants of blood solubility are elucidated, they can be incorporated 

within PBPK models such that tissue:blood PCs of VOCs and nonvolatile 
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organics, alike, can be estimated within PBPK models. Such an approach 

should contribute to reducing animal use in the estimation of PCs required for 

developing PBPK models. The obvious disadvantage of this approach, 

however, is the increase in the number of input parameters, even though 

such parameters, once determined for a particular species, should not 

change from a PBPK model of one chemical to another, unless a chemical is 

shown to affect tissue lipid levels during or following exposures. Since both 

water solubility and n-octanol:water PCs of organic chemicals can be 

estimated from their molecular structures (e.g., Hansch and Leo, 1979; 

Suzuki, 1991), the incorporation of tissue composition-based algorithms 

within PBPK models for predicting tissue:air and tissue:blood PCs provides 

the starting point for developing QSAR-type PBPK models. 

Copies of the tissue composition-based PBPK model for DCM written 

in ACSL®  are available by writing to the authors. 
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APPENDIX 

TISSUE COMPOSITION-BASED PBPK MODEL 

WRITTEN IN ADVANCED CONTINUOUS SIMULATION LANGUAGE®  

INITIAL SECTION 

!Constants 

CONSTANT SA= 35.59 	!Saturable vapour concentration of DCM at 

!37°C (mol/m3) 

CONSTANT SO= 4561.0 	!Solubility of DCM in n-octanol (mol/m3) 

CONSTANT SW= 256.5 	!Solubility of DCM in water (mol/m3) 

CONSTANT NL= 0.0853 	!Neutral lipid content of human liver (as a 

!fraction of liver volume) 

CONSTANT PL= 0.0617 	!Phospholipid content of human liver (as a 

!fraction of liver volume) 

CONSTANT VVL= 0.790 	!Water content of human liver (as a fraction 

!of liver volume) 

CONSTANT OL= 0.0630 	!Other components in human liver (as 

!fraction of liver volume), calculated as 1-

!(NL+PL+WL) 

CONSTANT PBA =8.94 	!Human blood:air PC of DCM from Andersen 

!et al. (1991) 



!Calculated parameters 

SL = [S0*(NL+0.3*PL)+SW*(WL+0.7*PL)] 

!DCM solubility in human liver calculated 

!according to Poulin and Krishnan (1995c) 

PLA = S1JSA 	 !Liver: air PC of DCM 

PLB= PLA/PBA 	 !Liver:blood PC of DCM 
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FIGURE LEGENDS 

FIGURE 1. Simulations of Cv in humans exposed to 100 ppm for six hours 

obtained with the conventional (0) and tissue composition-based (High, +; 

Low,V) PBPK models. 

FIGURE 2. Simulations of Cl in humans exposed to 100 ppm for six hours 

obtained with the conventional (0) and tissue composition-based (High, +; 

Low, V) PBPK models. 
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Abstract 

1. The rate of sulfoxidation of aldicarb (2-methy1-2-(methylthio) propanal 0-

[(nnethylannino) carbonyl oxime], Ternie) in rat hepatic, renal and pulmonary 

microsomes was determined by quantitating the levels of aldicarb sulfoxide 

and aldicarb sulfone produced during incubations. Under in vitro 

experimental conditions used in the present study, aldicarb sulfoxide was the 

only metabolite produced, and further metabolism of aldicarb sulfoxide to 

aldicarb sulfone was negligible. 

2. The average maximal velocity (moles/min/mg protein) for the sulfoxidation of 

aldicarb, based on measurements of product formation, in liver, kidney and lung 

microsomes was 5.41, 39.51, and 2.45, respectively. The corresponding values 

for the Michaelis constant (pM) were 184, 1050 and 188, respectively. 

3. These results innply that under in vivo conditions (i) aldicarb sulfoxidation is 

not likely to be saturable even of lethal doses in the rat, and (ii) aldicarb 

clearance in rat liver and kidney will be limited by the rate of blood flow and not 

metabolizing enzyme levels. 
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Introduction 

Aldicarb (2-methy1-2-(methylthio) propanal 0-[(methylamino) carbonyl 

oxime], Temik®)  is widely used to control insects, mites and nematodes (VVorld 

Health Organization 1991). ln mammals, it is readily absorbed and distributed 

to all tissues by systemic circulation (Knaak et al. 1966, Andrawes et al. 1967, 

Dorough et al. 1970, Cambon et al. 1979). It is initially oxidized to aldicarb 

sulfoxide (ALX) and subsequently to aldicarb sulfone; aldicarb and its 

metabolites are susceptible to hydrolysis, with the subsequent dehydration 

giving rise to the corresponding oximes and nitriles (Baron and Merriam 1988). 

Although hydrolysis destroys the insecticidal activity, both aldicarb and its 

oxidative metabolites, AtJ( and aldicarb sulfone, are potent cholinesterase 

inhibitors (Hastings et al. 1970, Cambon et al. 1979, Baron and Merriam 1988). 

VVhereas the in vitro and in vivo metabolism of aldicarb has been studied 

in a variety of mammalian and non-mammalian species and plants (Knaak et al. 

1966, Metcalf et al. 1966, Andrawes et al. 1967, Bull et al. 1967, Dorough and 

'vie 1968, Bartley et al. 1970, Dorough et al. 1970, Montesissa et al. 1991, 

1994, 1995), the maximal velocity (Vmax) and the Michaelis affinity constant 

(Km) for aldicarb sulfoxidation have only been detemlined in fish. Schlenk and 

Buhler (1991) determined the Vmax and Km for aldicarb sulfoxidation in rainbow 

trout using liver, kidney and gill microsomes. ln all three tissues, ALX was the 
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major metabolite, with trace amounts of ALX oxime being formed in the liver, 

and aldicarb oxime in kidney and liver. 

The information on the quantitative nature (i.e., rate and affinity) of the 

nnetabolism of aldicarb is essential to evaluate its biopersistance and profile of 

elimination in other non-target species such as rodents and humans. 

Accordingly, the objective of the present study was to determine the Vmax and 

Km for aldicarb sulfoxidation in rat liver, kidney and lung microsomes. 
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Materials and methods 

Matenals 

Aldicarb (ALD), aldicarb sulfoxide (ALX), aldicarb sulfone (ALU) were 

obtained from Chem Service (West Chester, PA) and were at least 98% pure. 

The purity of the carbamates was verified by HPLC analysis (EPA method 

531.1) prior to all experiments. NADPH, Tris-HCI, Tris-acetate, potassium 

chloride, potassium phosphate, sucrose, and EDTA were obtained from Sigma 

Chemical Co. (St. Louis, Mo). Methanol (HPLC grade), glycerol, and sodium 

pyrophosphate were purchased from Fisher Chemicals (Montréal, Qué.). NaOH 

and o-phthalaldehyde (2-dimethylamino ethanediol hydrochloride, OPA) were 

purchased from Pickering Laboratories (Mountain View, CA). 

Preparation of microsomes 

Male Sprague-Dawley rats weighing 180-200 g were obtained from 

Charles River Canada (St. Constant, Qué) and maintained in stainless steel 

cages on Purina Certified Rodent Chow (Ralston-Purina Co., Ontario, Canada) 

and water ad libitum. Following a four to seven day acclimatization period, the 

rats were euthanized (following exposure to CO2), exsanginated and the tissues 

(liver, kidney and lung) from individual animais were obtained. All tissues were 

blotted with filter paper (Whatman No. 1), weighed and washed with ice cold 

Tris-HCI buffer (0.1 M, pH=7.4) containing 0.1 M KCI and 1 mM EDTA. Liver 

and kidney tissues from several animais were pooled and homogenized in Tris-

HCI buffer (0.1 M, pH=7.4, 1:4 v/v) with a Teflon®  homogenizer. The tissue 
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homogenates were initially centrifuged at 10,000g for 20 min and the 

supernatant was re-centrifuged of 100,000g for 60 min. The resulting pellet was 

re-suspended in the above buffer and the homogenate centrifuged at 100,000g 

for 60 min. The final pellet was suspended in 0.1 M Tris-HCI containing 0.25 M 

sucrose and 5 mM EDTA at a volume equal to the weight of the tissue. The 

same procedure was followed for the preparation of lung microsomes, except 

that in the second centrifugation 0.1 M potassium pyrophosphate buffer (pH 7.4) 

was used, and the final pellet was suspended in 0.01 M Tris-acetate buffer 

containing 1 mM EDTA and 20% (v/v) glycerol (pH 7.4) (Reitz et ai. 1996). The 

microsomes were stored at -70°C and were used within two months of 

preparation. The concentration of protein in the microsomes was determined 

immediately after the last centrifugation with the Bio-Rad®  method (Bio-Rad 

Laboratories, Hercules, CA). Briefly, this method involves the incubation of an 

aliquot of the microsomal preparation with the Bio-Rad Dye reagent (mixture of 

Coomasie Brilliant Blue, ethanol and phosphoric acid) and the subsequent 

determination of the optical density of the solution at 595 nm (Bradford 1976). 

In vitro assays 

The experimental approach consisted of the addition of ALD to a mixture 

of microsomes, 5 mM NADPH and 0.1 M potassium phosphate buffer (pH 7.4) 

containing 5 mM EDTA, in a total volume of 1 ml. The optimal NADPH 

concentration (5 mM) and pH (7.4) were chosen on the basis of preliminary 

studies with rat liver and/or kidney microsomes (data not shown). The rate of 
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ALD metabolism was assayed by measuring the production of ALX and ALU. ln 

all assays duplicate controls were used as references. ln the first one, ALD was 

incubated with buffer alone and was used to check for contamination and/or 

non-enzymatic degradation of ALD. ln the second control experiment, all 

components, except NADPH, were added to the incubation mixture and was 

used to evaluate the residual nnetabolic activity of the microsomes. All 

incubations were conducted in 5-ml glass screw cap tubes at 37 °C. 

Time-course assays 

The linearity of incubation time was detemiined by incubating ALD (5.25 

or 10.5 faM final concentration, in 20 iil of methanol) with 0.14-0.51 mg/m1 

microsomal protein for a period of up to 60 min (liver & lung: 60 min; kidney: 45 

min). Microsomal protein was added to tubes already containing 5 mM NADPH, 

and the reaction was initiated with the addition of ALD (in 20 FLI of methanol). At 

different time points, the reaction was terminated by adding 0.5 ml of methanol 

and immersion of the assay tubes in ice. All tubes were centrifuged for 15 min 

at 3200 g (4°C) to remove the protein precipitate. The supematant was 

transferred to 2 ml glass vials sealed with Teflore-coated rubber septa and 

analyzed immediately for levels of ALX. 

Protein-course assay 

The linear range of microsomal protein concentration was determined by 

incubating ALD (final concentration: 5.25 or 10.5 itM) with various amounts of 
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protein (final concentration: 0.06-12 mg/mi) for 10 min and measuring the 

concentrations of ALX. 

Kinetic analyses 

The kinetic parameters for ALD sulfoxidation were determined by adding 

various quantities of ALD (dissolved in 20 illmethanol; final concentrations: 36-

3700µM) to a mixture of microsomes (corresponding to 0.18-0.32 mg protein 

per ml), cofactor (5 mM NADPH) and of 0.1 M potassium phosphate buffer (pH 

7.4, 1 ml final volume) at 37°C and determining the concentration of ALX at the 

end of a ten minute incubation period. 

Analytical methods 

For the separation and quantitation of ALD and its metabolites, the EPA 

method 531.1 was used (USEPA 1989). A Varian®  high pressure liquid 

chromatography (HPLC) system equipped with an autosampler (Model 9100), 

and a programmable fluorescence detector (Model 9070) linked to a Verlan®  

Star LC workstation was used. A dual post-column derivatization system (PCX-

5100, Pickering Laboratories, Mountain View, CA) was connected to the HPLC 

system. The post-column reaction unit consisted of two reagent pumps, an 

HPLC column thermostat controlled at 42°C, and two reaction coils. The first 

reaction coil was heated to 1000C for NaOH hydrolysis of ALD, ALX and ALU 

and the second one was kept at ambient temperature for OPA derivatization of 

the methyl amine resulting from the hydrolysis of the carbamates. 
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The separation was achieved with a Pickering C18 column (250 mm x 

4.6 mm ID, 5 mm packing) which was placed in the thermostat of the post-

column reaction unit and maintained at 42°C. The mobile phase employed a 

simple water:methanol gradient. The initial composition was 8% methano1:92% 

water, which was maintained for a 1-minute hold period, after which a 20-min 

linear gradient program to 20% niethano1:80% water was begun. The mobile 

phase composition was then changed to 50:50 and an 8-minute gradient to 80% 

methano1:20% water was initiated. Subsequently, the mobile phase was set at 

100% methanol for 2 min to provide column cleanup, before returning to the 

initial condition. The flow rate was 1 ml/min. Under these conditions, ALX 

elutes first (14.5 min) followed by ALU (16.5 min) and ALD (25.5 min). The 

separated carbamates were derivatized with OPA to improve sensitivity and 

selectivity, and the fluorescence of the resulting 1-methylthio-2-methylisoindole 

was quantified. Both NaOH solution and the OPA reagent in the post-column 

reaction unit were constantly pumped at a flow rate of 0.3 ml/min during the 

whole sequential cycle. The injection volume was 10 III. Excitation and 

emission wavelengths of the fluorescence detector were set at 330 and 466 nm, 

respectively. Calculations of the concentrations of carbamates in samples were 

based on area measurement. 

Data analysis 

The metabolic constants (Vmax and Km) for aldicarb sulfoxidation in rat 

liver, kidney and lung nnicrosomes were determined from Hanes-Woolf plots of 



the data on ALX concentration obtained at the end of incubation with the 

corresponding initial concentrations of ALD. 
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Results 

The initial series of studies focused to determine the linear range of 

incubation time and protein concentration with respect to ALD sulfoxidation in 

rat tissue microsomes. Figure 1 shows the time-course of ALX formation in rat 

liver, kidney and lung microsomal preparations for an initial ALD concentration 

of 5.25 pM (liver and kidney) and 10.5 pM (lung). With the choice of 10 minutes 

from the linear part of this curve, the influence of protein concentration on the 

rate of ALX formation was elucidated. The effect on ALD sulfoxidation was 

linear for microsomal protein concentrations of up to 1 mg/mi in liver, 0.6 mg/m1 

in kidney, and 0.4 mg/mi in lung microsomes respectively (Fig. 2). 

The final series of experiments involved the determination of the rate of 

ALX formation by liver, kidney and lung microsomes following a 10-min 

incubation with 36-3700 pM ALD (final concentrations). From the measurement 

and analysis (Hanes-Woolf plot) of ALX concentrations at the end of ALD 

incubations during this series of experiments, the maximal velocity for 

metabolism (Vmax) and Michaelis affinity constant (Km) for ALD sulfoxidation in 

rat liver, kidney and lung microsomes were estimated (Figs 3-5). The Vmax 

(itmol/min/mg protein) for ALD metabolism in liver, kidney and lung microsomes 

were 5.41, 39.51 and 2.45 respectively, with the corresponding Km's (pM) being 

184, 1050 and 188. Under the experimental condition of the present study, (i) 

incubation of ALD with liver, kidney and lung microsomes resulted exclusively in 
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the formation of ALX, and (ii) the oxidation of ALX to ALU by either liver, kidney 

or lung microsomes was negligible (data not shown). 
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Discussion 

Aldicarb sulfoxidation is considered to be a bioactivation process since 

the primary oxidative metabolite (ALX) is more potent than the parent chemical 

(ALD) as an acetylcholinesterase inhibitor (World Health Organization 1991). 

The in vitro metabolism of ALD has been investigated using subcellular fractions 

or whole cells isolated from rats, rabbits, sheep, cattle, goat, chicken, and fish 

(Andrawes et ai. 1967, Montesissa et aL 1991, 1994, 1995, Schlenk and Buhler 

1991, Venkatesh et al. 1991). All of these studies except that of Schlenk and 

Buhler (1991), and Venkatesh et al. (1991), are at best semi-quantitative in 

nature. In general, these latter studies have shown that (1) ALX is the major 

product of ALD sulfoxidation, and (2) ALD sulfoxidation could be mediated both 

by cytochrome P450 and fiavin-containing monooxygenases (FMO). The 

experimental designs used in these latter studies could additionally provide a 

qualitative characterization of the profile of metabolites found at the end of 

incubation, but not quantitative information (Vnnax, Km) on ALD metabolism. 

Schlenk and Buhler (1991) and Venkatesh et al. (1991) on the other hand, 

reported the Vmax and Km for ALD sulfoxidation using microsomes from fish 

organs and purified renal and hepatic FMO from mouse, respectively. Since 

such quantitative information on ALD oxidation in rat tissues is not available in 

the literature, the present study estimated the affinity and maximal velocity of 

ALD sulfoxidation using microsomes isolated from rat liver, kidney and lungs. 
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The Michaelis affinity constant for ALD oxidation in rat liver and kidney 

microsomes are comparable to those reported by Venkatesh et aL (1991) using 

purified FM0 from mouse tissues. Regardless of the preparation and species, 

the affinity constant for metabolism of a substrate is anticipated to be the same, 

as long as the same isoenzyme(s) is (are) involved. This has formed the very 

basis of some, current default approaches for in vitro to in vivo and interspecies 

extrapolations of xenobiotic metabolism (Krishnan and Andersen 1994). The 

fact that the Km values estimated in the present study are comparable to those 

reported by Venkatesh et al. (1991) [liver: 196 itM, kidney: 385 jaM] adds further 

support to the preceding practice. 

The results of the present study indicate that the Km for ALD 

sulfoxidation is comparable in liver and lung (184 vs 188µM). Such a 

similarity in Km for the sulfoxidation of several FMO substrates has been 

reported previously (Venkatesh et al. 1991). Based on the Km values 

obtained in the present study, it may be suggested that ALD oxidation is not 

saturable even at lethal doses in the rat (LD50 ,,:, 1 mg/kg, World Health 

Organization 1991). Therefore, the rate of ALD oxidation in rat liver, kidney 

and lung can be described as a first order process. The intrinsic clearance 

values (Vmax/Km) for ALD sulfoxidation in rat liver, kidney and lung are 7.06, 

1.02 and 0.051 l min-1  respectively. For the first order conditions, the 

clearance of ALD in each of these tissues can be calculated as: 
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[Vmax (rng/min)/Km (mg/1)] * Qt  (I/min) 

[Vmax (ring/min)/Km (mg/I)] + Qt  (I/min) 

where Qt  is the rate of blood flow to tissue t (liver=0.016 I/min, kidney=0.013 

I/min, lung=0.090 I/min) (ILSI 1994). Since the numerical value of (Vmax/Km) is 

very large with respect to Qt  in rat liver and kidney, Qt  in the denominator of the 

above equation becomes negligible, making organ clearance of ALD equal to 

Q. The pulmonary clearance of ALD, however, is not limited solely by Qt. 

Therefore, in the case of lungs, both intrinsic clearance parameters and Qt  are 

critical determinants of ALD clearance. This is principally due to the fact that Qt 

for lungs is very large (i.e., equal to cardiac output), and the volume of lungs is 

small relative to other metabolizing tissues. Given that the volume of liver is 

greater than that of kidney and lungs, the former is likely to be the most 

important tissue metabolizing ALD in the rat. The rate of enzymatic sulfoxidation 

of ALD in rat organs, and its dependence on blood flow rates, elucidated in the 

present study, have important implications for predicting the in vivo kinetics of 

ALD in the rat and subsequent extrapolation to humans for risk assessment 

purposes. 
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Figure Legends 

Figure 1. 	Aldicarb sulfoxide (ALX) produced by the sulfoxidation of 

aldicarb by rat liver (M, protein concentration: 0.5 mg/mi; ALD: 

5.25 p,M), kidney (A, protein concentration: 0.47 mg/ml; ALD: 

5.25 p.M) and lung (il, protein concentration: 0.14 mg/mi; ALD: 

10.5 µM) microsomes as a function of incubation time. The 

symbols represent experinnental data (mean ± SE, n=3). 

Figure 2. 	Aldicarb sulfoxide (ALX) produced by the sulfoxidation of 

aldicarb by rat liver (M, 5.25 iuM), kidney (A, 10.5 el) and lung 

(M, 10.5 Fir1A), microsomes as a function of the concentration of 

microsomal protein. The experimental data (symbols, mean ± 

SE, n=3) correspond to the amount of ALX measured at the 

end of a 10-min incubation. 

Figure 3. 	Hanes-Woolf plot of aldicarb sulfoxidation in rat liver 

microsomes. v refers to the initial rate of reaction (pmol/min/mg 

protein) and ES] refers to the initial aldicarb concentration (JIM). 

Figure 4. 	Hanes-Woolf plot of aldicarb metabolism in rat kidney 

microsomes. 
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Figure 5. 	Hanes-Woolf plot of aldicarb metabolism in rat lung 

microsomes. 
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ABSTRACT 

Aldicarb (ALD, 2-methy1-2-(methylthio)-propionalaldehyde 0-(methyl-

carbamoyl) oxime, Temik®)  is widely used as an insecticide, nematocide and 

acaricide, and it is oxidized to aldicarb sulfoxide (ALX) and aldicarb sulfone 

(ALU). Neither a toxicokinetic model nor an estimate of the target tissue dose of 

ALD and its metabolites in exposed organisms is available. The objective of this 

study was: (i) to develop a physiologically-based toxicokinetic (PBTK) model for 

ALD in the rat and humans, and (ii) to determine the interspecies toxicokinetic 

uncertainty factor(UFAH-TO of ALD. The model consists of a series of mass 

balance differential equations that describe the time course behavior of ALD in 

blood, liver, kidney, lungs, brain, fat, and rest of the body connpartments. The 

physiological parameters of the model (blood flow rates, cardiac output, and 

tissue volumes) were obtained from the literature, while the maximum velocity 

(mg/kg/min) and the Michaelis constant (nng/L) for ALD oxidation in rats and 

humans were determined by in vitro microsomal assays. The estimation of the 

tissue:blood partition coefficient was accomplished within the PBTK model by 

representing the tissues as a composite of neutral lipids, phospholipids and 

water, and providing the vegetable oil:water partition coefficient as input 

paranneter. The validity of the rat PBTK model was assessed by comparing the 

model simulations of ALX time-course blood concentrations and the inhibition 

patterns of acetylcholinesterase (AChE) in erythrocytes and plasma obtained by 

administering rats ALD (0.1 and 0.4 mg/kg, iv). The human PBTK model was 
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validated by comparing the simulations of AChE inhibition patterns in blood with 

human experimental data obtained from oral administrations of ALD. The 

UFAH_TK for ALD was determined by dividing the areas under the blood and 

brain concentration vs time curve (AUCcv, AUCcBr) for ALD and ALX in the rat 

and in human exposed to the same dose. The results indicate that with 

respect to parent chemical, equivalent applied doses in rats and humans 

result in a 9.5-fold difference in the AUCcv and AUCcBR  respectively, in the 

two species, and 17-fold difference in the AUCcv and AUCcBR  with respect to 

the metabolite. ln other words, in order to have toxicokinetic equivalence in 

rats and humans, the former species must be exposed to a dose that is 9.5 

and 17 times higher than the human with respect to the parent chemical and 

the metabolite respectively. Overall, the present study demonstrates the 

applicability of PBTK models in the quantitative evaluation of UHAH-TK, and 

shows that their current default values are inaccurate, at least with respect to 

ALD, which has potential negative implications in the alleged protection of risk 

estimates derived from them. 
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INTRODUCTION 

Aldicarb (ALD, 2-methy1-2-(methylthio)-propionalaldehyde 0-(methyl-

carbamoyl) oxime) is an oxime carbamate introduced by Union Carbide 

Corporation in 1962 under the trade name Temik®. It is currently produced by 

Rhone-Poulenc and is applied in the soil to protect root systems, the foliage and 

fruit of several crops including codon, sugar beets, sugar cane, citrus fruits, 

potatoes, beans, peanuts and omamental plants from attack by insects, mites 

and nematodes and a variety of other pests (Bird et al. 1984, Baron and 

Merriann 1988, VVHO 1991). ln 1988 the amount of aldicarb applied annually in 

the United States was 5.5 million pounds (USEPA, 1988). 

lts high acute mannmalian toxicity (LD50  in mice and rats is 1 mg/kg) 

makes it one of the most toxic of all currently registered insecticides. The LD50  of 

its oxidative metabolites aldicarb sulfoxide (ALX) and aldicarb sulfone (ALU) are 

1 mg/kg and 20-25 mg/kg respectively, whereas that of the hydrolytic 

metabolites (oximes and nitriles) is considerably less (LD50=350-8060 mg/kg) 

(Carpenter and Smyth 1965, VVeiden et al. 1965, Gaines 1969, Wilkinson et 

al.1983). 

Both ALD and its oxidative metabolites are potent acetylcholinesterase 

(AChE) inhibitors (Hastings et al. 1970, Cambon et al. 1979, Baron and Merriam 

1988). They exert their neurotoxic effects by inhibiting this key enzyme in nerve 
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synapses and myoneural junctions. The inhibition of AChE involves the 

formation of an enzyme-inhibitor complex followed by reaction of the inhibitor at 

the active site of the enzyme to give the carbamylated enzyme. Carbamylated 

AChE is readily hydrolyzed to regenerate the active enzyme. Although the 

carbamylated enzyme is sufficiently stable to disrupt cholinergic transmission, 

acetylcholinesterase activity is regenerated rapidly following subacute doses. 

ALX is more potent inhibitor of both insect and bovine erythrocyte 

cholinesterases than are ALD and ALU themselves, and ALU is less potent than 

ALD (Baron and Merriam 1988). 

The usual practice for non-cancer risk assessment uses measures of 

applied dose in animals to assess the potential effects of chemicals in humans. 

The interspecies uncertainty factor (UFAH=10) is applied to account for 

uncertainty regarding the relationship between applied dose and effective dose 

across species, along with other uncertainty factors that account for variability in 

the hurnan population and scenario of exposure. The default UFAH  has recently 

been subdivided into two components, UFAH-TK and UFAH-TD, each equal to 

3.16, to account separately for interspecies differences in toxicokinetics and 

toxicodynamics (Renwick 1991,1993; USEPA 1994). 

Despite the extensive application of the UFAH, conclusive experimental 

or theoretical justification to support or refute its magnitude has never been 

provided, and its use has been hypothesized to result in safe-sided exposure 
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limits. A more scientific approach would be to use the known principles of 

toxicokinetics to relate exposure concentration to tissue dose to estimate 

UFAH-Tk. Physiologically-based toxicokinetic models (PBTK) are of potential 

use in this context. Their nnechanistic and biological foundation makes the 

estimation of tissue doses across species possible and accurate. The same 

model can be used to describe the toxicokinetics of a chemical across and 

within species. All that is required is a change in the species-specific values 

of the mechanistic determinants of toxicokinetics, i.e., the physicochemical, 

biochemical and physiological parameters. Once the model has been 

constructed and validated in a species, the toxicokinetic behavior of the 

same chemical in different species can be validated and compared. 

Thus, the toxicokinetic equivalence of the same chemical in different 

species can be evaluated in a quantitative manner and the magnitude of the 

default interspecies toxicokinetic uncertainty factor UFAH-TK can be assessed 

with the use of PBTK models. For this reason a PBTK model for ALD in the rat 

and humans was developed to perform the rat to human extrapolation and to 

detem-iine the rat/human toxicokinetic uncertainty factor. 
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METHODS 

I. EXPERIMENTAL 

a) Chemicals 

ALD, ALX, and ALU were obtained from Chem-Service (VVest Chester, 

PA) and were at least 98% pure. Potassium phosphate, sodium phosphate, 

sodium chloride and acetylcholine iodide were obtained from Sigma Chemical 

Co. (St. Louis, Mo). Methanol, dichloromethane, ethyl acetate (HPLC grade) 

and Triton X-100 were purchased from Fischer Chemicals (Montréal, Québec, 

Canada). NaOH, 0-phthalaldehyde (OPA) and thiofluor (N, N-Dimethy1-2-

mercaptoethylamine hydrochloride) were purchased from Pickering 

Laboratories (Mountain View, CA).[3H] acetylcholine iodide, POPOP [1,4-Bis 

(5-pheny1-2-oxazolylbenzene)], and PPO (5-pheny1-2-oxazolyl benzene), were 

obtained from New England Nuclear Co., (Dupont, Boston, MA). 

b) Animais 

Male Sprague-Dawley rats weighing 180-200 g were obtained from 

Charles River Canada (St. Constant, Qué). Upon receipt, rats were placed in 

groups of three in stainless steel wired-mesh cages and quarantined for 1-week 

period. All rats were provided with Purina Certified Rodent Chow (Ralston-

Purina Co., Ontario, Canada) and water ad libitum. Following the in vivo 

experiments rats were euthanized by CO2  inhalation and exsanguination. All 
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animal procedures were done according to the guidelines of the Canadian 

Animal Care Committee. 

c) Human microsomes 

Pooled human liver microsomes were obtained from Human Biologics 

(Phoenix, AR). Liver samples were obtained from seven males deceased in 

various accidents. Their age ranged between 19 and 68, all were disease free, 

and none was taking any medication at the time of death. After preparation, 

nnicrosome quality was checked by nneasuring the activity of nine different P-

450 enzymes, as well as the content of P-450 (two different methods), 

cytochrome b5 and NADPH-cytochrome c reductase (Table 1). 

d) Analytical method for the quantification of ALD and ALX 

For the separation and quantitation of ALD and its metabolites, the EPA 

method 531.1 was used (USEPA 1989). A Varian®  high pressure liquid 

chromatography (HPLC) system equipped with an autosampler (Model 9100), 

and a programmable fluorescence detector (Model 9070) linked to a Varian®  

Star LC workstation was used. A dual post-column derivatization system 

(PCX-5100, Pickering Laboratories, Mountain View, CA) was connected to the 

HPLC system. The post-column reaction unit consisted of a pulse-free reagent 

pumping system (two reagent pumps), a mixer to combine the flows of the 

reagent and eluate, and a pressurized continuous-flow reactor, two reagent 

pumps, an HPLC column thermostat controlled at 42°C, and two reaction coils. 
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The first reaction coil was heated to 1000C for NaOH hydrolysis of carbamates 

and the second one was kept at ambient temperature for OPA derivatization of 

the methyl amine resulting from the hydrolysis of the carbamates. 

The separation was achieved with a Pickering C18 column (250 mm x 

4.6 mm ID, 5 mm packing) which was placed in the thermostat of the post-

column reaction unit and maintained at 42°C. The mobile phase employed a 

simple water:methanol gradient. The initial composition was 8% methano1:92% 

water, which was maintained for a 1-minute hold period, after which a 20-min 

gradient program to 20% rnethanol:80% water was begun. The mobile phase 

composition was then changed to 50:50 and an 8-minute gradient to 80% 

methano1:20% water was initiated. Subsequently, the mobile phase was set at 

100% methanol for 2 min to provide column cleanup, before returning to the 

initial condition. The flow rate was 1 ml/min. Under these conditions, ALX elutes 

first (14.5 min) followed by ALU (16.5 min) and ALD (25.5 min). 

The separated carbamates were first hydrolyzed by sodium hydroxide 

(NaOH) at 1000C to release the alcohol (R-OH), carbonate and methyl amine. ln 

the second post-column reaction, methylamine reacts with o-phthalaldehyde 

(OPA) and the nucleophilic Thiofluor®  to form a highly fluorescent 1-alky1-2-

methylisoindole derivative. Both NaOH solution and the OPA reagent in the 

post-column reaction unit were constantly pumped at a flow rate of 0.3 ml/min 

during the whole sequential cycle. The injection volume was 10 gl. Excitation 

and emission wavelengths of the fluorescence detector were set at 330 and 
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466 nm, respectively. Calculations of the concentrations of carbamates in 

semples were based on area measurement. 

e) ln vitro studies 

i) Measurement of the oil:buffer partition coefficients of ALD and ALX 

Partitioning of ALD and ALX between vegetable oil and phosphate buffer 

was determined as follows: 2 ml of potassium phosphate buffer (pH=7.4), 2 ml 

of com oil (Mazola®  brand) and 20 IAL of ALD or ALX solution were added in 

screw-capped glass test tubes. Two sets of 15 test tubes (5 tubes per time 

point for ALD and ALX) were prepared and placed in a water bath at 37°C. The 

tubes were shaken by means of a mechanical shaker for 30, 60 and 120 min 

respectively. Following 15 min equilibration period, the aqueous phase was 

pipetted into HPLC vials for quantitation of the carbamates (see analytical 

method below). The carbamate conc,entration in the oil phase was calculated 

as [total amount added to the test tubes-amount measured in aqueous 

phase]/volume of oil. The oil:buffer partition coefficient was estimated from the 

ratio of the respective carbamate concentration in the two phases. 

ii) Measurement of the rate of sulfoxidation of ALD  

The metabolic rate constants for aldicarb sulfoxidation in rats were 

previously determined in vitro by incubating ALD with rat liver, kidney and 

lung microsomal preparations as described previously (Pelekis and Krishnan 

1997). The same methodology was used for the determination of the metabolic 
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parameters using human liver microsomes. Briefly, the experimental approach 

consisted of the addition of ALD to a mixture of microsomes, 5 mM NADPH and 

0.1 M potassium phosphate buffer (pH 7.4) containing 5 mM EDTA, in a total 

volume of 1 ml. The rate of ALD metabolism was assayed by measuring the 

production of ALX and ALU. 

Following the characterization of the linearity of ALD oxidation as a function 

of microsomal protein concentration and incubation time, the kinetic parameters 

for ALD sulfoxidation were determined by adding various quantities of ALD to a 

mixture of microsomes (corresponding to 0.5 mg protein per ml), cofactor (5 mM 

NADPH) and of 0.1 M potassium phosphate buffer (pH 7.4, 1 ml final volume) at 

37°C and determining the concentration of ALX at the end of a ten minute 

incubation period. The metabolic constants (Vmax and Km) for aldicarb 

sulfoxidation were determined from a Hanes-Woolf plot of the data on ALX 

concentration obtained at the end of incubation with the corresponding initial 

concentrations of ALD (56-1051 :M). 

f) ln vivo studies 

i) lntravenous administration of ALD and ALX in rats  

Twenty-four male Sprague-Dawley rats (260-280 g) were grouped in lots of 

3 in plastic cages containing dustless woodchips. ALD (0.4 and 0.1 mg/kg in 

saline) was administered via the tail vein, and the rats were returned to their 

cages until sacrifice. ln a separate series of experiments, 21 rats in groups of 3 
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were administered ALX (0.3 and 0.1 ring/kg in saline). At selected intervals 

following the iv administration, rats were anaesthetized by exposing them to 

CO2, and whole blood was collected from the vena cava using a 10-ml 

heparinized syringe. A portion of blood (approximately 3 ml) was separated, 

processed (see section iii, below) and frozen at -70°C to be used for subsequent 

measurennents of cholinesterase inhibition. The rest of the blood was used 

immediately for the extraction and quantitation of carbamates. The procedures 

used in the extraction of carbamates and measurement of cholinesterase 

inhibition are described below. 

ii) Extraction of carbamates 

A portion of rat blood (5 ml) was transferred to screw-capped glass tube 

and an aliquot of 5-ml of dichloromethane was added. The contents of the tubes 

were shaken vigorously for 15 min to extract the carbamates from blood. The 

organic layer was separated by centrifugation (1500g, 10 min) on a bench 

centrifuge and was transferred to a 15-ml glass tube. The extraction process 

was repeated once more with dichloromethane and a third time with ethyl 

acetate to ensure complete recovery of ALD and ALX. The combined solvent 

phases were evaporated under a stream of dry nitrogen and the residue was 

dissolved in 1 ml of methanol. The tubes were vortexed for 10 sec and the 

contents of the tubes were transferred to HPLC vials for analysis. 
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(iii) Measurement of AChE inhibition in the rat 

1. Tissue collection and preparation 

VVhole blood was transferred to heparinized tubes and centrifuged at 

2,000g at 5°C to separate the plasma from erythrocytes. The undiluted plasma 

was frozen at -70°C. The erythrocytes were diluted (1:1 v/v) in 0.1 M sodium 

phosphate buffer (pH 8) containing 1% Triton X-100, and were stored at -70°C 

until analysis time. 

2. Determination of AChE inhibition 

The radiometric assay of Johnson and Russell (1975) as modified by 

Norstrandt et al. (1993) was used to determine the AChE activity in red blood 

cells (RBC) and plasma. This approach was employed because it has been 

shown to be more appropriate for carbamate-treated tissues (Nostrandt et aL 

1993). ln the modified assay tissues are not subjected to extensive dilution or 

long incubation times, thus avoiding the potential problem of reactivation 

(decarbamylation) of cholinesterase activity of carbarnate-inhibited samples. 

Following the determination of optimum substrate concentrations and 

linearity of the reaction with respect to protein concentration, the AChE 

activity was determined at 25±1°C. The selection of the temperature was 

based on previous studies that have shown that the reactivation rate is 

temperature dependent (Reiner and Aldridge, 1967) and that cholinesterase 

reactivation in carbaryl-treated rats is approximately twofold faster at 37°C 
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than at 25°C (Padilla and Hooper, 1992). ln the assay the total reaction 

volume was 100 µI, of which up to 40-80 µI was tissue homogenate (1:1 

homogenate) and 20-60 pl was substrate (0.6 mM acetylcholine iodide and 0.1 

µCi of [311] acetylcholine iodide (90 mCi/mmol) per 20 (or 60) µI; final substrate 

concentration was 1.2 mM). Ar-ter a 10-min incubation time, the reaction was 

stopped by adding 0.1 ml of a mixture of 1 M chloroacetic acid, 0.5 M NaOH 

and 2 M NaCI, followed by 4.0 ml of scintillation liquid mixture (0.5% PPO, 

0.03% POPOP in toluene and 10% isoamyl alcohol). The vials were placed in a 

VVallac 1410 liquid scintillation counter and the tritium activity in the saniples 

was counted within 24 hr. The counting efficiency as determined by externat 

quench standards was approximately 45%. AChE activity was calculated from 

the slope of the standard curve as follows: 

AChE activity (pmoles acetylcholine hydrolyzed/min) = 

acetylcholine concentration (µmoles/m1) 
= slope (in cpm/min) x 	  

cpm after total hydrolysis 

11. Modeling 

a) Description of the rat and human models 

Fig. 1 depicts the conceptual representation of the rat and human PBTK 

models for ALD. It consists of seven tissue compartments inter-connected by 

systemic circulation. The tissue compartments correspond to: the metabolizing 

tissues (liver, kidney and lung), the main excretory tissue (kidney), adipose 

tissue (fat), the target tissues (blood and brain) and the rest of the body. Two 
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routes of administration are considered in the model: oral intake for 

simulation of exposure via drinking water and food, and intravenous 

administration for simulation of experimental dosing. The dose of ALD 

ingested is made available for absorption in the GI tract, and the process is 

described using first-order kinetics. The distribution of ALD to the tissues 

depends on their blood perfusion and the affinity of the tissues for ALD, and 

is described as a perfusion-limited process. The ALX model is similar to that of 

ALD, but the ALX input to the model is either through the venous blood exiting 

the ALD-metabolizing tissue compartments or through the exposure routes 

mentioned above. 

Each tissue compartment was described as a composite of water, 

neutral lipids and phospholipids (Pelekis et al. 1995). This tissue 

composition-based model framework allowed the calculation of the 

tissue:blood partition coefficients (during each simulation run) from the 

oil:buffer PC provided as input pararneter. The only additional input 

parameters required for simulations were the physiological parameters and 

metabolic rate constants. While the oxidation of ALD to ALX is described as a 

saturable process characterized by Vmax (maximal velocity) and Km (Michaelis 

constant), the hydrolysis of both ALD and ALX was described as a first order 

process. The oxidation of ALX to ALU was not described in either model since 

the formation of the latter did not occur in either rat or human microsomal 

preparations, and only traces were observed in the in vivo rat experiments. 
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Because of the lack of human toxicokinetic data, the human PBTK model 

was validated by comparing the simulations of AChE inhibition patterns in whole 

blood with human experirnental data. This necessitated the addition of the 

necessary code in the blood compartment to model the ALD and ALX-induced 

AChE inhibition, which was described as a second order process, using the 

output of the toxicokinetic component of the model, i.e., the concentration of 

ALD and ALX in the blood and the respective bimolecular rate constants. 

b) Model parameterization 

i) Physiolooical parameters  

The physiological parameters were obtained from the literature and 

were expressed as a function of body weight or cardiac output (Table 2) 

(ILSI, 1994). The concentration of AChE in tissues was obtained from 

Maxwell et al. (1987) and Venkataraman and Naga Rani (1994), (Table 3). 

ii) Physicochemical parameters  

1. Partition coefficients 

The tissue:blood partition coefficients (PCs) of ALD and ALX can be 

estimated by dividing their respective solubilities in tissues and blood (Poulin 

and Krishnan 1995 a, b, 1996). Alternatively, the tissue:blood PCs can be 

predicted by dividing tissue:water PCs with the blood:water PC. The 

tissue:water and blood:water PCs can, in turn, be estimated from oil:water 
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partition coefficient (Poulin and Krishnan 1995b). Tissue:water and 

blood:water PCs (PT:vv) for ALD and ALX were predicted as follows: 

PT:W (KOVV*FNLT) + (1*FVVT) + (KOW*0.3*FPLT) + (1*0.7*FPLT) 

where: 

KOW = vegetable oil:buffer partition coefficient 

FNLT  = fraction of neutral lipid in the tissue 

FVVT = fraction of water in the tissue, and 

FPLT  = fraction of phospholipid in the tissue 

The tissue:blood PCs (PT:B) of ALD and ALX were calculated as: 

Solubility of carbamate in tissue Tissue:water PC 
PT:B 

Solubility of carbamate in blood 	Blood:water PC 

(KOW*FNLT) + (1*F (VT) + (KOW*0.3*FPLT) + (1*0.7*FPLT) 

(KOW*FNLB) + (1*FVVB) + (KOW*0.3*FPLB) + (1*0.7*FPLB) 

The partitioning of each carbamate into tissues was expressed as the 

sum partitioning in neutral lipids (i.e., triglycerides, diglycerides, 

monoglycerides, cholesterol and other non-polar lipids), phospholipids (i.e., 

phosphatidyl choline, phosphatidyl ethanolamine, phosphatidyl serine, 

sphingomyelin, and other lipids that contain phosphoric acid esterified at one 

position of the glycerol molecule) and water fractions comprising each tissue. 
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The partitioning in blood was modeled as the sum of the partitioning into 

plasma (63%) and partitioning into erythrocytes (37%). The solubility of the 

carbamates in neutral lipids, water and phospholipids was assunied to 

correspond to their solubilities in vegetable oil, buffer or an additive function 

of the solubility in buffer (70%) and vegetable oil (30%) respectively. The 

rationale and justification of this method of estimation of partition coefficients, 

and the use of vegetable oil as a surrogate of neutral lipids are discussed 

elsewhere (Poulin and Krishnan 1995a, b, 1996). 

The calculation of the PrE3 of ALD and ALX in the PBTK model was 

accomplished by: 

(a) describing each tissue compartment in terms of their fractional volumes of 

neutral lipids, phospholipids and water (Altman and Dittmer 1961, Long 

1961, Martin et al. 1982, Poulin and Krishnan 1995a, b, 1996, Table 4) 

(b) providing the vegetable oil:water partition coefficients as input parameters, 

and 

(c) writing the equations that calculate the tissue:water PC of each tissue as 

well as the ratio of tissue:water and blood:water PCs to provide tissue:blood 

PCs (Pelekis et ai. 1995). 

2. Oral absorption constant 

Previous studies have shown that gastrointestinal absorption of 

carbamates occurs by passive transport and independent of pH, which is 
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evident by the lack of ionizable groups in ALD and that its oral absorption 

constants can be predicted from its n-octanol:water partition coefficient 

(Houston et al. 1975). The oral absorption constant of ALD was determined 

from the following equation: 

log Ko = 0.146log P-0.193 

where: 

Ko 	=oral absorption constant, and 

=n-octanol:water partition coefficient 

iii) Biochemical parameters  

1. Metabolic rate constants 

The Km for ALD oxidation used in the rat and human models 

corresponded to that determined during in vitro rat and human studies. The 

Vmax for metabolism of ALD was calculated from the corresponding in vitro 

values, on the basis of the mass recovery of the microsomal fraction using 

the formula: 

Vmax (in vivo) = Vmax (in vitro) * Cp * Ft, 

where: 

Vmax (in vivo) is expressed in mg/min/animal 

Vmax on vitro)  is expressed in mg/min/mg protein 

Cp  is the concentration of protein in the microsomal sample 

(expressed in mg protein/g tissue) 
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Ft  is the volume fraction of the tissue (g tissue/body weight of the animal 

in which microsomes were prepared), and 

* denotes multiplication. 

2. Urinary excretion constants for ALX and ALD 

The rate constant for the urinary excretion of ALX was derived by adjusting 

its magnitude so that approximately 20% of the administered dose was 

excreted unchanged after 24 hr. Previous in vivo rat studies have shown 

following the administration of 0.1 mg/kg ALX (p.o.) a fifth of the dose is 

excreted unchanged in the urine (Andrawes et al. 1967). Model simulations 

show that when the urinary rate constant is set equal to 0.217/(min*kg) the 

amount of ALX excreted in the urine is 19.8% of the administered dose. The 

rate constant for the urinary excretion of ALD was assumed to be the same 

as that of ALX, based on the very close structural and physicochemical 

properties of the two carbannates and agreement of model predictions on the 

combined amount of ALX and ALD excreted following administration of ALD 

(p.o.). (Andrawes et aL 1967). The urinary excretion rate constants for ALX 

and ALD in humans were obtained by allometric extrapolation (Ble.26) of the 

corresponding rat parameters. 

3. Hydrolysis rate constants for ALX and ALD 

VVith the metabolism and urinary excretion rate constants in place in the 

model, the first order rate constant of ALX hydrolysis in the rat was calculated 
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by fitting model simulations to experimental data on venous blood 

concentration (CV) of ALX obtained following iv administration of 0.1 and 

0.3 mg/kg. The ALX constants for the rate of hydrolysis and urinary excretion 

were also applied in the ALD model to simulate the toxicokinetic behavior of the 

parent compound in the rat. Sensitivity analysis of the ALD model (data not 

shown) indicated that the ALD hydrolysis and urinary excretion rates have little 

effect on the model predictions (i.e., they are both among the least sensitive 

parameters). This is not unexpected since ALD does not remain in the body for 

any considerable length of time. Furthermore, with these constants the overall 

simulated rate of hydrolysis as well as the amount found in urine (i.e., ALD and 

ALX combined) are the same with those observed in the experimental studies 

(Knaak 1966; Andrawes 1967). 

The hydrolysis rate constants for ALX and ALD in humans were 

obtained by allometric extrapolation (B1e.26) of the corresponding rat 

parameters. The use of the same hydrolysis constant is supported by recent 

studies that showed considerable similarities in carboxylesterase (the main 

hydrolytic enzyme) activity, physical and immunological properties in rats and 

humans (Satoh and Hosokawa 1995). 

iv) Toxicodvnamic parameters  

The critical effect for the evaluation of safe exposure to carbamate 

pesticides traditionally has been RBC, plasma and brain AChE inhibition 
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(Aldridge and Magos 1978; Kaloyanova and El Batawi 1991). The mechanism 

of carbamate inhibition of cholinesterases involves the formation of an 

intermediate enzyme-carbamate complex, followed by the dissociation of the 

leaving group and the subsequent formation of the carbamylated enzyme 

complex which is then hydrolyzed to form the free enzyme and the methyl 

amine moiety of the carbamate. 

The rate of AChE inhibition is a function of the affinity constant Ka, the 

carbamylation constant, K2 and the reactivation (or decarbamylation) rate 

constant K3, as well as the respective concentrations of the carbamate in the 

target tissue. The ratio of K2/Ka  is the bimolecular inhibition constant, KI, and 

is the main determinant of the overall inhibitory power of the carbamates. 

The inhibitory action of ALD and ALX were considered to be additive, since 

the mechanism of action is identical for both carbamates. 

The same sequence of events is involved in the normal physiological 

interaction between the cholinesterases and the normal substrates, the 

difference being in the reaction rates. By way of coniparison, acetylcholine, 

the normal substrate of AChE has a Ka, a KI  and a K3 of 2x10-5 mM, 

1.5x109  mM-1min-1  and 3x105  min-1  respectively, while the corresponding 

values for ALD are 10 mM, 16 mM-1 min-1  and 0.018 min-1  (Reiner and 

Aldridge 1967, O'Brien et al.1966). 
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The Ka, K2 and K3 constants for AChE inhibition by ALD determined 

previously with bovine erythrocytes (Hastings et al. 1970; Kuhr and Dorough 

1976; Table 5) were used to model the AChE inhibition in RBC and plasma in 

rats and humans in the present study. This working strategy was supported 

by previous studies that have shown blood AChE from different species at 

the same pH and temperature to have the same reaction constants for 

individual methyl- and dimethyl-carbamates (lverson and Main 1969, 

Hastings et al. 1970). Further, all N-methylcarbamates produce identical 

carbamylated enzyme complexes (methylcarbamyl acetylcholinesterase) 

thus the value of K3 is the same for all N-methylcarbamates (Kuhr and 

Dorough 1976). The bimolecular inhibition constant for ALX was estimated 

from the corresponding constant for ALD and the reported difference in potency 

between the two carbamates. Inhibition kinetics studies with bovine RBCs (Bull 

et al. 1967) have shown that ALX is 23 times more potent than ALD. Since 

AChE inhibited by ALD and ALX will have identical decarbamylation rates, it 

follows that bimolecular inhibition constant KI  of ALX is 23 times higher than 

that of ALD. 

c) Model Simulation 

The physiological, physicochemical and biochemical parameters were 

incorporated with algebraic and mass balance differential equations to describe 

the rate of change in the amount of ALD and ALX in each tissue. The complete 
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description of the model is given in the Appendix. A typical mass balance 

equation has the form: 

VT*dCTALD/dt = QT*(CAALD-CVTALD) 	!amount of ALD in tissue T 

- (KH* CVTALD*VT) 	lannount of ALD hydrolyzed by 

!esterases 

where: 

VT 	= volume of tissue, (L) 

dCTALD/dt 	= rate of change in the concentration of ALD in the tissue 

T, (mg/Umin) 

QT 	= blood flow rate to the tissue T, (Umin) 

CAALD 	= concentration of ALD in the arterial blood entering the 

tissue, (mg/L) 

CVTALD 	= concentration of ALD in the venous blood exiting the 

tissue, (mg/L) 

KH 	 = first order hydrolysis rate constant for ALD, (min-1), and 

* 	 denotes multiplication 

The first order hydrolysis rate constant is a composite constant 

describing the hydrolytic activity of all esterases and was applied in all tissue 

compartments except fat, and the rate of inhibition of AChE was described in 

the target tissues as a second order process using bimolecular rate constants. 

Although AChE contributes to the hydrolysis of the carbamates and the 
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bimolecular constant can be considered as a component of the first order 

hydrolysis rate constant, within the model these constants operate independent 

of each other. ln other words, the first order rate constant accounts for the 

reduction in the concentration of the carbamates in the tissues due to 

hydrolysis mediated by all types of esterases including AChE, whereas the 

bimolecular rate constant describes the extent of interaction of the carbamates 

with the AChE to produce the inhibited enzyme. This conceptual approach is 

supported by the very small concentration of AChE, 0.049 % of the 

concentration of all esterases in the body (Table 3) (Maxwell et al. 1987). 

Since the inhibition constants were reported in terms of (grnol/L)-1 min-1, 

for the description of the AChE inhibition, the concentration of the carbamates 

in blood was converted from mg/L to lamol/L by dividing by the respective MW. 

The differential equation describing the inhibition of AChE by ALD and ALX in 

tissue compartment was of the following form: 

	

dAChET/dt = - (KachEALD*CTALD*CAchEr*VT) 	!inhibition of AChE by ALD 

	

- (KAchEAueCTALx*CAchEr*VT) 	!inhibition of AChE by ALX 

(KRAch*CAchENT) 	 !regeneration of AChE 

where: 

dAChET/dt = the rate of change of free AChE in the tissue, (Ftmol/min) 

KAChEALD 	= bimolecular rate constant for ALD reaction with AChE, 

(Ftmol/L)-1min-1 
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CTALD 

KAChEALX 

CTAD( 

CAChET 

VT 

KRACh 

CAChEl 

= concentration of aldicarb in the tissue, (pmol/L) 

= bimolecular rate constant for ALX reaction with AChE, 

(µmol/L)-1 min-1  

= concentration of aldicarb sulfoxide in the tissue, 

(µmol) 

= concentration of free AChE in the tissue, (µmol/L) 

= volume of tissue, (L) 

= reactivation constant of inhibited AChE, (min-1) 

= concentration of inhibited AChE, (mol/L) 

Due to the transient nature of ALD- and ALX-induced AChE inhibition no 

attempt was made to model the rate of synthesis and degradation of the 

enzyme (Maxwell et al. 1987). The equations, describing the toxicokinetics and 

toxicodynamics of ALD, were incorporated in the model, which upon running 

generated systematically AChE inhibition time-course patterns for different 

exposure scenarios. Every time the model was run, the model generated both 

the concentrations in the tissue and blood compartments of ALD and ALX 

capable of inhibiting the AChE and the extent of inhibition. The algebraic and 

differential equations representing the ALD model were written as a program 

and solved with a comnnercially-available software, namely ACSL®  (Advanced 

Continuous Simulation Language, Concord, MA, Version 11.4.1). 
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d) Model Validation 

The validity of the rat PBTK model was assessed by comparing the 

model simulations of ALX time-course blood concentrations and the inhibition 

patterns of AChE in RBC and plasma obtained by administering rats ALD (0.1 

and 0.4 mg/kg, iv). The human PBTK model was validated by comparing the 

simulations of AChE inhibition patterns in whole blood with human experimental 

data obtained from oral administrations of ALD (Haines 1971). Twelve adult 

volunteers with no known exposure to ALD or other cholinesterase inhibitors, 

were divided into three test groups and adminstered aqueous ALD in single 

doses of 0.025, 0.05 and 0.10 mg/kg. VVhole blood AChE activity was measured 

radiometrically, at 18 hours and 1 hour prior to exposure and at 1, 2, 4 and 

6 hours following exposure (Table 11, Haines 1971). For the calculation of 

% inhibition the average activity of ail 12 subjects measured 18 and 1 hr prior to 

administration, was taken as the control activity, and the average % inhibition at 

1, 2, 4, and 6 hours was calculated. 

Ill. Determination of the interspecies uncertainty factors 

This involved running the rat and human PBTK models for 24 hr under 

the same exposure dose (mg/kg, p.o.) and calculating the areas under the 

venous blood and brain concentrations vs time curves (AUC) in both species, 

as well as the respective ratios. 
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RESULTS 

Partition coefficients 

The tissue:blood PCs calculated by using the oil:water partition 

coefficients for ALD and ALX are shown in Table 6. Their magnitude along 

with the high oral absorption constant help explain the observations of 

several studies that have shown ALD to be absorbed and distributed rapidly in 

all tissues of the body (Knaak et al. 1966, Andrawes et al. 1967). 

Biochemical parameters for the rate of sulfoxidation of aldicarb in rats 

and humans 

The metabolic rate constants for ALD sulfoxidation in rat liver, kidney 

and lungs are summarized in Table 7. For the measurement of the human 

rate constants, the initial series of studies focused to determine the linear range 

of incubation time and protein concentration with respect to ALD sulfoxidation in 

human liver microsomes. Figure 2 shows the time-course of ALX formation in 

human liver microsomal preparations (protein concentration: 0.4 mg/mi) for an 

initial ALD concentration of 10.5 pM. VVith the choice of 10 minutes from the 

linear part of this curve, the influence of protein concentration on the rate of ALX 

formation was elucidated. The effect on ALD sulfoxidation was linear for 

microsomal protein concentrations of up to 1 mg/m1 (Fig. 3). The final series of 

experiments involved the determination of the rate of ALX formation by liver 

microsomes following a 10-min incubation with 56-1051 pM ALD (final 

concentrations). From the measurement and analysis (Hanes-Woolf plot) of 
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ALX concentrations at the end of ALD incubations during this series of 

experiments, the maximal velocity for metabolism (Vmax) and Michaelis affinity 

constant (Km) for ALD sulfoxidation in human liver microsomes were estimated 

(Fig 4). The Vmax (gnol/min/mg protein) and Km (pM) for ALD metabolism in 

liver microsomes was 8.62 and 1670 respectively. Under the experimental 

condition of the present study, (i) incubation of ALD with human liver 

microsomes re,sulted exclusively in the formation of ALX, and (ii) the oxidation of 

ALX to ALU did not occur (data not shown). 

These results, along with the high acute toxicity of ALD (LD50=1 mg/kg, 

World Health Organization 1991) which prohibits the build up of high 

concentrations in the body, indicate that saturable kinetics is impossible to be 

reached. Thus, the sulfoxidation of ALD in humans can be described as a first 

order process because of the large value of the Michaelis constant in liver 

(Pelekis and Krishnan 1997). For highly metabolized chemicals, clearance, CL 

(Umin), is approximately equal to the rate of blood flow, QT (Umin). Because 

clearance, CL (L/min), is equal to QT*E and the extraction ratio 

E=CLint/CLint+QT, where CLint=Vmax/Km, the clearance of ALD can be 

calculated as: 

[Vmax (mg/min)/Km (mg/L)] * QT (Umin) 

[Vmax (mg/min)/Km (mg/L] + QT (Umin) 
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Since the numerical value of CLint  is very large (7.06 and 1.02 for liver and 

kidney respectively in the rat; the corresponding values in humans are 255 and 

68 respectively) with respect to QT (0.016 and 0.013 for liver and kidney 

respectively in the rat; the corresponding values in humans are 1.23 and 0.95 

respectively), QT in the denominator of the above equation beconnes negligible, 

making organ clearance of ALD equal to QT in both tissues. Thus, metabolic 

clearance in these tissue can be simply described by multiplying the 

concentration of ALD in the arterial blood entering the tissue with the rate of 

blood flow to the tissue (Poulin and Krishnan 1998). 

dAmet Vmax * Cvi  
QT*CA 

dt 	Km + Cvi 

Modeling ALX toxicokinetics in the rat 

VVith the oil:water PCs and the urinary excretion rate constant for ALX 

provided as input, the ALX portion of the ALD PBTK model was used to 

simulate ALX kinetics in rats. The estimation of the urinary excretion rate of ALX 

was based on data from a previous study. For both ALX doses, when the 

constant is set equal to 0.217min*kg, 19.8% of the dose is found in the urine 

after 24 hr, which is the same as the percentage observed in the in vivo study 

(Andrawes et al. 1967). 
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Previous studies have demonstrated the importance hydrolytic esterases 

play in the detoxification of ALD (Gupta and Dettbam 1993). Since esterases 

are widely distributed in the body (Maxwell et al. 1987), in the model, hydrolysis 

was described in all tissue compartments except fat. The first order rate 

constant for hydrolysis was derived by fitting ALX model simulations to data on 

venous blood concentration (CV) of ALX obtained following iv administration of 

0.1 and 0.3 mg/kg. This was achieved by first incorporating the urinary rate 

constant (0.217/min*kg) to the model and then adjusting the first order 

hydrolysis rate constant, so that the predicted CVALx were the sanie as that 

observed in experimental studies. The best fit was obtained when the hydrolysis 

rate constant was set equal to 0.00724 kg*min-1  (Fig. 5) and the model 

predicted that about 80% of the dose will be hydrolyzed within 24 hr. These 

results are in agreement with those from a previous in vivo study in which about 

40% of carbonyl-14C ALX was liberated as CO2, (an end-product of hydrolysis) 

(Andrawes et al. 1967). The discrepancy between the experimental and 

simulated hydrolysis rates can be explained by the fact that not all hydrolyzed 

ALX is emitted as CO2(Knaak et al. 1966). 

Modeling ALD toxicokinetics in the rat 

Using the measured metabolic rate constants for ALD sulfoxidation, the 

ALD model was set to simulate the venous blood concentrations of ALD and 

ALX following administration of 0.4 or 0.1 mg/kg ALD (iv). Fig. 6 shows the 

simulated time course of the blood ALD concentration following the iv 
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administration of a single dose of 0.1 and 0.4 mg/kg. A dominant characteristic 

of ALD toxicokinetics, well illustrated in this study, is its rapid clearance from 

blood. The experimental studies failed to detect any ALD in blood as early as 

10 min after both iv administrations. This behavior was anticipated because of 

the high metabolic rate constants of ALD oxidation, and the relatively small (but 

very toxic) doses administered. The ALX formed from the oxidation of ALD is 

eliminated at a much slower rate, and only hydrolytic and urinary processes are 

involved in its excretion and these observations are consistent with previous 

studies (Knaak et al. 1966, Andrawes et al. 1967). Fig. 7 presents a comparison 

of the predicted and experimental venous blood concentration of ALX (CVAD() 

in rats administered 0.4 or 0.1 mg/kg ALD (iv). 

The rate of enzymatic sulfoxidation of ALD in tissue compartments, and 

their dependence on blood flow rates, was investigated as it has important 

implications in the prediction of the in vivo kinetics of ALD in the rat and other 

species where metabolic rate constants may not be known. Figures 7-9 

compare the concentrations of ALX in the venous blood (CVALx) of the rat 

calculated with: 

(a) the usual saturable kinetic equations, 

(b) with the flow limited metabolism equation in the liver and kidney 

compartments (metabolism in the lung compartment was described as a 

saturable process), and 

(c) with flow limited metabolism in all three metabolizing tissues, respectively. 
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Since all three approaches give the same results with respect to (CVAtx), 

as well as for all the other tissue concentrations (data not shown), it is evident 

that to model the toxicokinetic behavior of ALD in humans and other species, 

one does not have to obtain independent measurements of the metabolic rate 

constants by either in vivo or in vitro experiments. ln other words, due to the 

high metabolic rates, the sulfoxidation of ALD can be described as a blood flow 

limited process, without compromising the predictive power of the model. The 

accuracy of the model is not compromised even if metabolism is described in 

just one of the three tissue compartments. Furthermore, a comparison of the 

relative contribution of the three metabolizing tissues with respect to the amount 

of ALX produced, shows that modeling metabolic clearance as a saturable or 

blood flow-limited process, results in no appreciable difference in the overall 

amount of ALX produced (Table 8). 

Modeling ALX toxicodynamics in the rat 

Tables 9 & 10 summarize the experimental data on the inhibition of AChE 

in RBC and plasma respectively, in the rat following iv administration of 0.3 and 

0.1 mg/kg ALX. Cholinergic symptoms were observed in all treated rats and 

included weakness in the hind limbs, lacrimation, and tremors and decreased 

AChE activity. Signs of poisoning were noticed within 5 minutes of 

administration and lasted for 2-3 hr. 
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Having reliable and continuous estimates of the concentrations of ALX 

in all tissues over time, the model then simulated the inhibition profile of 

AChE in RBC and plasma by incorporating the inhibition rate constants for 

ALX. The simulated and measured time course of AChE inhibition in 

erythrocytes following intravenous ALX administration are shown in Figs 10 & 

11. The experimental data and simulations suggest that the maximum 

inhibition was between 88 and 96% and was reached within 10 and 25 min 

for the low and high doses, respectively. The AChE activity decreased very 

rapidly, was dose-dependent and returned to normal levels within 10 hr of 

administration. 

Modeling ALD toxicodynamics in the rat 

Similar inhibition patterns were observed in rats treated with 0.4 and 

0.1 mg/kg ALD. The simulated and measured time course of the AChE 

inhibition in erythrocytes and plasma following iv administration of ALD is 

shown in Figs 12-15. The maximum inhibition was more than 80% and it was 

reached within the first hour after administration. The AChE activity 

decreased very rapidly in all three tissues, was dose dependent and returned 

to normal levels 10-13 hours after administration. The substantial and the 

rapid inhibition patterns are in agreement with previously published studies 

on ALD-induced AChE inhibition (DePass et al. 1985) and can be explained 

by the very fast distribution of ALX in the body as well as the high 

carbamylation rate constants. 
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Modeling ALD toxicokinetics and toxicodynamics in humans 

Model simulations show that following the administration of 0.1 mg/kg 

(p.o.), all of the ALD will be eliminated within 1 hr (Fig 16). This is in agreement 

with the observations of Haines (1971) and Cope and Romine (1973), who 

could only recover minimal amounts of the carbamate in urine following oral 

administration. 

Further evidence that the metabolism of ALD can be described as a flow 

limited process is provided in Figs 17-20, where the simulated profile of (CVAu() 

in humans has been calculated by: 

(a) allometric extrapolation of the rat liver, kidney and lung metabolic 

parameters, 

(b) using the measured human liver parameters (the kidney and lung 

parameters were obtained by allornetric extrapolation of the rat values), 

(c) with the blood flow limited equations in all three metabolizing tissues, and 

(d) with metabolism occurring only in the liver (as a flow limited process), 

Therefore, as in the case of rat, the sulfoxidation of ALD in the human model 

can be described as occurring only in the liver or as a blood flow-limited process 

with no loss of predictive power by the model. 

Due to the lack of toxicokinetic data in humans direct validation of the 

human PBTK model was not possible, and the accuracy of the integrated 

model was based on the inhibition patterns of AChE observed in humans 
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exposed to ALD. Figs. 21-23 show the predicted and simulated inhibition 

patterns of AChE in human whole blood. The pattern of AChE inhibition in 

human RBCs is similar to that seen in the rat and the simulation data are in 

agreement with the observations in all human studies that indicate peak effects 

within 1 hr of administration and rapid recovery (Haines 1971; Cope and 

Romina 1973; Rhone-Poulenc 1992). 

Determination of the interspecies toxicokinetic uncertainty factor 

(UFAH-TO 

The UFAH_TK  was determined using the validated rat and human PBTK 

models. This was achieved by dividing the area under the venous blood and 

brain concentration vs time curves (AUCcv and AUCcBR) for ALD and ALX in 

the rat and human exposed to the same dose (0.1 mg/kg, p.o.). AUC is the 

time integral of systemic exposure to the chemical, and the UFAH-TK based on 

AUC integrates interspecies differences in the efficiency of absorption as well 

as metabolism and elimination. It represents not only the amount of the 

chemical that is present in the blood or tissue, but also the duration of its 

presence, and thus provides a measure of the opportunity a chemical has to 

interact with the targets of toxicity (Clewell and Jarnot 1994). Doses are 

considered kinetically equivalent in terms of integrated exposure, i.e., the 

area under the blood or tissue concentration curve (mass/unit volume)(time). 



152 

Table 12 shows the rat/human ratios for the AUCcv of ALD and ALX in 

an average 70 kg human and a 0.25 kg rat exposed to the same applied 

dose (mg/kg, p.o.). These ratios represent the interspecies toxicokinetic 

uncertainty factor, UFAH-TK, and describe the toxicokinetic difference between 

rats and humans with respect to the parent compound and the metabolite. 

The results indicate that with respect to parent chemical, equivalent applied 

doses in rats and humans result in a 9.5-fold difference in the AUCcv and 

AUCcBR  respectively, in the two species, and about 17-fold difference in the 

AUCcv and AUCcBR with respect to the metabolite. ln other words, in order to 

have toxicokinetic equivalence in terms of AUCcv and AUCcBR of ALD and 

ALX in rats and humans, the former species must be exposed to a dose that 

is approximately 9.5 and 17 times larger than the human with respect to the 

parent chemical and the metabolite respectively. 
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DISCUSSION 

The use of the NOAEL or LOAELJuncertainty factor procedure yields 

an estimate of an exposure that is thought to "have a reasonable certainty of 

no harm". Adverse effects however, develop at the target tissues from the 

interaction of the toxic moiety with cellular components or receptors. 

Because tissue dose is not always proportional to exposure concentration, a 

more appropriate method of deriving risk estimates should involve the 

quantitative relationship between exposure levels and target tissue dose, and 

further the relationship between tissue dose and observed response in 

animals and humans (Andersen, 1992). Through the years the procedure 

has been in use, there have been calls for improving its accuracy, by 

incorporating available mechanistic information that translates exposure dose 

to tissue dose and by providing a numerical estimate of the uncertainty that is 

involved, i.e., provide justification for the magnitude of the uncertainty factors. 

The expression of toxicity can depend on the magnitude, duration and 

frequency of exposure and the mechanistic determinants of the disposition 

(adsorption, distribution, metabolism and elimination) of a chemical include 

both time- and concentration-dependent processes. Physiologically-based 

toxicokinetic (PBTK) modeling techniques have been used to characterize 

the disposition of chemicals in tissues for the past 20 years (Bischoff and 

Brown 1966). PBTK models are appealing in that a comprehensive mass 
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balance approach is used to represent the processes of chemical disposition 

and are useful in describing the relationship between exposure and target 

tissue dose. 

The PBTK approach was used in the present study to estimate the 

concentration of ALD and its metabolite ALX in the blood and brain, which 

were subsequently used to determine the interspecies toxicokinetic 

uncertainty factor. lnitially, quantitative estimates of relevant mechanistic 

parameters were obtained and a PBTK model that describes the toxicokinetic 

behavior of ALD and ALX in rats was developed and validated. Then, the 

mechanistic parameters in humans were determined in humans and a human 

PBTK model was constructed. Because of the unavailability of human 

toxicokinetic data the human model was expanded to simulate the ALD- and 

ALX-induced AChE inhibition in blood and was validated with available AChE 

inhibition data. The adequacy of the expanded model was also tested 

successfully in the rat. 

Since blood and brain are the target tissues, the rat and human PBTK 

models were run to simulate the concentration of the carbamates in these 

tissues under a realistic exposure scenario (0.1 mg/kg ALD, p.o.). Then the 

corresponding AUCs were calculated the ratio of which is equal to the 

UFAH-Tk. The results of the present study indicate that the use of the default 

UFAH-TK (=3.16) with respect to the parent compound and the metabolite 
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would not be enough to correct for interspecies differences. Considering that 

the parent compound remains in the body for a fraction of the time that the 

metabolite does comparing the UFAH-TK for the metabolite is more 

appropriate. Although the default approach utilizes UFAH-TK to correct applied 

doses of the parent compound, this is not improper because most of the 

observed response to ALD exposure is due to the action of ALX. The results 

of the present study indicate that the use of the default interspecies 

toxicokinetic factor would underestimate toxicokinetic equivalence by a factor 

of 5.4 (=17.3/3.16). 

The UFAH-TK is used in the default approach to correct toxicokinetic 

differences over lifetime exposures. In the case of ALD however, this is not 

relevant because both ALD and ALX are eliminated from the body within one 

day. This point has been taken into consideration by the EPA in the recent 

RfD determination of ALD, where the uncertainty factor that corrects for 

subchronic to chronic extrapolation is not used (IRIS, 1996). 

Of the mechanistic determinants of ALD disposition, metabolic 

parameters play a dominant role since almost all of the applied dose is 

converted very fast to ALX. Due to its very fast oral absorption rate, the results 

of the present study would be applicable to other routes of administration. 
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The toxicokinetic approach used in the present study to determine the 

UFAH_TK, provides an alternative to the traditional applied dose methodology. 

The advantage of the toxicokinetic approach is that using an internai measure of 

effective tissue exposure should provide a more meaningful basis for estimating 

risk than using applied dose, and that the incorporation of toxicokinetic 

information should increase the accuracy of the dose, route and species 

extrapolations required in the risk assessment process. 

Overall, the present study has demonstrated the applicability of PBTK 

models in the quantitative evaluation of interspecies toxicokinetic uncertainty 

factor, and shown that the current default values are inaccurate, at least with 

respect to ALD, which has potential negative implications in the alleged 

protection of risk estimates derived from them. However, the degree of accuracy 

cannot be evaluated based on the results of just one chernical. In order to 

evaluate this aspect, the methodology described in this study will have to be 

applied in the determination of the U H AH-TK for other chemicals. 
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Table 1. P450 Enzyme Content and Activities for Pooled Human 

Microsomesi  

Content 

Cytochrome P450 (Omura & Sato) 	 0.48 nmol/mg 

Cytochrome P450 (Matsubara) 	 0.55 nmol/mg 

Cytochrome b5 	 0.51 nmol/mg 

NADPH- cytochrome c reductase 	 271nmol/mg/min 

Activity (pmol/mg microsomal protein/min) 

CYP1A2 	 7-Ethoxyresorufin 0-dealkylation 	48.4±1.4 

CYP1A2 	 Caffeine N3-demethylation 	 83.5±2.2 

CYP2A6 	 Coumarin 7-hydroxylation 	 1400±170 

CYP2C9 	 Tolbutamide methyl-hydroxylation 	210±1 

CYP2C19 	S-Mephenytoin 4'-hydroxylation 	143±1 

CYP2D6 	 Dextromethorphan 0-demethylation 	303±3 

CYP2E1 	 Chlorzoxazone 6-hydroxylation 	1300±60 

CYP3A4/5 	Testosterone 63-hydroxylation 	4960±400 

CYP4A9/11 	Lauric acid 12-hydroxylation 	 1290±70 

1  Data provided by Human Biologics (Phoenix, AR) 
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Table 2: Physiological parameters used in the ALD PBTK models1  

Tissue volumes 
(% of body weight) 

Rat Human 

Liver 3.4 2.6 

Lung 0.5 0.8 

Kidney 0.7 0.4 

Brain 0.6 2.0 

Fat 7.0 21.4 

Blood 7.4 7.9 

Rest of body 71.4 55.9 

Flow rates 
(L/min) 

Cardiac output 0.09 5.41 

Flow distribution 
(% Cardiac output) 

Liver 18.3 22.7 

Kidney 14.4 17.5 

Brain 2.0 11.4 

Fat 7.0 7.0 

Rest of body 58.3 41.4 

1  Data from !LSI 1994 
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TABLE 3: Concentration of esterases in rats.' 

Tissue 	 AChE2 	BuChE & CaChE3  

Brain 	 37.8 	 564 

Liver 	 0.89 	 45500 

Lung 	 1.94 	 12900 

Kidney 	 0.48 	 16500 

Plasma 	 1.12 	 4220 

RBC 	 0.92 

Rest of body 	5.08 	 11000 

1  Data from Maxwell et aL (1987), and Venkataraman and 

Naga Rani (1994); expressed in nmoles/kg tissue 

2  AChE: Acetylcholinesterase 

3  BuChE: Butyrylcholinesterase, CaChE: Carboxylcholisterase 
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Table 5: Reaction constants for carbamates and AChE 

Ka 	 K2 
	 KI 	 K3 

1  Data from Hastings et al. (1970) and Kuhr and Dorough (1976). 

2  Estimated from the corresponding constant for ALD and the difference in 

potency between the two carbamates. 
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Table 6: Partition coefficients used in the ALD PBTK models 

Rat Human 

Liver:Blood 0.94 0.93 

Lung:Blood 0.94 0.93 

Kidney:Blood 1.05 1.01 

Brain:Blood 0.94 0.93 

Fat:Blood 2.0 1.81 

Rest of body:Blood 0.91 0.91 
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Table 7: Biochemical parameters used in the ALD PBTK models 

Rat Human 

Vmax 
(mg/kg/min) 

Km 
(mg/L) 

Vmax 	Km 
(mg/kg/min) 	(mg/L) 

Liver 718 35 3497 317.8 

Kidney 587 199.6 587 199.6 

Lung 5.26 35.8 5.26 35.8 
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Table 8. Comparison of the contribution of metabolising tissues when 

metabolism is described as a saturable and a blood flow-

limited process in the rati  

Amount of ALX produced (% of total) 

Saturable 
Metabolisml  

Blood flow-limited 
Metabolism 

Liver 19.8 13.7 

Kidney 14.7 10.8 

Lung 65.5 75.4 

1  The total amount of ALX produced when metabolism is 

described as saturable and flow limited process was 0.1064 mg 

and 0.1074 mg, respectively. The dose in both cases is 0.4 

mg/kg (and the amount 0.11mg) 
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Table 9. Inhibition of AChE in rat RBC following the iv administration of 

0.3 mg/kg and 0.1 mg/kg ALX (average±SEM) 

0.3 mg/kg 0.1 mg/kg 

Time (min) AChE 
(% of control) 

Time (min) AChE 
(% of control) 

Control 100±4.3 Control 100±4.3 

15 2.94±0.18 10 5.17±0.49 

30 4.46±0.68 20 6.28±1.74 

45 5.06±0.09 30 8.86±2.12 

60 3.82±0.19 45 10.93±0.41 

90 5.47±0.56 60 15.2±1.57 

120 9.97±1.27 90 35.9±10.5 

360 33.4±6.92 120 32.5±12.2 
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Table 10. Inhibition of AChE in rat RBC and plasma following the iv 

administration of 0.4 and 0.1 mg/kg ALD (average±SEM) 

0.4 mg/kg 0.1 mg/kg 

AChE (% of control) AChE (% of control) 

Time (min) RBC Plasma Time (min) RBC Plasma 

Control 100±7.4 100±5.0 Control 100±2.4 100±7.0 

30 5.80±0.4 7.80±0.5 15 4.58±0.04 13.2±0.73 

60 2.80±0.2 7.05±0.4 30 9.40±2.4 13.7±1.6 

120 5.70±0.9 11.3±1.8 45 6.99±2.0 15.0±1.09 

180 13.1±2.2 21.8±0.5 60 10.6±1.4 23.3±2.16 

240 45.7±17.5 67.5±21.8 90 26.3±3.4 27.2±3.9 

360 71.0±7.97 105±11.5 120 43.5±16.7 52.3±16 

480 79.2±9.9 107±3.53 -- -- 



Table 11: Inhibition of AChE in human blood following oral 

administration of ALD (average±SEM) 

AChE (% of control) 

Time (min) 0.1 mg/kg 0.05 mg/kg 0.025 mg/kg 

Control 100±7.0 100±7.0 100±7.0 

60 35.7±1.9 43.5±6.3 55.5±6.3 

120 29.1±4.1 49.7±4.7 62.1±5.8 

240 58.8±5.4 85.6±4.7 88.7±4.7 

360 76.3±4.2 91.0±4.7 93.4±9.7 
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Table 12: Interspecies toxicokinetic uncertainty factors (UFAH-Tx) for 

ALD and ALX obtained with the PBTK models 

U FAII-TK 

Metric ALD ALX 

AUCcvl  0.105 0.058 

AUCcsRi  0.106 0.058 

1  Both rat and human were exposed to 0.1 mg/kg (p.o.) 
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Figure Legends 

Figure 1: Schematic representation of the physiologically-based toxicokinetic 

model for aldicarb. 

Figure 2: Aldicarb sulfoxide (ALX) produced by the sulfoxidation of aldicarb 

by human liver (protein concentration: 0.5 mg/ml; ALD: 5.25 µ,M), 

microsomes as a function of incubation time. The symbols represent 

experimental data (mean ± SE, n=3). 

Figure 3. Aldicarb sulfoxide (ALX) produced by the sulfoxidation of aldicarb 

by human liver (5.25 ilM), as a function of the concentration of microsomal 

protein. The experimental data (symbols, mean ± SE, n=3) correspond to the 

amount of ALX measured at the end of a ten minute incubation. 

Figure 4. Hanes-Woolf plot of aldicarb sulfoxidation in human liver 

microsomes. v refers to the initial rate of reaction (pmol/min/mg protein) and 

[S] refers to the initial aldicarb concentration (011). 

Figure 5: Time course for the venous blood concentration of ALX in rats after an 

iv dose of 0.3 mg/kg (o----o) and 0.1 mg/kg (V---V) ALX. The symbols represent 

experimental data whereas the solid line is PBTK model simulation. 
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Figure 6: Time course simulation for the venous blood concentration of ALD in 

rats after an iv dose of 0.4 mg/kg (- - - - ) and 0.1 mg/kg (-) ALD. Due to its 

very fast metabolism no ALD was detected in the experimental studies. 

Figure 7: Time course for the venous blood concentration of ALX in rats after an 

iv dose of 0.4 mg/kg (o----o) and 0.1 mg/kg (V---V) ALD. The symbols represent 

experimental data whereas the solid line is PBTK model simulation. 

Figure 8: Time course for the venous blood concentration of ALX in rats after an 

iv dose of 0.4 mg/kg (o----o) and 0.1 mg/kg (V---V) ALD. The symbols represent 

experimental data whereas the solid line is PBTK model simulation obtained 

with the metabolism being described as a flow-limited process in the liver and 

kidney compartments. Metabolism in the lungs was described as a saturable 

process. 

Figure 9: Time course for the venous blood concentration of ALX in rats after an 

iv dose of 0.4 mg/kg (o----o) and 0.1 mg/kg (V--V) ALD. The symbols represent 

experimental data whereas the solid line is PBTK model simulation obtained 

with the metabolism being described as a flow-limited process in the liver, 

kidney and lung compartments. 
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Figure 10: Time course inhibition pattern of RBC AChE activity in rats after an iv 

dose of 0.3 mg/kg ALX. The symbols represent experimental data whereas the 

solid line is PBTK model simulation. 

Figure 11: Time course inhibition pattern of RBC AChE activity in rats after an iv 

dose of 0.1 mg/kg ALX. The symbols represent experimental data whereas the 

solid line is PBTK model simulation. 

Figure 12: Time course inhibition pattern of RBC AChE activity in rats after an iv 

dose of 0.4 mg/kg ALD. The symbols represent experimental data whereas the 

solid line is PBTK model simulation. 

Figure 13: Time course inhibition pattern of RBC AChE activity in rats after an iv 

dose of 0.1 mg/kg ALD. The symbols represent experimental data whereas the 

solid line is PBTK model simulation. 

Figure 14: Time course inhibition pattern of plasma AChE activity in rats after an 

iv dose of 0.4 mg/kg ALD. The symbols represent experimental data whereas 

the solid line is PBTK model simulation. 

Figure 15: Time course inhibition pattern of plasma AChE activity in rats after an 

iv dose of 0.1 mg/kg ALD. The symbols represent experimental data whereas 

the solid line is PBTK model simulation. 
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Figure 16: Simulated tinne course for the venous blood concentration of ALD in 

humans after an oral dose of 0.1 mg/kg ALD. 

Figure 17: Time course for the venous blood concentration of ALX in humans 

after an oral dose of 0.1 mg/kg ALD. The PBTK model simulation was obtained 

with the metabolism being described as a saturable process in the liver, kidney 

and lung compartments using the corresponding rat parameters 

Figure 18: Time course for the venous blood concentration of ALX in humans 

after an oral dose of 0.1 mg/kg ALD. The PBTK model simulation was obtained 

with the metabolism being described as a saturable process in the liver, kidney 

and lung compartments using the human parameters for the liver and the rat 

parameters for the kidney and lung compartments 

Figure 19: Time course for the venous blood concentration of ALD in humans 

after an oral dose of 0.1 mg/kg ALD. The symbols represent experimental data 

whereas the solid line is PBTK model simulation obtained with the metabolism 

being described as a flow-limited process in the liver, kidney and lung 

compartments. 
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Figure 20: Time course for the venous blood concentration of ALD in humans 

after an oral dose of 0.1 mg/kg ALD. The symbols represent experimental data 

whereas the solid line is PBTK model simulation obtained with the metabolisnn 

being described as a flow-limited process only in the liver compartment. 

Figure 21: Time course of blood AChE activity in humans after oral 

administration of 0.1 mg/kg ALD. The symbols represent experimental data 

whereas the solid line is PBTK model simulation. 

Figure 22: Time course of blood AChE activity in humans after oral 

administration of 0.05 mg/kg ALD. The symbols represent experimental data 

whereas the solid line is PBTK model simulation. 

Figure 23: Time course of blood AChE activity in humans after oral 

administration of 0.025 mg/kg ALD. The symbols represent experimental data 

whereas the solid line is PBTK model simulation. 
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ABSTRACT 

Health risk assessments for non-carcinogenic chemicals are 

conducted using animal data, whenever the no-observable adverse effect 

level (NOAEL) cannot be confidently established with available human data. 

The use of animal data to estimate safe levels for humans introduces several 

uncertainties, which are addressed with the use of uncertainty (safety) 

factors. The animal NOAEL is divided by a series of multiplicative factors of 

10, each of which accounts for the uncertainty associated with interspecies, 

intraspecies and exposure scenario extrapolations, to estimate the reference 

dose (RfD). ln practic,e, the interspecies uncertainty factor, UFAH, of 10 

reflects the magnitude of correction that is required to derive human-

equivalent doses. Recently, the default UFAH  was subdivided into two 

components to account separately for interspecies differences in 

toxicokinetics and toxicodynamics (UFAH-TK =3.16, UFAH-TD=3.16). Even 

though the UFAH  in its composite or dissociated form is widely used, there is 

no basis to support or refute the magnitude of these factors for specific 

chemicals. The objective of the present study was to derive interspecies 

toxicokinetic uncertainty factors (UFAH-TK) for several chemicals using 

validated physiological models. The approach involved the estimation of 

blood and tissue concentrations of the parent compound and the liver 

concentration of metabolites with validated rat and human physiologically-

based toxicokinetic models for continuous exposure to dichloromethane 

(DCM), tetrachloroethylene (TETRA), 1,4-dioxane, (DIOX), toluene (TOL), m- 
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xylene (XYL), styrene (STY), carbon tetrachloride (CATE), ethyl benzene 

(ETBE), chloroform (CHLO), trichloroethylene (TRI) and vinyl chloride 

(VICH). The respective rat/human concentration ratios provided an estimate 

of the UFAH-TK-and the results suggest that exposing rats and humans to the 

same ambient concentration yields 5.24±1.78 times greater dose (mg/kg) in 

the rat than in humans. However, in order to have equivalent blood and 

tissue concentrations in both rats and humans, the former must be exposed 

to a dose (mg/kg) that is on average 6.32 times higher than humans, if the 

parent compound is the rnoiety of concern, and 1.15 times higher when the 

toxic effects are caused by the metabolite. Since the dose received and 

clearance are greater in the rat (by a factor of 5.24 and 6.32 respectively) 

than in humans, the overall rat-hUMarl UFAH-TK for VOCs is 1.0. The UFAH-TK 

derived in the present study using a physiological modeling approach 

provides a scientific basis for its magnitude and suggests that the currently 

used UFAH--rk of 3.16 may result in incorrect risk estimates. 
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INTRODUCTION 

The reference dose or reference concentration (RfD, RfC) is defined 

as "an estimate of a daily exposure to the human population that is likely to 

be without an appreciable risk of deleterious effects during lifetime" (USEPA, 

1997). They are generally expressed in mg/kg BVV/day or nig/m3/day, and 

are estimated from the following equation: 

NOAEL or LOAEL 
RfD — 

UF(s) * MF 

where: 

NOAEL (no observable adverse effect level) = the highest exposure 

level at which there are no statistically or biologically significant 

increases in the frequency of occurrence of adverse effects in the 

exposed population compared to its appropriate control, 

LOAEL (lowest observable adverse effect level) = lowest exposure 

level at which there is statistically significant increase in the frequency 

of occurrence of adverse effects in the exposed population compared 

to its appropriate control, 

UF(s) = uncertainty or safety factor(s), and 

MF = modifying factor that addresses the adequacy of the 

toxicological database 
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The uncertainty factor is "a number that reflects the degree or amount 

of uncertainty that must be considered when experimental data are 

extrapolated to humans exposed under particular scenarios (e.g., 

environmental, occupational)" (NAS, 1977). The UF typically accounts for 

toxicokinetic and toxicodynamic heterogeneity between animais (A) and 

humans(H), (UFAH=10X) and within human population (UFHH=10X), and the 

duration of the studies. Recently, the default UFAH  was differentiated into two 

components, UFAH-TK and UFAH-TD, and the UFAH  of 10 was subdivided into 

two multiplicative factors of 3.16 each (USEPA, 1989, Renwick, 1991,1993). 

Eventhough the UFAH  in its composite or dissociated form is widely used in 

non-cancer risk assessments, regardless of the identity of chemicals and the 

nature of the endpoint, there is no conclusive experimental or theoretical 

justification to support or refute this practice and the magnitude of the UFAH. 

ln the past, there was no quantitative tool that would permit either the 

estimation of the overall UFAH or its components, and risk assessors were 

forced to use the default values. The advent of physiologically-based 

toxicokinetic (PBTK) modeling techniques has provided a tool that could be 

used to quantitate the UFAH. The mechanistic and biological foundation of 

PBTK models makes the estimation of tissue doses across species possible. 

ln most cases, all that is required is a change in the species-specific values 

of the mechanistic determinants of toxicokinetics, i.e., the physicochemical, 

biochemical and physiological parameters. Once the PBTK model has been 
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constructed and validated in a species, the toxicokinetic behavior of the 

same chemical in different species can be simulated and compared. Thus, 

the toxicokinetic equivalence of same chemical in different species can be 

evaluated in a quantitative manner and the magnitude of the UFAFI-TK can be 

assessed. 

The objective of the present study was to estimate the magnitude of 

the rat-to-human toxicokinetic uncertainty factor using validated PBTK 

models for the following volatile organic chemicals (VOCs): dichloromethane 

(DCM), tetrachloroethylene (TETRA), 1,4-dioxane, (DIOX), toluene (TOL), m-

xylene (XYL), styrene (STY), carbon tetrachloride (CATE), ethyl benzene 

(ETBE), chloroform (CHLO), trichloroethylene (TRI), and vinyl chloride 

(VICH). 
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APPROACH 

The approach involved: (i) simulating the kinetics of DCM, TETRA, 

DIOX, TOL, XYL, STY, CATE, ETBE, CHLO, TRI and VICH, using validated 

rat and human PBTK models under three different exposure scenarios (8-hr, 

24-hr and 30 day continuous exposure), (ii) calculating the blood and tissue 

concentrations of parent chemicals, dose received, and hepatic 

concentration of the metabolites at the end of exposures in rats and humans, 

and (iii) using the results of step (ii) to calculate the numerical values of 

U FAH-TK. The chemicals chosen for the present study represent those for 

which PBTK models have previously been developed and validated in both 

rats and humans. Since the primary objective of the present study relates to 

the quantification of the UFAH-TK,  the proposed methodology is independent 

of whether the chemical is carcinogen or not. All simulations were conducted 

using a four compartmental PBTK model framework depicted in Figure 1. 

Briefly, input to the system occurs via inhalation, and the chemical in the 

alveolar air is assumed to equilibrate in the lung with capillary blood so that 

the chemical concentration in arterial blood and alveolar air is at a constant 

ratio specified by the blood:air partition coefficient. Arterial blood leaving the 

lungs at a flow rate equal to the cardiac output is distributed to four principal 

tissue groups: the fat tissue, representing the total body adipose tissue; the 

slowly perfused tissues, representing muscle and skin; the richly perfused 

tissues, representing visceral organs (excluding the liver) and brain; and the 

liver tissue, representing the organ with the major metabolic capacity. The 
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chemical in the arterial blood is distributed rapidly throughout the tissue 

volume, and the chemical concentration in the venous blood exiting each 

group is determined by the tissue:blood partition coefficient. Venous blood 

from each tissue group is combined simultaneously to yield the mixed 

venous blood returning to the lungs (Ramsey and Andersen, 1984). 

ln these PBTK models, the rate of change in the amount of chemical 

in each tissue compartment (dAT/dt) was described with mass balance 

differential equations (MBDEs) of the following type: 

dAT/dt= QT*(CA-CVT)-RAM 

where: 

QT 	=blood flow rate to the tissue (Uhr) 

C 	=concentration of chemical 

A 	=arterial blood 

VT 	=venous blood leaving tissue, and 

RAM =rate of the amount of chemical metabolized (mg/hr) 

Metabolism was described to occur only in the liver. The set of MBDEs 

constituting the PBTK models was solved by numerical integration with the 

aid of Fortran-based software package (Advanced Continuous Simulation 

Language®, Version 11.4.1, Mitchell & Gauthier Associates, Concord, MA). 

The numerical values of all parameters for the rat and human PBTK models 
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for DCM, TETRA, DIOX, TOL, XYL, STY, CATE, ETBE, CHLO, TRI and 

VICH were obtained from Andersen et al. (1991), Ward et al. (1988), Reitz et 

al. (1990a), Tardif et al. (1993, 1995), Ramsey and Andersen (1984), 

Paustenbach et al. (1988), Tardif et aL (1997), Reitz et al. (1990b), Allen et 

al. (1993) and Fisher et al. (1990), and Reitz et a/. (1996), respectively 

(Tables 1-3). 

The initial set of exercises involved providing the same exposure 

concentration (1 ppm) as input to rat and human PBTK models to simulate 

the concentration in arterial and venous blood (CA, CV), the tissue 

concentrations (CT) [liver (L), fat (F), slowly perfused tissues (S) and richly 

perfused tissues (R)], and the concentration of the metabolite in the liver 

(CM) after 8-hr, 24-hr and 720-hr (30 days) of continuous exposure. The next 

set of simulation exercises focused to determine the dose received (mg/kg) 

by rats and humans during an identical exposure scenario (1, 24 or 720 h; 1 

ppm). ln the last set of simulations the CA, CV, CT, and CM were determined 

when both species received equivalent doses. 

The simulation results (i.e., CA, CV, CL, CF, CR, CS, CM, dose 

received) obtained in rats were divided by those obtained with the human 

PBTK rnodels. The resulting rat-to-human ratios generated during the three 

simulation exercises correspond to the overall UFAH-TK or its components, 

namely UFAH-uptake and UFAH-clearance• 
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RESULTS 

Table 4 shows the rat/human ratios of blood and tissue concentrations 

of parent chemicals and the liver concentration of metabolites, when both 

species are exposed to 1 ppm of each VOC for 8, 24 or 720 hr. These ratios 

represent the rat-to-hunnan toxicokinetic uncertainty factors, UFAH-TK, as a 

function of the dose measure to be used in risk assessments. If for DCM, for 

example, CL is the dose surrogate of choice, then the rat exposure 

concentration should be divided by 0.4 to get the human equivalent exposure 

concentration (HEC). On the other hand, if equivalent venous blood 

concentration (CVDcm) is desired then the rat exposure concentration should 

be divided by 1.47 to get HEC (for lifetime, continuous exposure scenario). 

The average value of UFAH-TK for all dose surrogates based on parent 

chemical concentration (i.e., CA, CV, CR, CS, CF and CL) is close to unity 

(0.81±0.21). These results then suggest that continuous exposure to the 

same ambient concentration will result in just about the same tissue and 

blood concentrations of parent chemicals in rats and humans. However, the 

liver concentration of metabolites is likely to be greater in rats on average by 

a factor of 5.17±3.38 (during continuous exposures) for the VOCs 

investigated in the present study. This is a likely consequence of enhanced 

metabolic clearance in rats compared to humans. 

Table 5 presents the rat-to-human ratios of the dose received (mg/kg) during 

8, 24 or 720 hr exposure to 1 ppm of each of the VOCs. When rats and 
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humans are exposed to the same ambient concentration for an identical 

length of time, the rat receives, on an average, between 4.48 and 5.24 times 

the dose received by humans. The magnitude of the difference in uptake, 

i.e., dose received (Table 5) is comparable to the magnitude of the rat-to-

human difference in CM (Table 4). The fact that the overall UFAH-TK based on 

parent chemical concentrations is close to unity (Table 4) can then be 

explained by greater uptake and clearance of these chemicals in rats than in 

humans, by about the same factor. 

For all chemicals, there is a small difference in the UFAH-TK for the 

different exposure durations (Tables 4 & 5). This is due to the fact that while 

the rat tissues reach steady-state fairly quickly, the time required for human 

tissues to attain steady-state is considerably longer (e.g., 300-hr, Pelekis and 

Krishnan 1997). Thus, as the human tissues attain steady-state, the 

concentration in human tissues (i.e., the denominator) increases and the 

ratio decreases. Since uncertainty factors apply to continuous exposure 

scenarios, i.e., conditions in which steady-state has been reached, all 

subsequent exercises were conducted for 720-hr exposures. 

To investigate differences in metabolic clearance when equivalent 

doses are administered in both species, the ambient exposure concentration 

specified in the rat PBTK models was adjusted so that the total dose 

received was equivalent to that of a human exposed to 1 ppm. The results in 
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specified in the rat PBTK models was adjusted so that the total dose 

received was equivalent to that of a human exposed to 1 ppm. The results in 

Table 6 suggest that the average blood and tissue concentrations of parent 

chemicals in the rat are lower on average by a factor of 0.17±0.03 (0.12-

0.21) than in humans, and the average concentration of metabolites is also 

lower in the rat by a factor of 0.87±0.32. ln other words, in order to have 

equivalent blood and tissue concentrations in both rats and humans, the 

former must be exposed to a dose (mg/kg) that is on average 5.88 times 

higher than in humans if the parent compound is the moiety of concern and 

1.15 times when the metabolite is the dose surrogate of choice. Since the 

dose received and clearance are greater in the rat (by a factor of 5.24 and 

6.32 respectively) than in humans, the overall rat-human UFAH-TK for VOCs is 

1.0. The UFAH-TK derived in the present study using a physiological modeling 

approach then, provides a scientific basis for its magnitude and suggests that 

the currently used UFAH-TK of 3.16 may result in inaccurate risk estimates. 



232 

DISCUSSION 

Current risk assessment approaches estimate risk by correlating the 

incidence of response for various exposure levels in animais and humans 

with exposure or administered (applied) dose. Adverse effects, however, 

develop at the target tissues from the interaction of the toxic moiety with 

cellular components or receptors and the currently used approaches fail to 

account for the fundamental toxicokinetic processes in a quantitative manner. 

Although this limitation had been recognized and acknowledged for a long 

time, analytical methods could not provide estimates of target tissue dose, 

and risk assessors were restricted to investigating exposure concentration or 

at best blood concentrations of toxicants with responses. 

The advent of analytical methodologies and physiological modeling 

techniques have permitted the investigation of the exposure-tissue 

concentration across and within species in a realistic and accurate way. ln 

the present study, the toxicokinetic equivalence of VOCs in rats and humans 

was examined quantitatively with the aid of validated PBTK models and the 

toxicokinetic interspecies uncertainty factors of eleven VOCs were 

determined. 

The results of this study indicate that the magnitude of UFAH-TK varies 

among chemicals and depends on the dose surrogate used, and whether the 
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metabolite or the parent compound is the toxic moiety. For example, in the 

case of styrene, if dose received was used as a metric the UFAH-TK would be 

4.29, while the UFAH-TK based on blood concentrations would be 

approximately 1. Comparison of these values with the default values of UFAH-

TK, clearly shows that if one of the tissues were the target organ, the default 

uncertainty factor would overestimate the risk, while extrapolation based on 

dose received would not result in any appreciable difference. The results also 

show that for the chemicals used in the present study the UFAH-TK varies 

between 0.06 and 1.45, thus indicating that the use of the default UFAH-TK 

(3.16) would overestimate the derived exposure limits, by a factor as large as 

3. Additionally, the results refute the unidirectionality of the UFAH-TK, which is 

based on the assumption that physiological clearance in humans is less than 

in laboratory animals. 

VVith respect to dose received, the default extrapolation is performed 

on the basis of body surface (BW°.67). Thus, to extrapolate a dose from a 

0.25 kg rat to a 70 kg human the factor would be (70/0.25)0.67= 6.5. The 

results of the present study indicate that the default method will produce 

erroneous results and the dose received could be overestinnated or 

underestimated by as much as a factor of 3 (in the case of DIOX). 

The approach described in the present study provides an alternative 

to the default methodology, and is advantageous in that an internal measure 
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of effective dose-rather than applied dose- is used in evaluating risk. The 

incorporation of mechanistic toxicokinetic information increases the accuracy 

of interspecies extrapolation and addresses the request of the regulatory 

agencies to consider such information when it is available and incorporate in 

the evaluation of risk. 
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Table 3: Biochemical parameters used in the rat and human 

PBTK models for the estimation of UFAH-TK 

CHEMICAL VmaxCl  KM2  KFC3  

Rat Human Rat Human Rat Human 

DCM 4.00 6.25 0.40 0.75 2.0 2.0 

TETRA 0.19 0.151 0.30 0.30 1.8 0.0 

DIOX 27.0 0.274 29.4 3.00 0.0 0.0 

TOL 4.80 4.80 0.55 0.55 0.0 0.0 

XYL 8.40 8.40 0.20 0.20 0.0 0.0 

STY 8.36 8.36 0.36 0.36 0.0 0.0 

CATE 0.665 0.548 0.25 0.25 0.0 0.0 

ETBE 7.30 7.30 1.39 1.39 0.0 0.0 

CHLO 10.4 14.9 0.25 1.50 0.0 0.0 

TRICH 6.77 15.7 0.543 0.445 0.0 0.0 

VICH 7.30 7.30 1.39 1.39 0.0 0.0 

1  Maximal velocity for metabolism (mg/kg/hr) 

2  Michaelis Menten constant (mg/L) 

3  First order metabolic rate constant (kg/hr) 
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Table 5: Rat/human dose ratios obtained with PBTK models1. 

CHEMICAL 8-h 24-h 720-h 

DCM 5.16 5.37 5.67 

TETRA 5.03 4.76 7.77 

DIOX 1.95 2.02 2.21 

TOL 3.63 3.62 3.79 

XYL 3.71 3.75 3.83 

STY 4.24 4.25 4.27 

CATE 5.59 5.97 7.68 

ETBE 3.73 3.75 3.93 

CHLO 5.19 5.34 5.67 

TRICH 5.39 5.60 6.05 

VICH 5.70 6.12 6.77 

Average 4.48 
±1.1 

4.60 
±1.2 

5.24 
±1.7 

1 Both rat and human were exposed to 1 ppm. 
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Table 6: Interspecies toxicokinetic uncertainty factors (UFAH-Tk) when 

both rats and humans receive equivalent doses. 

CHEMICAL CA1  CV CR CS CF CL CM2  

720-h 720-h 720-h 720-h 720-h 720-h 720-h 

DCM 0.26 0.26 0.26 0.13 0.13 0.07 0.79 

TETRA 0.17 0.17 0.10 0.02 0.14 0.09 1.32 

DIOX 0.02 0.02 0.03 0.03 0.03 0.03 0.80 

TOL 0.25 0.24 0.44 0.28 0.22 0.29 0.54 

XYL 0.28 0.28 0.12 0.08 0.14 0.12 0.54 

STY 0.22 0.22 0.22 0.22 0.21 0.18 1.00 

CATE 0.19 0.19 0.11 0.11 0.11 0.11 1.05 

ETBE 0.24 0.23 0.16 0.15 0.16 0.12 0.54 

CHLO 0.26 0.27 0.11 0.11 0.07 0.22 1.25 

TRICH 0.19 0.17 0.03 0.04 0.06 0.01 0.67 

VICH 0.20 0.20 0.14 0.14 0.14 0.18 1.25 

Average 0.21±0.07 0.20±0.07 0.16±0.12 0.12±0.08 0.13±0.06 0.13±0.08 0.87±0.32 

1 CA, CV, CR, CS, CF, CL, are the concentrations of the parent compound 
in arterial blood, venous blood, richly perfused tissues, slowly perfused 
tissues and fat compartments, respectively. 

2  CM refers to the concentration of the metabolite in the liver 



Figure legend 

Figure 1: Conceptual representation of the physiologically-based 

toxicokinetic model used in the derivation of the toxicokinetic interspecies 

uncertainty factors 
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SUMMARY 

Algebraic expressions are developed for predicting steady-state 

toxicokinetics of volatile organic chemicals (VOCs) by simplifying the 

nriathematical descriptions used in physiologically-based toxicokinetic (PBTK) 

models. The equations developed in the present study use 5 or less input 

parameters (instead of the 17 used in conventional PBTK models) to predict 

steady-state tissue or blood concentrations of VOCs at low exposure 

concentrations. The adequacy of the steady-state equations was assessed 

by comparing blood and tissue concentrations obtained using these 

equations with those generated by validated rat and human PBTK models for 

toluene and m-xylene. The results of the present study show that for ..._ 1 

ppm exposures of rats and humans to toluene or m-xylene, the difference in 

the steady-state blood and tissue concentrations calculated using the 

algebraic expressions and full-fledged PBTK models is less than 1%. The 

algebraic expressions developed in the present study represent a simpler 

and faster nriethod of describing the steady-state toxicokinetics of VOCs, that 

lead to essentially the sanne predictions as the conventional PBTK models at 

low exposure concentrations. 
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INTRODUCTION 

Physiologically-based toxicokinetic (PBTK) models utilize 

mathematical descriptions of the uptake, distribution, metabolism and 

elimination of chemicals to provide estimates of blood and tissue 

concentrations from ambient exposure concentrations. The PBTK model 

framework used for non-reactive, volatile organic chemicals (VOCs) typically 

consists of four tissue compartments [liver (L), slowly perfused tissues (S), 

richly perfused tissues (R), and fat (F)], interconnected by systemic 

circulation and a gas exchange lung compartment [1]. The rate of change in 

chemical concentration in the tissue compartments is described by means of 

a series of mass balance differential equations (MBDEs) which are based on 

the proven or hypothetical interrelations among certain physiological, 

physicochemical and biochemical pararneters. 

ln the PBTK models for VOCs metabolized primarily in liver, the input 

parameters include: (1) volumes (V) of tissue compartments (VL, VS, VR 

and VF), (2) rate of blood flow (Q) to tissues (QL, QS, QR and QF), (3) rate 

constants representing hepatic metabolism (Vmax, maximal velocity of 

metabolism; Km, Michaelis affinity constant), (4) partition coefficients 

[blood:air (PB), liver:blood (PL), slowly perfused tissues:blood (PS), richly 

perfused tissues:blood (PR), fat:blood (PF], (5) cardiac output (QC), and (6) 

alveolar ventilation rate (QP). 
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Regardless of whether or not steady-state is reached, the PBTK 

model will require the estimates of all 17 of these parameters, as well as an 

assessment of the impact of the sensitivity, uncertainty and variability 

associated with each of these input parameters [2,3]. Since steady-state 

concentrations are not determined or influenced by flows and volumes, it 

may not be necessary to use the conventional PBTK model with all the 

above input parameters to predict steady-state concentrations. ln principle, it 

should be possible to predict steady-state tissue and blood concentrations 

with fewer input parameters, primarily partition coefficients and metabolic 

rate constants. 

Operationally, steady-state represents a situation in which the input-

output difference in chemical concentration is constant over time, i.e., the 

rate of change in chemical concentration in the various tissue compartnnents 

is equal to zero. At steady-state, the amount of chemical metabolized equals 

the difference between the amount inhaled and the amount exhaled. ln other 

words, the arterio-venous concentration difference at steady-state is 

attributed to the amount of chemical removed by metabolisnn. During chronic 

human exposure to low ambient concentrations of environmental pollutants, 

steady-state is likely to be reached. ln such cases, it is possible that the 

blood and target tissue concentrations of chemicals can be predicted using 

fewer input parameters than in a full-fledged PBTK mode!. A previous effort 

on steady-state analysis of inhaled vapors focused to develop algebraic 

expressions for predicting the steady-state blood:air partition coefficients and 
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rate of uptake of inhaled vapors [4]. The applicability and subsequent 

validation of this approach for predicting the arterial blood, venous blood and 

tissue concentrations of VOCs at steady-state have not been demonstrated. 

The objective of the present study is to develop and validate simple, closed-

form algebraic expressions for predicting steady-state toxicokinetics of 

VOCs. 
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METHODS 

The methodology involved (1) development of algebraic expressions 

to predict steady-state concentrations of VOCs in tissues and blood, by 

simplifying mechanistically-based mathematical descriptions used in PBTK 

models, and (2) comparison of the steady-state concentrations for m-xylene 

and toluene calculated using results of step (1) with those obtained using 

previously validated PBTK models [5,6]. 

Development of algebraic expressions to predict steady-state 

concentrations of VOCs 

The concentrations (C) of interest are CA, CV and CT, where A = 

arterial blood, V = venous blood, and T = tissue. ln order to calculate CT, the 

numerical values of the chemical concentration in venous blood exiting the 

tissue (CVT) and the tissue:blood partition coefficient (PT) should be known. 

For non-metabolizing tissues, at steady-state (ss), CVTss = CAss. Therefore, 

if CAss is known, CTss can be computed as CAss times PT. CAss can be 

calculated as follows [1]: 

CAss = 
	QP*CI + QC*CVss 	 (1) 

QC + (QP/PB) 
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where Cl is the chemical concentration in inhaled air (mg/L), and * denotes 

multiplication. 

Since QP = QC, Eqn. 1 is reduced to: 

CAss = 	Cl + CVss 	 (2) 

1 + (1/PB) 

For situations where QP # QC, an Eqn. of the above type can still be 

generated except that it will have numerical values representing the ratio of 

QP/QC which may deviate from 1. Eqn. 2 describes the steady-state 

concentration of VOC in arterial blood exiting pulmonary gas-exchange 

compartment, and has CVss as the sole unknown (since PB and Cl are 

considered as known, input parameters). 

The CV in PBTK models for VOCs is calculated from the venous blood 

concentrations exiting each tissue compartment as follows [1]: 

CV = (QF*CVF) + (QR*CVR) + (QS*CVS) + (QL*CVL) 
	

(3) 

QC 

Since at steady-state, the concentration of chemical in arterial blood (CAss, 

entering a tissue compartment) and venous blood (CVTss, exiting the tissue) 
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will be equal for all non-metabolizing tissue compartments, CVss can be 

calculated as follows: 

CVss = 
	

(QF*CAss) + (QR*CAss) + (QS*CAss) + (QL*CVLI (4) 

QC 

Regrouping the Q's for non-metabolizing tissues, Eqn. 4 becomes: 

CVss = 	ICAss*(QF + QR + QS)1+ (QL*CVLssi 	 (5) 

QC 

Since QF + QR + QS = (QC - QL), Eqn. 5 can be re-written as follows: 

CVss = 	M,.u*(QC - QL)1+ (QL*CVLss) 	 (6) 

QC 

For metabolizing tissues, the concentration of chemical in the venous blood 

exiting the tissue can be estimated by accounting for the extraction ratio (E) 

as follows [7]: 

CVLss = CAss*(1-E) 	 (7) 
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lnserting Eqn. 7 into Eqn. 6 gives 

CVss = 
	

fC%*(QC - QL)1+ FQL*CAss*(1-E)1 
	

(8) 

QC 

Expanding the numerator, Eqn. 8 becomes, 

CVss = 
	

CAss*QC - CAss*QL + CAss*QL - CAss*QL*E 
	

(9) 

QC 

Simplification of Eqn. 9 gives 

CVss = 
	

CAss*(QC - QUE) 	 (10) 

QC 

Since QL/QC is a species-specific constant (QLC), Eqn. 10 can be re-written 

as: 

CVss = CAss*(1 - QLC*E) 	 (11) 

Eqn. 11 then provides the steady-state concentration of a VOC in the mixed 

venous blood pool. Inserting Eqn. 11 into Eqn. 2, gives 

CAss = 	Cl + CAss*(1 - QLC*E)1 
	

(12) 

1 + (1/PB) 
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Re-grouping CAss, Eqn. 12 can be re-written as: 

CAss = 

 

Cl 	 (13) 

 

(1/PB) + (QLC*E) 

Eqn. 13 gives the concentration of a VOC in arterial blood exiting the gas-

exchange compartment, at steady-state. CAss, obtained with Eqn. 13 is 

multiplied by the corresponding tissue:blood partition coefficients to obtain 

CTss. Alternatively, [CAss*(1 - E)] is used for calculating chemical 

concentrations in nnetabolizing tissues. Table 1 compares the algebraic 

expressions developed in the present study with the more complex equations 

currently used in the PBTK models for VOCs. 

Assessment of the adequacy of the proposed steady-state solutions 

The adequacy of the proposed steady-state equations was assessed 

by comparing CAss, CVss and CTss obtained with those generated by 

previously validated rat and hunnan PBTK models for toluene (TOL), and m-

xylene (XYL) [5,6]. To predict CAss, CVss and CTss of TOL and XYL 

according to the algebraic equations shown in Table 1, only the partition 

coefficients (PT, PB), extraction ratio (E), and QL are required as input. The 

numerical values of PT, PB (for TOL and XYL, in rats and humans) and QL 

were obtained fronn Tardif et aL [3,4]. Since (i) CLH  = QL*E, and (ii) CLH = 

(QL*Vmax/Km)/(QL + Vmax/Km), E can be calculated as (Vmax/Km)/(QL + 
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Vmax/Km) [8]. The only additional input parameters required for calculating E 

then were Vmax and Km. The values of these parameters for rats and 

humans were also obtained from Tardif et al. [5,6]. Calculation of steady-

state tissue and blood concentrations using the Eqns listed in Table 1 was 

done for 1 ppm and 10 ppm of TOL or XYL in inhaled air. 

CAss, CVss and CTss during continuous exposures to 1 ppm and 10 

ppm of TOL and XYL were also obtained using previously validated rat and 

human PBTK models. The structure of the PBTK models for TOL and XYL 

used in the present study (Figure 1) and their parameters (Table 2) were 

obtained from Tardif et al. [5,6]. ln these models, input to the system occurs 

via inhalation, as defined by the alveolar ventilation rate (QP) and inspired 

concentration (CONC) which was set equal to 1 ppm or 10 ppm. The models 

were parametrized to simulate continuous exposure until steady-state 

condition was reached. The time to steady-state was postulated to 

correspond to seven times the largest tissue time constant in the respective 

models (Table 3): 13 hr and 19 hr for the rat XYL and TOL PBTK models, 

respectively. The calculated time to steady-state, however, was 347 hr and 

293 hr respectively for the human XYL and TOL PBTK models. Solutions to 

the MBDEs constituting these PBTK models were obtained by numerical 

integration with the aid of a Fortran-based software package (Advanced 

Continuous Simulation Language®, Version 11.3.3, Mitchell & Gauthier 

Associates, Concord, MA). 
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The percent discrepancy between the steady-state solution (Sss) and 

PBTK model simulations (Spisi-k)  was calculated as 100*(1 SPBTK - SSS 1 /SPBTK) • 
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RESULTS 

Tables 4 and 5 summarize the steady-state blood and tissue 

concentrations of XYL and TOL in rats and humans obtained with the 

conventional PBTK models, and with the simpler algebraic expressions 

derived in the present study. The manner in which the steady-state 

concentrations were predicted with the algebraic expressions is shown in the 

Appendix. 

The predicted Css are compared with the PBTK model-simulated Css, 

which were obtained at 13 hr, 19 hr, 347 hr and 293 hr using the rat XYL, rat 

TOL, human XYL, and human TOL models, respectively. The above times to 

steady-state calculated with the knowledge of tissue time constants (Table 3) 

corresponded well with the model-simulated steady-state kinetic profile in all 

cases (Figs 2-3). 

Following exposure of rats to 1 ppm XYL or TOL, the steady-state 

blood and tissue concentrations obtained with the two methods differed by 

less than 1% (Table 4). Specifically, the largest percent difference (0.47 and 

0.59% respectively for XYL and TOL) was associated with CLss. VVhen XYL 

exposure concentration is increased to 10 ppm, the steady-state liver 

concentrations obtained with both methods differ by 6.71%. ln the case of 

TOL, the largest percent difference (7.63%) at 10 ppm exposure was also 

observed in the liver compartment (Table 4). 
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The percent difference between the calculated and model-simulated 

steady-state blood and tissue concentrations in humans followed the same 

trend as in rats. Accordingly, the steady-state concentrations of XYL and 

TOL for 1 ppm exposures obtained with the two methods differed by .. 0.88% 

and 0.99%, respectively (Table 5). The percent difference, however, was 

greater at high exposure concentrations (10 ppm). ln this case, the largest 

percent difference for XYL and TOL (-10%) was observed for CLss (Table 

5). 
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DISCUSSION 

The conventional PBTK modeling approach involves solving the 

MBDEs with the use of commercially-available simulation software or 

spreadsheet programs (reviewed in ref. 9). With either methodology, the 

solution to the MBDEs is obtained using numerical integration methods, the 

order and type of which may depend on the stiffness (i.e., the magnitude of 

difference between the largest and smallest time constants in the model) 

associated with the model compartments. Regardless of the stiffness, the 

interrelationships between concentrations in various model compartments, 

once the system is at steady-state, would be anticipated to be stable, and 

determined primarily by the partition coefficients and hepatic extraction ratio. 

Simple algebraic expressions accounting only for these parameters, based 

on mechanistic understanding as provided by PBTK models, would then be 

sufficient to provide predictions of steady-state kinetics of chemicals. The 

present study has shown that the steady-state concentrations of XYL and 

TOL calculated using the algebraic expressions are essentially the same as 

those obtained using full-fledged PBTK models at very low exposure 

concentrations (__ 1 ppm). 

The conventional PBTK modeling approach involves the use of at 

least 17 input parameters for simulating the kinetics (regardless of whether 

steady-state is reached) of lipophilic VOCs such as TOL and XYL. The 

analysis conducted in the present study suggests that fewer parameters 
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determine the steady-state behavior of such VOCs within PBTK models. 

Conceptually, our understanding of (1) the system being modeled and (2) the 

impact of uncertainty associated with input parameters will be clearer if such 

simplifications of system behavior at steady-state are generated. 

Accordingly, the present effort indicates that E, PB and QLC are the sole 

determinants of CAss and CVss, whereas PTs are additional determinants of 

CTss. This simplification for VOCs has then permitted the identification of 

those parameters (i.e., Vmax, Km, QLC, PB, PT) that are critical to the 

prediction of steady-state kinetics. Specifically, tissue volumes (VL, VF, VS, 

VR, BVV) and flows (QC, QP, QR, QS, QF) do not influence steady-state 

predictions, and as such complicated sensitivity/uncertainty/variability 

analyses of PBTK models for VOCs involving all the above parameters are 

not required, particularly if Css is the dose surrogate of interest. 

Given the fact that human exposure to environmental contaminants is 

frequently characterized by very low level repeated exposures, the steady-

state solutions proposed in this study should be relevant and useful. The 

PBTK models can as well be used to simulate Css, as has been done to-

date, except that such an effort will require the use of simulation software or 

numerical integration algorithm. Further, the impact of the various model 

parameters on uncertainty and variability in tissue concentrations will remain 

unknown. As shown in the Appendix, the calculation of steady-state 

concentrations of VOCs is very simple, requiring only the numerical values of 

(i) E which varies from 0 to 1, (ii) QLC which has been reported to be 0.25 in 
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most literature sources, and (iii) partition coefficients which are mainly 

determined by the relative content of lipids and water in tissues and blood 

[10,11]. This set of defined parameters would appear to be particularly 

relevant for further analysis/refinement of PBTK models developed to predict 

Css in people exposed chronically to constant, very low atmospheric 

concentrations of VOCs. 

Even though tissue volumes and flow rates do not have a direct 

influence on the steady-state concentrations of VOCs, these parameters are 

important in determining the time constant of model compartments. The 

tissue time-constant, which is equal to V*P/Q for non-metabolizing tissues, 

and V*P/(Q + Vmax/Km) for metabolizing tissues, indicates the time required 

to attain 50% of the steady-state concentration. Accordingly, following a 

period of exposure equivalent to one time-constant, the tissue cornpartment 

would have accumulated 50% of the Css. Based on this projection, the 

system would be anticipated to attain steady-state at the end of a period 

equaling 7 time-constants or so. This is the reason why in the present study, 

the calculated values of Css were compared to the PBTK model-simulated 

values obtained at the end of a 7 time-constant period. To be precise, the 

concentrations simulated immediately following the lapse of 7 time-constants 

would be anticipated to be equal to 99.21875% of the Css. Therefore, the fact 

that the difference between the Css values obtained with both approaches is 

within 1%, particularly for 1 ppm exposures, is to be expected. 
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The percent difference, however, will continue to increase particularly 

in the liver compartment with increasing exposure concentrations. This is 

principally because the E [=CLint/(CLint  + QL), where CLint  = Vmax/(Km + 

CVLss)] is calculated under first order conditions during which CVLss is 

negligible compared to Km. For example, no significant loss in predictive 

value occurs for 1 ppm exposure when CVLss is neglected in calculating the 

CLint, and therefore E. ln this particular case, the CVLss values for XYL and 

TOL were 0.0013 mg/L and 0.0047 mg/L in the rat compared to their Km 

values (0.2 and 0.55 mg/L, respectively). The preceding CVLss values are 

very small compared to the respective Km values. Therefore, the fact that 

CVLss is neglected in calculating CLint  does not make any difference in the 

resulting E value. This is the reason why, despite the negligence of CVLss in 

CLint  and E calculations, the present approach provides predictions that are 

almost identical to those generated by PBTK models, for 1 ppm TOL or XYL 

exposures. However, when the CVLss values increase by a factor of 10 (2,,_ 

values anticipated at 10 ppm exposures) or greater, the CVLss will no longer 

be negligible with respect to Km. Accordingly, the 7-10% difference between 

both methods observed for 10 ppm exposures is accounted for almost 

entirely by the quantitative difference between Km and (CVLss + Km) (Table 

6). The greater the value of Km, the lower will the difference be, for a given 

exposure concentration. 

ln general, the percent difference between the proposed method and 

PBTK models will be much lower, for the very low ambient concentrations 
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(. 1 ppm) of VOCs to which humans are exposed. The algebraic expressions 

developed in the present study would represent a simpler, faster and more 

economical way to facilitate tissue dose-based risk assessments for such 

situations, than conventional, full-fledged PBTK model. 
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APPENDIX: A sample calculation of blood and tissue concentrations 

at steady-state in rats exposed to 1 ppm (= 0.00434 ring/L air) of m-xylene 

using the algebraic expressions developed in the present study. 

Abbreviations found in the following equations are defined in the footnote of 

Table 1, and the numerical values of the parameters used in these 

calculations are listed in Table 2. 

Step 1: Calculation of extraction efficiency 

E = [(Vmax/Krn)]/[QL + (Vmax/Krn)] = [(3.183/0.20)]/[1.344 + (3.183/0.20) 

= 0.922 

Step 2: Calculation of CAss 

CAss = 	Cl (mq/L) 	= 	0.00434 	= 0.0172 mg/L 
(1/PB) + (QLC*E) 	(1/46) + (0.25*0.922) 

Step 3: Calculation of CVss 

CVss = CAss*(1 - QLC*E) = 0.0172*[1 - (0.25*0.922)] = 0.0132 mg/L 

Step 4: Calculation of CTss 

CFss = CAss*PF = 0.0172*40.4 = 0.6954 mg/L 

CRss = CAss*PR = 0.0172*1.97 = 0.0339 mg/L 



CSss = CAss*PS = 0.0172*0.91 = 0.0156 mg/L 

267 

CLss = CAss*(1 - E)*PL = 0.0172*1.97* (1 - 0.922) = 0.0026 mg/L 
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Table 2: Parameters used in PBTK models for m-xylene and toluene 

PARAMETERS 	 m-Xylene 	 Toluene 

Rat.' 
	

Human2 	Ratl 	Human2  

Physioloqical 

VVeights 
Body weight (BVV,kg) 0.25 70.0 0.25 70.0 

Tissue volumes (% of BVV) 
Liver (VL) 0.049 0.026 0.025 0.019 
Rapidly perfused (VR) 0.050 0.050 0.050 0.050 
Slowly perfused (VS) 0.720 0.620 0.720 0.620 
Fat (VF) 

0.090 0.190 0.090 0.190 
Flow rates (L/hr/kg) 

Alveolar ventilation (QPC)3  15 18 15 18 
Cardiac output (QCC)4  15 18 15 18 

Flow distribution (% cardiac output) 
Liver (QLC) 0.25 0.26 0.25 0.26 
Rapidly perfused (QRC) 0.51 0.44 0.51 0.44 
Slowly perfused (QSC) 0.15 0.25 0.15 0.25 
Fat (QFC) 

0.09 0.05 0.09 0.05 
Partition coefficients 

Blood:air (PB) 46.0 26.4 18.0 15.6 
Liver:blood (PL) 1.97 3.02 4.64 2.98 
Rapidly perfused:blood (PR) 1.97 4.42 4.64 2.66 
Slowly perfused:blood (PS) 0.91 3.00 1.54 1.37 
Fat:blood (PF) 40.4 77.8 56.7 65.8 

Biochemical constants 
Vmaxc (mg/kg/h r)5  8.40 8.40 4.80 4.80 
Km (mg/L) 0.20 0.20 0.55 0.55 

lObtained from Tardif et aL, [5] 
2Obtained from Tardif et al., [6] 
3The alveolar ventilation for an individual organism specified in the PBTK models (QP) has been calculated as 
Qpc„Bw  0.74 

4The cardiac output for an individual organism specified in the PBTK models (QC) has been calculated as QCC*BVV 0.74 

5Vmax for an individual organism specified in the PBTK model has been calculated as Vmaxc*BV\I 0.70 
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FIGURE LEGENDS 

Figure 1. Schematic of the physiologically-based toxicokinetic model for m-
xylene (XYL) and toluene (TOL). 

Figure 2A. PBTK model simulations of the time course of the fraction of 
steady-state tissue concentrations (liver 0----0; slowly perfused 

tissues A----A; fat+----+) attained during continuous exposure of 

rats to 1 ppm XYL. 

Figure 2B. PBTK model simulations of the time course of the fraction of 

steady-state tissue concentrations (liver 0-0; slowly perfused 

tissues A----A; fat+----+) attained during continuous exposure of 

rats to 1 ppm TOL. 

Figure 3A. PBTK model simulations of the time course of the fraction of 

steady-state tissue concentrations (liver 0----0; slowly perfused 

tissues A----A; fat+----+) attained during continuous exposure of 
humans to 1 ppm XYL. 

Figure 3B. PBTK model simulations of the time course of the fraction of 
steady-state tissue concentrations (liver 0----0; slowly perfused 

tissues A----A; fat+----+) attained during continuous exposure of 

humans to 1 ppm TOL. 
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ABSTRACT 

The interspecies uncertainty factor, UFAH, is used to derive hunnan equivalent 

doses from animal data, and was recently subdivided into two components to 

account separately for interspecies differences in toxicokinetics and 

toxicodynamics (UFAH-TK=3-16, UFAH-TD=3.16). Even though the UFAH  in its 

composite or dissociated form is widely used, there is no convincing scientific 

basis to justify the magnitude for all chemicals. ln this study we use 

equations that describe the toxicokinetics of chemicals at steady-state to: (i) 

identify the mechanistic determinants of the UFAH-TK, (ii) to determine its 

magnitude for several volatile organic chemicals (VOCs), and (iii) determine 

the magnitude of the components of UFAH-TK,  namely the UFAH-TK-ABS 

(accounting for interspecies differences in dose received or absorbed during 

identical inhalation exposure conditions), UFAH-TK-MET (referring to the factor 

by which the blood concentration of unchanged parent chemical differs from 

one species to another, due to metabolic clearance, when both species 

receive identical doses) and UFAH-TK-DIS (reflecting the magnitude of 

difference in chemical concentrations distributed in target tissues of two 

species when the arterial blood concentration in both species is identical). 

The results show that the body weight, the rate of ventilation, the fraction of 

cardiac output flowing to the liver, the blood:air partition coefficient and the 

extraction ratio are the only parameters that play a critical role in the 

extrapolation of tissue and blood doses across species, and the magnitude of 
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the UFAH-TK obtained in this study is the same with that obtained in previous 

studies with physiologically-based toxicokinetic models. 
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INTRODUCTION 

The interspecies uncertainty factor (UFAH) has been defined by the 

National Academy of Sciences as "a number that reflects the degree or 

amount of uncertainty that must be considered when experimental data in 

animais are extrapolated to man" (NAS 1977). The magnitude of UFAH  (i.e., 

10) appears to have originated from the interspecies differences in body 

surfaces and basal metabolic rates (Bigwood 1973, Dourson and Stara 

1983), but there is no convincing scientific basis to justify the use of 10 for all 

chemicals. There is an urgent need to identify the specific mechanistic 

determinants responsible for the interspecies differences in toxicokinetics 

such that the chemical-specific UFAH  can be calculated. 

Mechanistic toxicokinetic modeling approaches are potentially of use, in 

this context. The physiologically-based toxicokinetic (PBTK) models have 

previously been used to quantify the magnitude of UFAH  for few chemicals 

(Clewell and Manor, 1994; Lawrence et al., 1997; Pelekis and Krishnan, 

1998). The interspecies toxicokinetic uncertainty factors (UFAH-TK)derived in 

these studies are appropriate only when steady state conditions or lifetime 

exposures have been simulated. The dose-response assessments for both 

carcinogens and non-carcinogens are frequently done for continuous, lifetime 

exposure scenarios. Further, it's unclear from these modeling studies as to 

which of the parameters contribute to the magnitude of UFAI-1-TK. 
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During repeated exposures, chemicals will attain steady-state, and the 

steady-state kinetics can be described with fewer parameters than the 17 

normally used in PBTK models (Pelekis et al., 1997). ln this article, we use 

the equations that describe the steady-state kinetics (Table 1) to: 

(i) identify the mechanistic determinants of the interspecies 

toxicokinetic uncertainty factor, UFAH-TK, and 

(ii) determine the magnitude of UFAH--rk for several volatile organic 

chemicals (VOCs): dichloromethane (DCM), tetrachloroethylene 

(TETRA), 1,4-dioxane, (DIOX), toluene (TOL), m-xylene (XYL), 

styrene (STY), carbon tetrachloride (CATE), ethyl benzene (ETBE), 

chloroform (CHLO), trichloroethylene (TRI) and vinyl chloride 

(VICH). 

Initially, the magnitude and mechanistic determinants of UFAH-TK 

representing interspecies differences in tissue concentration for a given 

ambient concentration were identified. This UFAI-I-TK is referred to as 

UFAH-TK-TOT. Then, the magnitude and mechanistic basis of the factors that 

account for interspecies differences in each of the components of the overall 

toxicokinetic process were characterized (Figure 1). These UFAH-TK are 

referred to as UFAH-TK-ABS  (accounting for interspecies differences in dose 

received or absorbed during identical inhalation exposure conditions), 

UFAH-TK-MET (referring to the factor by which the blood concentration of 

unchanged parent chemical differs from one species to another, when both 
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species receive identical doses) and UFAH-TK-DIS (reflecting the magnitude of 

difference in chemical concentrations distributed in target tissues of two 

species when the arterial blood concentration in both species is identical). 

In the present article, all exercises have been conducted for rat-to-

human extrapolation. The conceptual approach discussed here should be 

applicable for other kinds of interspecies extrapolations if the required 

information is available or can be generated. Furthermore, the magnitude 

and mechanistic basis of UFAH-TK have been investigated using the parent 

chemical as the potential toxic moiety, for two reasons: (i) the validated 

parameter estirrates to verify the present approach are only available for 

parent chemicals, and (ii) regardless of the "actual" toxic moiety, the parent 

chemical concentration in the blood/tissue still represents the point of origin. 
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APPROACH 

MAGNITUDE AND MECHANISTIC BASIS OF UFAH-TK-TOT 

The UFAH-TK-TOT refers to the number with which the animal exposure 

concentration (ppm or mg/m3) should be divided, to get the toxicokineticaly-

equivalent exposure concentration in humans. The toxicokinetic equivalence 

in this context refers to identical tissue concentrations of parent chemicals in 

both species. The tissue concentration of parent chemicals at steady-state 

(CTss) can be derived as follows (Pelekis et al., 1997): 

CI*(1-E)*PT 
CTss — 

 

(1) 

 

(1/PB)+R*QLC*E 

where: 

Cl 	=Ambient exposure concentration 

E 	=Hepatic extraction ratio 

PT 	=Tissue:blood partition coefficient 

PB 	=Blood:air partition coefficient 

QLC 	=Blood flow to the liver (expressed as fraction of 

cardiac output, L/hr/kg), and 

R 	=pulmonary ventilation/cardiac output ratio (QP/QC). 

Using the above Eqn to calculate CTss in both rats and humans for identical 

Cl, the UFAH-TK-TOT becomes: 



PTR*( 1 -ER)l [(l IP BR) + ReQ LCR*ERi 
U FAH-TK-TOT - 

PTH*( 1 -EH)/ R 1 IP BH) + RH*Q LC H*EHi 

VVhereas for metabolizing tissues this equation can be used as such, the 

term (1-E) can be deleted for non-metabolizing tissues (e.g., richly perfused 

tissues, slowly perfused tissues, and adipose tissue). 

According to Eqn 2 the mechanistic factors that determine the 

magnitude of chemical-specific UFAH-TK-TOT  are: 

(i) Tissue:blood partition coefficient (PT) 

(ii) Blood:air partition coefficient (PB) 

(iii) Hepatic extraction ratio (E), and 

(iv) Fraction of cardiac output reaching liver (QLC). 

If and when the numerical values of these determinants are identical 

in two species, the U FAH-TK-TOT will be unity. As shown in Tables 2-4, the 

numerical values of QLC and E are fairly comparable between rats and 

humans, and thus would not be expected to contribute a great deal to 

toxicokinetic differences. The same however, is not true for the other two 

parameters. Also, the interspecies difference in PT, but not PB, would be 

expected to cause a proportional influence on the magnitude of the 
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(2) 

U FAH-TK-TOT. 
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To test these hypotheses, Eqn 2 was used to calculate the UFAH-TK-TOT 

for eleven VOCs based on equivalent steady-state concentration in tissues 

(richly perfused tissues, slowly perfused tissues, liver and adipose tissue). 

The values of UFAH-TK-TOT for eleven VOCs provided in Table 5 range from 

0.79±0.48 (0.07-1.48), 0.60±0.34 (0.07-1.07), 0.69±0.45 (0.06-1.35), and 

0.67±0.32 (0.08-1.21) for richly perfused tissues, slowly perfused tissues, 

liver and fat compartments, respectively, and are identical to the UFAH-TK-TOT 

calculated with the PBTK models (Pelekis and Krishnan 1998). 

Since the ventilation rate, the main determinant of chemical uptake, 

and the metabolic rate constant which accounts for chemical clearance, are 

both scaled to B1A/Œ74  (Guyton, 1971; Vocci and Forber 1988), one would 

expect the magnitude of the default UFAH-TK to be approximately 1. However, 

Eqn 2 accounts for other specific mechanistic factors that modify the 

magnitude of the default UFAFI-TK. The default factor (UFAH-TK-ToT=1) for VOCs 

will only hold good if the numerical values of all four mechanistic 

deternninants (i.e., E, PB, PT, QLC) are identical in both species. 

The numerical value of UFAH-TK-TOT is a result of the interspecies 

differences in absorption, clearance and distribution processes. To figure out 

the relative contribution of interspecies differences in each of these 

processes to the magnitude of UFAH-TK-TOT, it iS essential to understand the 

mechanistic basis and magnitude of UFAH-TK-ABS, UFAH-TK-MET and UFAH-TK-DIS. 
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MAGNITUDE AND MECHANISTIC BASIS OF UFAH-TK-ABS 

The initial step in the continuum of toxicokinetic processes relates to 

the translation of the ambient exposure concentration into dose received by 

the animal (Fig. 1). The dose received per unit firme during inhalation 

exposures can be calculated as: 

QP - *(CI CALv) 
Dose rate (mg/kg/hr) -  

	

	 (3) 
Bl/V 

where QP 	=Alveolar ventilation rate (L/hr) 

Cl 	=Ambient exposure concentration (mg/L) 

CALv =Concentration of chemical in alveolar space (mg/L), and 

B\N 	=Body weight (kg) 

Since CALv=CA/PB and CA=[C1/((1/PB)+R*QLC*E)] (Pelekis et al., 1997), the 

dose received during a defined period of time can be calculated as follows: 

t 	QP*(CI - {CIIPB/(1+R*QL0*E*PB)]/PB}) 
Dose (mg/kg)= 	  

0 	 BW 
(4) 

Since QP=QPC*BW174, the above Eqn can be re-written as: 

Dose (mg/kg)= f QPC*(BW°.74/BW1.°)*(CI - {CIIPB/(1+R*QLC*E*PB)]/PB}) (5) 
0 

Upon simplifying, Eqn 5 becomes: 
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t 
Dose (mg/kg)= s Qpc*Bvv-o.26*—. ,,  (L,1* _ il [1/(1+R*C1LC*E*PB)1}) 	 (6) 

0 

Eqn 6 can be applied to calculate the dose received by rats and humans. For 

the same exposure scenario then, the UFAH-TK-ABS  can be calculated as: 

t 
J QpcR * BvvR-0.26* (C111-[11(1+ReQLCR*ER*PBR)]}) 
0 

t 
J QpcH  * Bvvii-0.26* (C11141/(1+RH*QLCH*EFi*PBH)]}) 

0 

U FAH-TK-ABS - 
	

(7) 

Since identical exposure scenario is considered, the exposure duration and 

concentration for rats and humans are the same. Therefore, the equation for 

calculating UFAH-TK-ABS  becomes: 

UFAH-TK-ABS = (QPCRICIPCH) * (BWR /13VVH) -0.26* 

* {(1-(1/(1+ReQLCR*ER*PBR)))/(1-(11(1+ ReQLCH*EH*PBH)))) (8) 

The magnitude of UFAH-TK-ABs  calculated using the Eqn 8 for eleven 

VOCs are provided in Table 6, and these values are the same with those 

obtained with the use of PBTK models (Pelekis and Krishnan 1998). 

Therefore, steady-state analysis permits the identification of the 

critical, mechanistic determinants that are responsible for the interspecies 
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differences in dose received during identical inhalation exposure scenarios. 

The specific mechanistic determinants of UFAH-TK-ABS are as follows: 

(i) Body weight (BVV) 

(ii) Body weight-normalized alveolar ventilation rate (QPC) 

(iii) Fraction of cardiac output reaching liver (QLC) 

(iv) Hepatic extraction ratio (E), and 

(v) Blood:air partition coefficient (PB) 

If the numerical values of all these determinants are identical in two species, 

then the dose received by these species, during a particular exposure 

scenario, is expected to be identical. However, in the case of rat-human 

extrapolation, the body weight difference will always be there, regardless of 

the magnitude of difference in the other parameters. If the interspecies 

difference in QPC, QLC and PB is negligible, then Eqn 8 simplifies to: 

UFAH-TK-ABS=(BWR /BWH) -0.26 	
(9) 

For reference body weights of 0.25 and 70 kg, in rats and humans, used in 

risk assessment calculations the magnitude of UFAH-TK-ABS  will be 4.33. ln 

other words, the rat exposure concentration should be divided by a factor of 

4.33 to get the human exposure concentration that will yield the same dose 

received as in the rat. This default factor of 4.33 will be modified if there are 
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interspecies differences in QPC, QLC, E, PB. The numerical value of QPC is 

known to be fairly constant across mammalian species (Guyton 1971), even 

though there are few reports of species-specific QPC (VVard et al., 1988). 

Considering the overwhelming evidence for the species-invariance of QPCs 

at resting conditions, the rat-to-hurrian extrapolation of the first segment in 

the toxicokinetic continuum (Figure 1) can be conducted as follows: 

Rat Exposure Concentration 
Human Exposure Concentration -  	(10) 

[(1-FR)/(1-FFi)] 

where: 

F is the modifying factor calculated as [(1/(1+RMLC*E*PB)]. 

Since QLC and E are often, but not always, similar between mammalian 

species, the PB is likely to be the sole modifying determinant of the default 

UFAH-TK-ABS of 4.33. The magnitude of this default factor will vary if the BW of 

the experimental animal and the reference human do not correspond to 0.25 

and 70 kg respectively. ln such cases, the default UFAH-TK-ABS can be 

calculated anew as (BWR/BWH) 0.26 Even though this UFAH-TK-ABS  can 

provide equivalent dose received in rats and animais, this dose not mean 

that equal blood concentrations will result in both species for identical 

delivered doses. 
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MAGNITUDE AND MECHANISTIC BASIS OF UFAH-TK-MET 

Two species receiving the same dose per unit time may have different 

blood concentrations, if there is an interspecies difference in the metabolic 

clearance processes. During repeated exposure scenarios (i.e., steady-state 

conditions), the dose received per unit time is equal to the amount cleared by 

metabolism. Since the rate of amount metabolized equals hepatic clearance 

(i.e., CLh, LAO times steady-state arterial concentration (CAss, mg/L) (Ings 

1990), the dose rate (mg/hr) can be calculated as: 

AMTmET  (mg/hr) = Dose rate (mg/hr) = CLh* CAss 	 (11) 

Normalizing both the dose rate and CLh  on the basis of body weight, Eqn 11 

becomes 

Dose rate (mg/hr/kg) = (CLh/BW)*CAss 

Since CLh=QL*E, and QL=QLC*BVV°.74, Eqn 12 can be re-written as: 

QLC * BVV°.74 * E * CAss 
Dose rate (mg/hr/kg) — 

BW1.0 

ln other terms, 

Dose rate (mg/hr/kg) 
CAss 	  

QLC * BV\r°26 * E 

(12)  

(13)  
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For a defined dose rate, Eqn 13 can be used to calculate the corresponding 

CAss. If the same dose rate is given to rats and humans, then CAR  * CLiI,R = 

CAH  * CLh,H. The calculation of CAFi/CAR  then gives CLh,R/CLh,H, or rat-to-

human ratio of metabolic clearance. This clearance ratio equals the 

UFAH--rx-mET, and was calculated as follows: 

CASS-H QLCR  * BvvR-0.26 * ER  
UFAH-TK-mEr= 

 

- 

 

(14) 
CAss-R QLCH * BWH-(126  * EH 

or 

UFAH-TK-MET=  (QLCR/QLCH) * (BWR/BW1-1)-°.26  * (ER/EH) 	 (15) 

From the above Eqn the specific mechanistic factors that determine the 

magnitude of UFAH-TK-MET are: 

(i) Fraction of cardiac output flowing through the liver (QLC) 

(ii) Body weight (BW), and 

(iii) Hepatic extraction ratio (E). 

If the numerical values for these three parameters are identical in two 

species, then UFAH-TK-MET =1. Since BW is different between rats and 

humans, UFAH-TK-mET  will always deviate from 1. The extent of deviation is 

further influenced by the interspecies difference in the numerical values of 

QLC and E. Using the species-specific values of BW, QLC and E, the UFAH-

TK-MET for eleven VOCs was calculated using Eqn (15) (Table 7). These 
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numbers (average 4.93±1.14) correspond to the chemical-specific UFAH-TK-

MET that should be used to divide the rat dose to get the equivalent human 

dose which will provide the same blood concentration as in the rat during 

continued exposures. However, the dose level that gives an equivalent 

steady-state arterial concentration may not provide similar tissue doses. This 

aspect of interspecies differences can be addressed with the development of 

UFAH-TK-DIS. 

MAGNITUDE AND MECHANISTIC BASIS OF UFAH-TK-DIS 

The next logical step to consider in the exposure-tissue dose 

continuum is the translation of blood concentration to a tissue concentration. 

The tissue concentration at steady-state can be determined as follows: 

CTss = CAss * PT * (1-E) 	 (16) 

The rat-to-human extrapolation factor representing the differenc,e in tissue 

dose for the same arterial blood concentration can be calculated as: 

PTR * (l'ER) 
UFAH-TK-DIS - 	  

PTH * (1-EH) 
(17) 

The numerical values of UFAFI-TK-DIS for eleven VOCs are provided in Table 8. 

For liver, the metabolizing tissue, the magnitude of UFAH-TK-DIS values are 

determined by two factors, namely, E and PT. However, the interspecies 
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difference in PT alone determines the magnitude of the UFAH-TK-DIS for non-

metabolizing tissues such as slowly perfused tissues. 
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DISCUSSION 

The use of interspecies toxicokinetic uncertainty factor is mandated by 

risk assessment guidelines, in order to account for toxicokinetic variability 

across species (USEPA 1985). While PBTK models are capable of 

estimating blood and tissue concentrations across species accurately, the 

current work shows that one can obtain the same results using the simplified 

algebraic equations developed in this paper. The magnitude of the 

toxicokinetic component of the UFAH-TK determined in the present study is 

identical with those derived with the PBTK models (Pelekis and Krishnan, 

1998). This is because the expressions used in this paper, describe 

accurately the blood and tissue concentrations of chemicals at steady-state. 

Since the UFAH-TK applies to steady-state conditions, its magnitude for the 

various surrogate doses calculated in the present study is as accurate as that 

estimated with the PBTK models. 

The results of the present study show that exposing rats and humans to 

the same ambient concentration results in a 5-fold difference in the dose 

received (the rat receives 5 times more chemical than the human) and about 

two-thirds the tissue concentration (0.69±0.07, the rat has lower tissue 

concentrations). Because rats metabolize chemicals at a rate that is 5 times 

faster than that of humans, when both rats and humans receive the same 

dose rate (mg/kg/hr) the blood concentration is 5 times higher in the rat. 

Equivalent blood concentration in rats and humans result in almost the same 
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tissue concentrations in both species, because the tissue: blood partition 

coefficients for a given chemical are almost the same in both species. 

Of the approximately 20 mechanistic parameters that are needed to 

predict the toxicokinetic behavior of a typical VOC only a few play a critical 

rote in determining the magnitude of the UFAFI-TK Thus, to predict the UFAH-TK 

only the tissue:blood, blood:air partition coefficients (PTs & PBs), the 

extraction ratios (E), and cardiac output flowing to the liver (QLC) and the 

body weight-normalized alveolar ventilation rate (QPC) are required. The 

effect of the other parameters is restricted in determining the time constants 

of the various tissue compartments, which in turn determine the time required 

for the system to reach steady-state. Once this is achieved, they have no 

influence on the kinetics of the chemical and thus they are not taken into 

consideration in the estimation of UFAH-TK (Pelekis et al., 1997). The 

equations developed in this article make possible the calculation of all 

relevant toxicokinetic variables that normally would require a validated PBTK 

model, or extensive experimental work and one can freely and accurately 

estimate all variables encompassed by the exposure dose—tissue 

concentration continuum. 

Of the mechanistic determinants that play a crucial role in the 

magnitude of UFAH-TK,  the extraction ratio, E, is the most problematic for two 

reasons. First, while QLC and the partition coefficients nnay either be 
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obtained from the literature or estimated from available algorithms (Poulin 

and Krishnan, 1995), E must be measured either from in vitro or in vivo 

experiments. Alternatively, when the extraction ratio (i.e., Vmax and Km) of a 

specific chemical is not known one could get a pretty good idea about the 

range of the magnitude of UFAH-TK, by setting E equal to 0 and 1 respectively. 

Since E can assume any value between 0 and 1, when the metabolic 

parameters are not known one could use the upper or lower limit of E, to 

calculate the range of UFAH-TK. Second, all equations derived in the present 

work apply to all volatile chennicals at steady state, provided the exposure 

concentration does not contradict the first order rate metabolism assumption 

that was invoked in the derivation of the steady-state equations (Pelekis et 

al., 1997). At high ambient exposure concentration, this assunnption will not 

be true and the equations could not be used principally because the E 

[=CLint/(CLint  + QL), where CLint  = Vmax/(Km + CVLss)] is calculated under 

first order conditions during which CVLss is negligible compared to Km. 

Although the present study considered only rat to human extrapolation, 

the equations derived here are applicable to any other interspecies 

extrapolation (mouse to rat, mouse to human, etc.,) provided numerical 

values for the appropriate mechanistic determinants are available. ln cases 

where in addition to liver, other tissues are involved in metabolic clearance, 

these tissues will have to be treated as metabolising tissues and the 

appropriate equation must be used. Additionally, the equations derived in the 
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present study can also be applied to derive the UFAH-TK for other routes of 

administration (e.g., oral). ln such cases, the UFAFI-TK-ABS does not have to be 

calculated, since it is a known parameter, while the equations for UFAH-TK-MET 

and UFAH-TK-DIS developed in this paper can be used directly. 



304 

REFERENCES 

Bigwood, E. J. 1973. The acceptable daily intake of food additives, CRC 

Crit. Rev. ToxicoL June, 41-93. 

Clewell H.J., Ill and Jarnot, B. M. 1994. Incorporation of pharmacokinetics in 

noncancer risk assessment: example with chloropentafluorobenzene. 

Risk AnaL 14, 265-276. 

Dourson, M.L., and Stara, J. F. 1983. Regulatory history and experimental 

support of uncertainty (safety) factors. Reg. ToxicoL PharmacoL 3, 

224-238. 

Guyton, A.C. 1971, Textbook of Medical Physiology, 4th ed., W.B. 

Saunders, Philadelphia. 

Ings, R.M.J. (1990). lnterspecies scaling and comparisons in drug 

development and toxicokinetics. Xenobiotica, 20, 1201-1231. 

Lawrence, G.S., and Gobas, F.A.P.C. 1997. A pharmacokinetic analysis of 

interspecies extrapolation in dioxin assessment. Chemosphere 35, 

427-452. 



305 

National Academy of Sciences 1977. Drinking Water and Health, Vol. 1. 

National Academy of Sciences, Washington, DC. 

Vocci, F., and Farber, T. 1988. Extrapolation of animal toxicity data to man, 

ReguL ToxicoL PharmacoL 8, 389-398. 

Pelekis, M., and Krishnan, K. 1998. Physiological model-based derivation of 

interspecies uncertainty factors for noncancer risk assessments, 

ReguL and AppL Pharmacol. (Submitted). 

Pelekis, M., Krewski, D., and Krishnan, K. 1997. Physiologically-based 

algebraic expressions for predicting steady-state toxicokinetics of 

inhaled vapors, Toxicology Methods, 7, 207-228. 

Poulin, P., and Krishnan, K. 1995. A biologically-based algorithm for 

predicting hunian tissue:blood partition coefficients of organic 

chemicals, Hum. Exper. ToxicoL 14, 273-280. 

USEPA, 1985, Principles of risk assessment: a nontechnical review. Environ 

Corporation, Wash., D.C. 



Ô 
42 -CS 
C 
Oo  
0 

-ttl 
r? >, 
"CI 
0°  

-4-u5 
25 

ca2  
"D a) 
as 
-5c; 
7150  

'Il  
Tu > 
a) _c 
'al _c 
ou)  
co  

-o(1)  — cou)  .d.  
-c 	..e5 oc)  _o 	E 
Pr) 	> + cl) 	_1 _c 	a 1— 	...._... 
ui 	--"É" c a) 
E d % 
-t 0 cz ii- E 

a 
E 	11 	11 o 0 	tr 	L.Li 

	

c.) 	o A  O
bt

ai
ne

d  
fro

m
  P

e l
ek

is
  e

t  a
l.  

19
97

.  

( b
lo

od
)  p

ar
tit

io
n  

co
e f

fic
ie

n t
s  

fo
r  

liv
er

  (L
),  

sl
ow

ly
  p

er
fu

se
d 

t is
su

es
  (

S)
,  r

ic
hl

y  
pe

r fu
se

d  
tis

su
es

  (
R

),  
an

d
 fa

t  (
F)

  

EQ
U

AT
IO

N
SB  

C
l 

C
As

s  
	

 
( 1

/P
B)

  +
 Rc *Q

LC
*E

d  

C V
ss

  =
 C
As

s*
( 1

-Q
LC

*E
)  

-I 
9-  
Lm . 
......., 
->cco 

(i) 

1-- 
'X 

(103 
<< 
0 0 

11 
co 
Q) 

11 

cow  
-J 1-• 
0 0 

P
A

R
A

M
E

TE
R

S
 

C
on

ce
nt

ra
tio

n  
in

  a
rte

ria
l b

lo
o d

 

C
on

ce
n t

ra
tio

n  
in

  v
en

ou
s  

bl
oo
d
 
 

C
on

ce
nt

ra
tio

n  
in

  m
e

ta
bo

liz
in

g  
t

is
su

es
  (

=T
;s

lo
w

ly
  p

er
fu

se
d 

tis
su

es
,  r

ic
hl

y  
p e

rf
us

ed
 t i

ss
ue

s,
  a

nd
 f

a t
)  
 

C
on

ce
nt

ra
tio

n  
in

  n
on

- m
et

ab
ol

iz
in

g  
ti
ss

ue
s  

(e
.g

.,  
liv

e r
)  
 

306 



e t
 al

.,  
19

91
,  a

nd
 R

ei
tz

  e
t  a

l.,
  1

99
6.

  

Pa
us

te
n b

ac
h

 et
  a

l.,
  1

98
8 

,  a
rd

if e
t a

L,
  1

99
7,

  R
e i

tz
  e

t a
l.,

  1
99

6,
  A

lle
n  

et
 a

/.,  
19

93
 a

nd
  F

is
c h

er
  

C 
Ca

rd
ia

c  
ou

tp
ut

  (L
/h

r/k
g)

  

B
  P

ul
m

o n
ar

y  
ve

nt
ila

tio
n  

ra
te

  (
L/

hr
/k

g )
  

0 
0 
-I 
Ce 

H
um

an
  

24
  Lo 

N 
in 
C \I 26

 co 
N " Lo 

N 
co 
C \ I 

u-) 
N 26

  

-1-
N 

CC 20
 

LO 
CNI 

LO 
N 

LO 
N 

CO 
N 37

  LO 
N 

LO 
N 

LO 
N 

LO 
N 24

  
0 
0 0 a 

H
um

an
  

CO c-- r 30
 

(.0 s— 

18
 

CO •c•-- 
....,z  
%. , 
T 

r 
x- 18

  

15
 

LO 
T-  

LO 
•c-- 

ro 
CC 

CO • c\I n- 
d' _,: --.4 , 

Ln •r-- 
Lo ....- 15

  r 
cri 15

.5
  

Lo 
•L-- 

LO ,-- 'd' .- 18
 

CO0  

CL a 

H
um

an
  

Lo 
c-- ,t-- 30

 u-) Lo  

18
 

x-- 
.....: 
%.—.• 
•r— 

OD LO r 
y— 18

  

n— 
CD „,.. ; 
% Na 
e— 

LO 
•c— 

o r rz 15
 C \I 

(N1 

(N •,--
 

15
 

LO 15
 1.0 

à x- 
Lr) , 15

  Lo 
C- 14

  

18
  

2 
LIJ 
2 
C.) 

2 
(-) 
0 TE

T R
A X 

0 TO
L 

XY
L 

CO 
0 

LIJ 

< 
0 

LU 

I— 

LIJ
  C
H

LO
 

2 2 

307 



p a
ra

m
e t

er
s  

us
ed

 in
  t

he
  e

st
im

a t
io

n  
of

 U
F AH

_TK
A  

Cà 

o 
Co 

F- 

308 

>, 

	

CD C 	. _ > E  
2 (f) a) 4- E 

to- a) cÉ 	a) c co• - 	n 
03 LO-  (3) 	o) "— 

	

°) 	:;--- to 
o 0) 	73 

0  
2 a) t 	m 

	

c» ,, 	t 4- 
-0 •""- 4.3 	a) 
a) 	- •,5 	o_ 

>, 
1-5 1-5 1,-- 	0 O - 4 09 	Tn 
2 .;-cl` 	cii 

co 4-: 0  6 •1.... 	LI-. 

ir) le lb-- o) cr) ÷C 
2 	r 
CO 4...... • 	,. cts CD O. Q) co 

	

lirD P oa 1): 	
(D 

, .--(T-5  8  
. a) , 4_, (1) C 
(1)  
Ta co q'c f > 003 ma- ..)  "E oco eL Ci ,- m  cu ....4é' -a o ., c.) - vs o .e. --: cc ..,- eL o a) (1) _o c3) E-.... c  o) ....t.,. _o 
L5  CD (D ‘— 

±i 
CO a)  

C 12 u) r 	Z 
O cum  co 0 ci) 

0 0  _c 	— ..1...• 

cÉ o.. 

H
um

an
  

0.
73

2 co 
CO 
CO 0.

43
 co 

CO 
CNi 

CN 
'd' 
'Zt:  

00 co 
tri 

LO ,-- 
c\i 

0) 
C \I 
cNi 

CD 
CO 
d 

00 
CO 
..' 

..- C a (Ni co 
3.

72
 

0.
84

  .:I- co r--- cs) 5.
7  

3.
14

  ,-- 
'e. 

,-- 
c:). 1.

20
  I
  

Lr) a) 
d 

H
um

an
  

1.
46

  

6.
83

 

0.
4 3

 

2.
98

  
(N 
0 
cO 

h- 

5.
38

 

c`i 
 0) cr) 

ci 2.
29

 

6.
8 co 

0.
73

2  C \I 
N- 
CO 0.

84
 

4.
64

  

2.
7 

3.
14

  
CO 
0) 

x"-• 
0 

1.
20

  

LO 
0) 
C5 

co 0.. 

H
um

an
  

0.
82

 

r•-- 
h- 
r--: 

CO 
',Zr 
d 1.

37
  

0 
0 
ci 1.

74
  

0.
94

  

CNJ 
(C). • c\i 

0.
40

8  CO 
0 

0.
84

 

1.
54

  

a 
. 

C \I a 
, 

x•-• ce) 
c5 

N- co 
ci 

CO •ie. 
ci 

LO cl 

C.) 
LI-
CL 

H
um

an
  

15
9.

03
 

cf) 
CNI 
Q 65

.8
  co 

1` r,- 50
 

13
6  co 

Io 
r- 
co 

c) 
h- 

CV 

n-- 

"r0 

12
1.

7 CO 
d- 
à 56

.7
  

40
.4

  

79
.4

  

N.'10
 CD 

c6 
CO 

CO 

ai 25
.3

  C) 
C3) 
, 

CD m Q- 

H
um

an
  

8.
94

 co 
ci 36

50
 

co 

26
.4

 

tri  28
.0

  co 

— •.:1- 
oi 

o, 
d 18

50
 

05 .-- co •qt. 40
  

4.
52

 

42
.7

 co 
d c\J 21

.9
  co 

cc! , 

C
H

EM
IC

AL
 

D
C

M
 

TE
TR

A  

X 
0 TO

L 0 h— 
?:,- 
,‘, CD 

Lu 
< 
0 ET

BE
  0 

2 
0 

1  
1 
H 

0  
> 



(:)) 
a) 7 5 c 
c1 're 
O • c)) ..c"1"-: O) 

a) a) , .5")  E 

a) 0) (1)  cd 
cieC. cool--  .....:*4-I  ci)  rr?.......  ---::„ , .......::,, 
CD r -2  cr, Cil 11)  E ., 

s 	
,- a3  E c ce ià I-- 7 17)C  --- c) -5 

(a— -moto. .... co 
I 
• c. C5 Q) E 

a ) [ r . . . : i  i f i - 1 -2  c9c  ="; _ 1+  z 	.. --: eÉ .c.) 	0  
a) n3 	13 C  

«5  c- _c  CO CU -E 1-15 
(-) 	•-• C.) 	-a) e E i= -....: as (7)  a) (13 _fa 	E to 'cr) % Lij-I  E 1-5 c 0) . (D 7,  Te f) 1:2 E * E as 0 
a) 	--È ro 	co .0  2 Ir 3 › al 

.›. El- ru 2 2 Li: I-11  C,) 
co c.) 0 LU Li- 

p
a
ra

m
e t

e
rs

  u
se

d
 i
n

  t
h

e
  e

s
ti

m
a t

io
n

  o
f 

U
FA

H
- T

KA  

L 

C.) 

H
um

an
  

,e. 
tri 
CO 8.

90
 

r-- 
r-- . 

•ve• 
co 
CD 

cr) 
• Li, 

0) 

,—.• 
c \i c) 
r 

(N• 
co 

Lci 
(Ni 

oo 
• c`l l.0 7.

43
 co o • 

CD 

co o • 
00 

-f-,  
CO 

1: 
CO 
CO 
d 

C•.I 
C\I 
ci 

Ci) 
Ce) 
d 0.

95
 

1.
24

  

CO 

08
5 CD
 

 

0.
80

 

CO ‘- (.0 

w __I 
w 

c 
ViS 
E 
Z 
I 

ir, 
co 
ci 

,- 
0 
ci 

,-- 
C:) 
d 

CD 
d 0.

88
 

0.
80

 , - CO
 

0.
40

  

0.
49

 

0.
89

  

(D 
ci 

CO 
0) 
d 

C÷T; 
rY 0.

81
 

r"-- 
r 
ci 0.

20
 

r 
r-- 
d 

CNI 
0) 
d 0.

83
 

0.
42

 
0 
CO 
d 0.

78
 

0.
93

 

't cy) 
d 

0 
0 
u- 

H
um

an
  

o 
C\i 

0
0  ci 

0000 
d d d 0.

0 0 
d 0.

0 0 
ci 

0 
ci 

- 
CÉ 2.

0 coCO C:1 
ci 

0 
d 0.

0 0 
ci 0.

0 0 
ci 

0 
d 

0 
ci 

0 
d 

c.) 
2 

H
um

an
  

0.
75

 O 
Ce) 
à 

d 
0 
Cei 0.

55
  

0.
20

 

0.
36

 

le 
C\J 
d 

a) 
Ce) 

g:D 
LI) 

0.
45

 

0) 
C() 
,-; 

R
at

 o 
"zt 
d 

o 
co 
ci 

ai 

0.
55

  

0.
20

 

0.
36

  

'Cl" a)
 

(Ni  0.
25

 

1.
39

 

0.
25

  

0.
54

 

co 

c
0  
o 

> 

H
um

an
  

L.r) 
C./ «5 

LO 
N- ci CN/ à 

r•-- CD
 

4.
80

 

8.
4 0

 

01 cd 
ln 
in à 

0 
Cr) r•-: 14

.9
 

15
.7

 

0 
Ce) r•-:" 

r, 
rZ 4.

00
  

0.
19

 

27
. 0

 

P.

-

-
 

4.
80

 

8.
40

 

CD Co 
CO 

CD 
Ci 7.

30
  

10
.4

 

1-- " 
1"--- 
CO 

0 
Ce) 
r•-: 

C
H

EM
IC

A L
 

D
C

M
 

TE
TR

A 

D
IO

X 

TO
L 

XY
L 

ST
Y 

LU 
I- 
< 
C....) 

LI.J 
CC1 
1-- 
L.1.1 C

H
LO

 I 
C.) 
2 
I— 

1 
0  
5 

309 



Il  0 
‘zr 
N. 

ci 
,— 
C\ I 

, 
co 
CD 

ci 
c.] 
CO 

à 
Ln Ln 
à 

,-- o) 
à 

Ln co 
ci 

‘" co 
d 

CO Lo 
d 

CD co 
d 

%- a) 
d 

0.
68

±
0.

32
 

-I  c.) 
o 
d' 
d 

o 
OD 
d 

co 
0 
ci 

a) 
0 
,-: 

co 
d"' 
d 

a) 
N- 
à 

cf) 
CO 
d 

co -e- 
d 

co c\t Ln o 
d 

LO co 
,-- 

0.
68

±
0.

43
 

CO 0 1"-- 
ci 

x-  
C V 
ci 

r•-- 
0 

N- d N co 
d ,àddcidd 

LO a) LO CO n-  co x-  co CO c\I N a) 
do 

•q-co 
à +1 
CD 
C3 

< 
IZ 
0 

CO ,zt. 
.- 

LO co 
à 

r's o 
à 

CO co r•-- ,4- 
ci 

LO a) 
à 

LO co 
à 

x.--  co 
d 

LO 
CO 
ci 

o 
N 
d 

a) 
CO 
ci 

0.
79

±
0.

48
  

C
H

EM
IC

AL
 

0 
0 

W 
I— 0 

_I 
0 
I— 

_J 
>< (/) 

w i_ 
< o 

w 
I— w 

0 —J 
1 o 

e  •%I ...... 
CC 1— 

2 
° 5 

a) CF) CU s- 
? < 	• 

310 



Table 6: Dose received interspecies uncertainty factors 

(UFAH-TK-ABS)A  

CHEMICAL U FAH-TK-ABS 

DCM 5.68 

TETRA 7.80 

DIOX 2.10 

TOL 3.80 

XYL 3.84 

STY 4.27 

CATE 7.85 

ETBE 3.94 

CHLO 5.69 

TRICH 6.10 

VICH 6.79 

Average 5.26±1.83 

A  Dose is expressed as mg/kg body weight 
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Table 7: Metabolic clearance interspecies uncertainty factors 
(U FAH-TK-MET)A. 

CHEMICALB U FAH-TK-MET 

DCM 4.88 

TETRA 7.74 

DIOX 76.3 

TOL 4.86 

XYL 4.34 

STY 4.49 

CATE 3.91 

ETBE 5.14 

CHLO 3.88 

TRICH 5.79 

VICH 4.26 
AverageB  4.93±1.14 

A  Both rat and human were exposed to the same 
dose rate (mg/kg/hr). 

B  The unusual and great differences in the metabolic 
parameters for DIOX in rats and humans resulted in its very 

high U FAH-TK-MET factor which was not included in the 

calculation of the average value. 
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Table 8: Tissue concentration interspecies toxicokinetic uncertainty 
factors (UFAH-TK-DIS)A  

CHEMICAL CRA  CS CL CF 

DCM 1.12 0.50 0.27 0.50 

TETRA 0.54 0.14 0.50 0.77 

DIOX 1.95 1.95 1.57 2.00 

TOL 1.74 1.12 1.15 0.86 

XYL 0.45 0.30 0.44 0.52 

STY 1.00 1.00 0.83 1.00 

CATE 0.58 0.57 0.57 0.58 

ETBE 0.66 0.65 0.51 0.66 

CHLO 0.44 0.41 0.87 0.26 

TRICH 0.18 0.20 0.04 0.35 

VICH 0.69 0.69 0.94 0.69 

Average 0.85±0.56 0.68±0.52 0.70±0.43 0.74±0.47 

A  R:richly perfused tissues, S:slowly perfused tissues, Lliver and F:fat. 
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Figure 1. Components of the interspecies toxicokinetic uncertainty factor 



. 	 

"a 
a) o > 

o .- 

i= 

C
on

ce
nt

ra
ti

on
  

/ 
/ 

/ 
/ 

/ 
/ 

/ 
/ 

 

/ 
/ 

 

   

c 
o a) •-s_ -1-,  

O • — O c Q•  C) x 0 w = 0 0 

A 

El 

C
on

ce
nt

ra
ti

on
  

• 

Figure 1 	 315 



CHAPTER 4 
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GENERAL DISCUSSION 

One of the fundamental problems in risk assessment is the 

extrapolation of observed experiniental results between animais and 

humans. The use of animais in toxicological studies has been based on the 

assumption that the extrapolation of toxicological data from animais to 

humans is valid, and that equivalent doses of a chemical in different species 

are equitoxic. The goal of the interspecies extrapolation methodologies is to 

estimate the equivalence of administered daily doses to animais and humans 

that result in equal adverse effects, i.e., doses that are toxicologically 

equivalent. Lacking detailed information on interspecies differences, it is 

frequently assumed that experimental results can be extrapolated between 

species when dose is standardized in terms of body weight (nig/kg/day) or 

surface area (mg/m2/day). ln the quantitative dose-response assessment of 

systemic toxicants the equivalence of dose has been managed arbitrarily 

with the use of the interspecies uncertainty factor which is used to estimate 

the dose to which humans can be exposed with no adverse effects. 

All three approaches are based on empirical observations and have 

largely ignored the mechanisms involved in the expression of toxicity in 

animais and humans. Additionally, they develop risk estimates by correlating 

the incidence of response with exposure or administered (applied) dose. 

Because adverse effects develop at the target tissues from the interaction of 
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the toxic moiety with cellular components or receptors, another limitation of 

these approaches is their failure to account for the fundamental 

pharmacokinetic processes which cause the relationship between exposure 

dose and target tissue dose to be complex and non-linear across dose 

levels, dose routes and species. A more appropriate method of deriving risk 

estimates should involve the quantitative relationship between exposure 

levels and target tissue dose, and further the relationship between tissue 

dose and observed response in animais and humans. 

ln the last few years, there has been a considerable interest in 

applying the principles of toxicokinetics to the interspecies extrapolation of 

toxicological data. This dissertation has applied toxicokinetic theory in the 

making of reliable and convincing inferences about extrapolation of 

toxicological doses from studies on experimental animais to humans using 

the physiologically-based toxicokinetic modeling approach. The hypothesis 

tested was that with PBTK models, the relationship between exposure 

concentration and tissue dose can be established quantitatively and thus the 

interspecies toxicokinetic uncertainty factors can be determined from well 

defined principles. PBTK models that describe the toxicokinetic behavior of 

the carbamate pesticide aldicarb were developed and used to show how 

toxicokinetic information can be analyzed to derive chemical-specific values 

to replace the default UFAH-TK. The same approach was also used to derive 

the interspecies toxicokinetic factors for eleven volatile organic chemicals. 
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The results demonstrated that the magnitude of UFAH--rk depends on the 

chemical and the target tissue and that 100% of the model-derived UFAH-TK 

were lower than the default values. When rats and humans are exposed to 

the same ambient concentration for an identical length of time, the average 

tissue and blood concentration of parent chemicals in rats and humans is 

approximately the same (U FAH-TK=  1 ), despite the fact that the rat receives 

about 5 times the dose received by humans. This is consequence of the 

enhanced metabolic clearance in rats compared to humans, and was 

confirmed by simulation of rat and human exposure to equivalent doses. 

VVhen the ambient exposure concentration was adjusted so that the total 

dose received was equivalent to that of a human, the average clearance was 

greater in rats than in humans. ln other words, the blood and tissue 

concentrations are equivalent in both rats and humans, because although the 

former receives on average a dose (mg/kg) that is about 5 times higher than 

humans it clears the parent chemical on average 5 times faster than the 

human, and thus the UFAH-TK is approximately 1.0. 

While the physiological approach is far more elaborate, time-

consuming, data-intensive and costly than the empirical approaches, its 

advantages far outweigh its costs. Its mechanistic foundation allowed for the 

translation of applied dose to effective dose to be done on sound scientific 

principles and avoided the "black bœe approach of toxicokinetics used in the 

empirical methods of extrapolation. Furthermore, it allowed for the 
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identification of the parameters that contribute to the magnitude of UFAH TK. 

This was achieved with the development of simplified algebraic equations 

that describe the toxicokinetics of chemicals at steady-state, and showed that 

to predict the UFAH-TK  only the tissue:blood, blood:air partition coefficients 

(PTs & PBs), the extraction ratios (E), and cardiac output flowing to the liver 

(QLC) and the body weight-normalized alveolar ventilation rate (QPC) are 

required. Estimation of the magnitude of UFAH TK with algebraic equations 

that incorporate these parameters resulted in values that were identical to 

those obtained with the PBTK models. 

The physiological model-based framework presented in this dissertation 

allows for the replacement of the default UFAH-TK  with toxicokinetic data-

derived values, provides an accurate estimate for its magnitude and 

suggests that the currently used UFAH-TK  of 3.16 may result in inaccurate risk 

estimates. Furthermore, it shows that proper application of toxicokinetic 

theory can reduce uncertainties when establishing exposure limits for specific 

compounds and provide better assurance that established limits are 

adequately protective. Equally important, it has allowed for the identification 

of the mechanistic determinants that result in interspecies toxicokinetic 

differences and improves the scientific basis of the risk assessment process. 

Even though this dissertation has advanced the quantitative evaluation of 

interspecies toxicokinetic uncertainty factors, and may help improve the 



321 

accuracy of risk estimates, the ultimate improvement will not occur until the 

foundation of the currently used dose-response methodologies is modified to 

account for the uncertainty/variability that surrounds the concept of risk and 

develop probabilistic estimates in accordance with the fundamental concept 

of risk. 

Current noncancer dose-response assessment methodologies impart a 

deterministic character in risk, which by definition is a probability 

phenomenon. They utilize point value estimates to develop risk estimates, 

and in this context uncertainty arises from lack of knowledge. There is an 

answer, but because of weak theoretical considerations or because data are 

incomplete, inadequate, inconclusive, disputable or even non-existent, 

analytical methods and tools are not perfect and theories are based on 

assumptions, we know that the answer we have is not the right one. Risk 

estimates assessed in individuals are then applied to the population, which is 

characterized by both uncertainty and variability. Any available quantitative 

assessment on the uncertainty and variability of the inputs is ignored, which 

as shown by the results of this dissertation, may result in overestimation or 

underestimation of risk. Uncertainty factors are used to correct the lack of 

knowledge and additionally correct for variability, with the hope that the 

resulting estimate of risk will have a low probability of mistakenly stating that 

there is no effect when one is occurring. Although the uncertainty factors are 

intended to be conservative in the uncertainty dimension (giving risk 
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estimates that are usually expected to be higher than true risks for typical 

people) their arbitrary magnitude does not provide any assurances that this is 

accomplished. ln fact, there is no way of knowing if they and the risk 

estimates are indeed conservative, and furthermore there is no way of 

quantitating their alleged conservative nature. Risk estimates are thus, 

limited by the selection of conservative and/or worst case scenarios, and risk 

managers and the public cannot assess the degree of conservatism of the 

risk assessment. Equally important, by setting the bias high enough (through 

the use of uncertainty factors) risk assessments may consider unrealistic 

scenarios. 

The problem of deterministic approach arise not so much from the use of 

point value estimates, but with their inability to provide a means for selecting 

the proper point estimates. For example, it is difficult to argue that there are 

people who weigh 70 kg, but one could easily argue that a 70 kg individual is 

not a typical representative or average of the population. In other words, 

uncertainty analysis as used in the current dose-response assessment fails 

to account for variability in a quantitative way. The goal of uncertainty 

analysis should be not only to define as accurately as possible the weight of 

an individual, but also to describe the confidence with which it can be 

claimed that the use of a 70 kg person will produce a risk estimate that can 

be applied to the whole population or that it falls between defined range of 

values. ln this context, uncertainty is a characteristic of the observer, which 
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can be reduced with further study and incorporates variability, which is a 

characteristic of the system we are studying and cannot be reduced by 

further study, it can only be characterized. 

The weaknesses of the current dose-response assessment can be 

addressed by edending the use of physiological modeling techniques 

described in this dissertation to develop integrated toxicokinetic/toxico-

dynamic (PBTK/TD) models that incorporate probabilistic methods (e.g., 

Monte Carlo) to estimate the propagation of uncertainty/variability in a 

population and derive risk estimates without the use of arbitrary uncertainty 

factors. The first step towards this goal will be the development of integrated 

PBTK/TD models. The advances of PBTK modeling, while satisfactory in 

determining the interspecies uncertainty factor of parent compound or its 

metabolite(s) at the target tissue in different species, is not sufficient for risk 

assessment purposes, because it is often limited by the need to make the 

assumption that the response to a given concentration of the chemical is the 

same in each species. Since toxicity has toxicokinetic and toxicodynamic 

components, the concept of equivalence must be seen as the sum of two 

components: toxicokinetic equivalence which deals with adjustment of the 

levels of the administered doses in animals and humans, and toxicodynamic 

equivalence which adjusts the response of animals and hurnans to an 

equivalent tissue dose. The development of integrated PBTK/TD models will 

enable the risk assessor to assess the potential health effects of human 
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exposure to environmental hazards based on the quantitative evaluation of 

tissue response in animal models, and evaluate accurately the overall UFAH. 

More importantly, the development of hunnan PBTK/TD models will make the 

use of UFAH  becomes redundant. 

Probabilistic methods can then be applied to eliminate the problern of 

point estimates and determine the distribution of probable risk across a 

population. Monte Carlo simulation allows different parameters to be varied 

through their range of uncertainty simultaneously in one analytical effort. 

Instead of defining point estimates of parameters, distributed parameters are 

used which depict the frequency of occurrence of all expected values of that 

parameter in its "population". By distributed parameters it is meant that the 

parameter takes on different values at either different spatial co-ordinates or 

different times or both. Instead of point estimates for each parameter, a 

probability density function (PDF) describing the probability that the term has 

any specific numerical value is used. The distribution of risk is thereby 

determined as the result of the combined effects of multiple sources of 

variability or multiple sources of uncertainty. Since, each PDF depicts the 

frequency of occurrence of all expected values of that parameter in its 

"population", the need for the intrahuman uncertainty factor will be 

eliminated. The subchronic to chronic extrapolation can be carried out, by 

running the nnodel over a long period of time, and thus a risk estimate (RfD, 

BMD) can be determined without using any uncertainty factor. 
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These extended techniques will make the analyses more informative to 

risk managers and members of the public by giving some perspective of the 

uncertainty behind point estimates. It may also contribute to the evaluation of 

the cornplexity of mechanistic models (a frequent criticism of physiological 

models), or it may be used to compare two different versions of the same 

model, and recommend use of the one with the least amount of uncertainty. 

Although probabilistic dose-response will add several steps to the risk 

assessment process, it will effectively implement EPA guidelines 

recommending quantification of the impact of uncertainty and variability in 

human health risk assessment (NAS, 1980; USEPA, 1986; NRC, 1994). The 

additional information concerning uncertainty and variability that is afforded 

by the new methodology will be potentially useful to the risk manager, for it 

necessarily increases the extent to which the efficiency of alternative risk 

management policy may be judged. The main restrain for general 

acceptance and use of this method, i.e., defining probability distributions for 

input parameters, can in some cases be reduced through sensitivity analysis 

or by approximation (triangular distributions). To improve the accuracy of 

probabilistic risk assessments, risk assessors will need to collect data to 

describe distributions for many currently undescribed input assumptions. 

Additionally, the extra information will help verify the assumption that the 

input parameters are distributed independently. Once appropriate probability 

distributions are selected as inputs to the PBTFUTD model, Monte Carlo 

simulation can provide a probabilistic RfD with no significant extra effort than 
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that required to determine a deterministic RfD. Then, by combining the 

proposed methodology with probabilistic exposure assessment, this 

approach promises to enhance the power of the overall risk assessment 

process. By doing so, risk assessment will allow for: 

• greater understanding of the policy managers make 

• reliable comparisons of alternative decisions, and 

• increased understanding and acceptance of policy decisions by the 

public. 
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