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ABSTRACT 

This study entails a pharnutcokinetic analysis of the relationship between the external dose of 2,3,7,8- 

tetrachlorodibenzo-p-dioxin (dioxin, TCDD) and resulting concentrations of TCDD in internal tissues and organs of 

humans and rodent species. The methodology is based on the development and testing of physiologically based 

pharmaeokinetic models for several rodent species and humans. The results indicate that the relationship between 

the external dose of TCDD and resulting TCDD concmltnttions in 5vef and adipose tissue of humans and various 

species of rats and mice can vary by as much as 725 fold, illustrating that humans and experimental animals differ 

considerably in their ability to convert external dosages of dioxin to tissue concentrations. Interspecies scaling 

factors are reported to express the differences in tissue concentrations of dioxin between mice, rats and humans in 

response to an equivalent external dose. The significance of these findings for conducting human cancer and 

ecological risk assessments is discussed. It is recommended that pharmacokinetic differences be considered 

explicitly in risk estimation, while separately recognizing interspecies differences in pharmacodynamics (sensitivity). 
© 1997 Elsevier Science Ltd 

In human health and ecological risk assessments of environmental contaminants it is common practice to 

extrapolate toxicological responses observed in animal bioassays to those in humans (Albert, 1989; Fishbein, 1986; 

Gaylor et al,, 1993). In most cases concerned with contaminants at environmental concentrations, this 

extrapolation involves (i) an interspeeies extrapolation, where the effects observed in test organisms are 

extrapolated to humans or other organisms, and (ii) a high-to-low-dose extrapolation, where the effects observed at 

high "experimental" doses are extrapolated to the low "environmentad" doses to which humans and organisms are 

typically exposed. The interspecies extrapolation is often performed by scaling the dose administered to the test 

organism to body weight, resulting in what we will refer to as an "external dose", typically expressed in units of 

milligrams of chemical per kilogram of organism body weight per day. If the chemical is recognized as a 
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carcinogen, human cancer risk assessment olden assumes that the tumor incidence observed in the test organism is 

similar to that in humans when the dose is scaled to body weight, i.e. expressed as the same "external dose", 

causing all uncertainty in the risk assessment to be accounted for in the high-to-low-dose extrapolation. If the 

chemical is not a carcinogen, the risk assessment, which is then referred to as a hazard assessment, involves the 

comparison of the external dose (to which humans are exposed) to the no-observable-effects dose in the test 

organism, assuming that the response observed in the test organism is similar to that in humans if the dose is scaled 

to body weight, i.e. expressed as the same "external dose". Safety or uncertainty factors are introduced to 

safeguard against potential errors and uncertainty in this and other assumptions. For example, the EPA 

recommends that an uncertainty factor between 1 and 10 is used to account for potential errors and uncertainties in 

interspecies extrapolation, while other uncertainty factors have been recommended to account for other 

uncertainties (U.S. EPA, 1989). However, there is tittle knowledge of what the magnitude of these errors in 

assumption might be. As a result, the safety factors are likely to be chosen arbitrarily, affecting the credibility of the 

assessment. 

The relationship between external dose and cancer risk involves two components, i.e. "dosimetry", which 

determines the concentrations in the internal tissues that are reached given a certain external dose, and "sensitivity", 

controlling the extent of effect (e.g. tumor formation for TCDD) at the target tissue concentration. In this paper we 

will investigate the differences in relationships between the "external dose" and resulting tissue concentrations 

("effective dose") among various rodent species and humans. Differences in the sensitivity of target organs and 

tissues to the chemical (here defined as the level of effect observed at a particular concentration in the target organ 

or tissue) are also important factors affecting the risk assessment and should be investigated separately. Recently, 

the relative sensitivity of rat and human tissues to TCDD was investigated by Aylward et al. (1996). In this study 

we will focus on phannacokinetic factors affecting the TCDD risk assessment, but we will briefly discuss the 

importance ofcumbining sensitivity and pharmacokinetic considerations. Pharmacokinetically controlled 

differences in the response of various organisms to a certain dose (in mg/day) of a chemical substance is often 

accounted by expressing the dose as an external dose in units of mg/kg/day. The U.S. EPA and FDA have proposed 

a cross-species scaling factor equivalent to mg/kg°.75/day to account for allometric differences in the 

pharmacukinetics and sensitivity among species in absence of adequate information on pharmacokinetic and 

sensitivity differences between species CO.S. EPA, 1992). Body surface area scaling has also been suggested as a 

method for extrapolating differences in phannac, okinetics between species (Voisin et al., 1990). The use of 

physiologically based pharmacokinetic (PB-PK) models has frequently been cited as a preferred method for 

characterizing the ability of different organisms to convert external dosages of chemical substances to tissue 

concentrations. Traditionally, PB-PK models have not been used in a regulatory framework for human risk 

assessments ofdioxin. In this study, we present PB-PK models for TCDD in humans, rats and mice. The models 

that we present are modified or adapted from PB-PK models reported in other studies. The models are tested 

against observed data and used to determine the relationship between external dose and resulting tissue 

concentrations in various organisms. The main goal of this analysis is to determine the potential errors that can be 
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made in a risk assessment when equivalents of the "external dose" are chosen as the basis for extrapolating a 

toxicological response from a test organism to humans or other species. Although the study is limited to one 

chemical, i.e. 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), the results are believed to be applicable to the 

methodology of risk assessment of many environmental contaminants. 

hlrr,~li212~.,~Zg 

The methodology used to investigate the relationship between the "external dose" and internal 

concentrations of TCDD in various tissues and organs consists of three.parts. First, we formulate the relationship 

between external dose and tissue concentration in humans, rats, and mice in terms of physiologically based 

pharmacokinetic (PB=PK) models. Then, we verify the models against observed data to evaluate the models' ability 

to represent the internal pharmacokinetics of TCDD in humans and rodent species. Finally we conduct model 

simulations of the relationship between the external dose and concentrations of TCDD in the liver and adipose 

tissue of humans and rodents at dosage levels relevant to TCDD risk assessment. The essence of the third part of 

the study is to reconstruct the pharmacokinetics of TCDD in the bioassays that have been used as the basis for 

TCDD risk assessment. To describe the biuaccumulation and internal distribution of dioxin in humans and several 

rodent species, we have modified existing physiologically-based pharmacokinetic (PB-PK) models. These models 

depict metabolic and physiological processes in various compartments of the body, and are used to mathematically 

describe the biological fate of chemicals from the point of exposure to the target organs and tissues. In the 

parameterization of these models, we have relied on the physiological and metabolic input data that have been 

shown to he successful in the work of previous authors. Although some of the input parameters may have been 

derived through model calibration, we have not further calibrated these models in this study. It should he noted that 

there have been some significant advances in pharmacokinetic modelling, especially in rodents (Andersen et al. 

1993, Kohn et al. 1995). However, for the purpose of this analysis, the somewhat simpler models used in this study 

are adequate and produce results that are in agreement with the more complex models. We coded separate 

programs for the human and rodent models to reflect differences in the mass balance equations, although the models 

are structurally quite similar. 

Model Construction: 

The human PB-PK model used in this study represents a modification of the equations presented in Kissel 

and Robarge (1988), which are based on Patterson and Mackay (1987). The most important modification involves 

the expressions for the gastro-intestinal uptake of TCDD to reflect recent findings regarding the mechanism of 

gastro-intestinal uptake of very hydrophobic substances (Gobas et al., 1993). The modelling framework consists of 

several physiological compartments representing body tissues or organs (Figure 1). Each compartment is internally 

homogenous with respect to the concentration of TCDD, and tissue concentrations are in equilibrium 
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Figure 1. Diagram of  the Htmum PhyJiologically-Bamd Plm'ma~kiaetic Model 

with the blood (Kissel and Robarge, 1988). Blood flows and tissoe:blood partition coefficients predominantly 

determine the rate at which TCDD is transported fi'om one compartment to another. Intake ofdioxin is exclusively 

through ingestion of  food items. This is an appropriate assumption since more than 98% of TCDD exposure to 

humans occurs through food consumption (Travis and Hattemer-Frey, 1991). Dermal absorption and air ~ n  

were ignored as significant routes of  dioxin exposure. For each compartment, a set of  nonsteedy-mte equations 

describes the distribution of  the chemical (Appendix A). These mass balance equations were solved numericadly 

using an Euler type numerical integration. Physiological parameters for the model (i.e. coml~xtment volumes, 

densities, blood perfusion rates, and tissue:blood partition coefficients) were obtained from Kissel and Robarge 

(1988) (Table 1). We assumed metabolic transformation of  TCDD to be negligible based on studies by Ryan 

(1986). As the human model is used to make assessments for conditions associated with background expomres, 

binding to specific hepatic proteins, as is observed in rats, was not considered. The model also did not comidcr 

diffusion limited tissue absorption, as is done by Andersen et al. (1993) for rodents, because (i) there are difl|culties 

with the parametedz~tion of such a model (for all species), (ii) p~meterizafion of the PBPK model, whether it is a 
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flow or a diffusion limited model, ultimately relies on calibration with an empirical data set and (iii) both flow and 

diffusion limited models result in similar steady-state concentration values, which are the focus in lifetime excess 

risk assessments. Finally, the effect of diffusion fimitation on the time dependence of dioxin tissue concentrations in 

humans is considerably smaller than that in the smaller rodents due to the smaller rate of dioxin elimination per unit 

of body weight. The model further ignores changes in body weight and body composition throughout a human's 

Table 1. Model Parameters for the Human PB-PK Model 

Source: Kissel and Robarge (1988) 

Pm~r 

Bodv Weiaht 

Out Tissue 

Gut Lumen 

Liver 
Blood 

Adipose Tissue 

Skin 

Muscle Tissue 

Richly Pcrfused Tiseue 

Kidneys 

Blood Flow 
Gut Tissue 

Liver 
Adipose Tissue 

Skin 

Muscle Tiuue 

Richly Perfuscd Tissue 
Kidneys 

Cardiac Output 

Abbr~iluion Urfi~ 

BW (kg) 

V~o~ 

70 

Votrrnm.m (ms) 0.0012 

VOUTLU~S (m~ 0.0010 

Vuwa (ms) 0.0015 
VLooD (m s ) 0.0026 

VV.,,T (m ~) 0.0134 

VstcJN (ms) 0.0023 

Vuu~t~ (m ~) 0.0262 

Vtlc~ (ms) 0.0026 

VKwtmvs (ms) 0.0002 

QoJr (m s/h ) 

Quv~. (m3/h) 

QF^T (m s/h ) 

(mS/h) 

QMuso,e (m3/h) 
QpJol ( ms/h ) 

Q~DsSVs (m s/h ) 

q~0~ (m~/h) 

Partition Coefficients (Ratio of Fugacity C apacifiy in Tissue to that in 
Rorr ~ 7-~.r/ZncooD (unitless) 

- Zuwt  / ZaLooD (unitless) 

= ZF^T/ZSLOOD (unifleSs) 

" Z m ~  / ZSLOOD (unitless) 

Ron-" Z~sc~ / Zst~oD (unitless) 

Ro#, -  ZxJc. / ZsLooD (unitless) 

Ro.rr "Z,ut~Evs / Zst~)o (unidess) 

Rtxtr = ZmL~ / Zm,ooo (unifless) 

0.0603 

0.0837 

0.0178 

0.0120 

0.0540 

0.0909 

0.0568 

0.3151 

Blood) 
I0 

25 

3OO 

3O 

4 

I0 

7 

0.5 

Out Tissue 

Liver 

Adipose Tissue 

Skin 

Muscle Tissue 

Richly Pefuscd Tissue 

Kidneys 

Bile 

Other Constants 
Urinary rate 
Biliat V excretion 
Metabolic transformation constant 

Henry's Law Constant 
TCDD molecular weight 
Dietary efficiency 
Fugaeity capacity of blood 

Oultn~e (m3/h) 4.17E-05 
Gm~ (m3/h) 2.08E-05 

ku (l/h) 0 
HLC (Pa m3/mo]) 3.3 
MW (g/tool) 322 

e (unitleas) 0.9 
Zacooo (mol/Pa ms) 6061 
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fife-time because of a lack of relevant physiological input parameters, lack of data regarding life-time TCDD 

dosages and because human cancer risks are most relevant when considered over a lifetime, much of which is spent 

in adulthood. 

The rodent PB-PK model used to describe the bioaccumulation and internal distribution of TCDD in rodents 

is similar to the human model (Figure 2). The mass balance equations and model parameters in the model were 

obtained from Leung et al. (1988, 1990b), and are presented in Appendix B and Table 2. The most important 

departure from the human model is the inclusion of  the specific binding of TCDD to TCDD-binding proteins in the 

rodent liver and in blood, which is observed at the high dosage levels used in rodent bioassays (Mills et al., 1992). 

At high doses of TCDD, certain proteins are induced in rats, mice, and other rodents which have the effect of 

sequestering more TCDD in the liver than would result from simple physico-chemical partitioning. Specifically, the 

model considers two liver proteins, one a high affinity, low capacity cytosolic protein, and the other a low at]finity, 

high capacity microsomal protein (Leung et al., 1988). The induction of these proteins was not considered 

I I_ kiUSCUE~K~ 
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in the human model since at the relatively low background TCDD concentrations to which humans are exposed, the 

concentrations of TCDD are expected to be insufficient to cause induction. The incorporation of protein induction 

processes in the rodent model is important, not only because liver binding proteins increase the amount of TCDD in 

the liver, but also because different species have different activities and binding affinities for TCDD, causing 

interspecies variability in tissue bioaccumulation and internal distribution. 

Model Verification: 

To assess the predictive ability of the rodent models, we conducted model simulations in which the rodent 

species were exposed to TCDD at doses similar to those used in actual bioassays (Rose et al., 1976; G-asiewicz, 

1983). The model-predicted concentrations of TCDD were then compared to observed concentrations in these 

studies. To test the human model, we performed a computer simulation in which a 70 kilogram reference human is 

exposed to "background" levels of TCDD through the consumption of TCDD contaminated food. A literature 

compilation of available estimates of background TCDD intake of the general population in industrialized nations 

(Table 3) provided estimates ranging from 12.0 to 34.8 picograms per day, with a mean of 22.1 picograms per day, 

or 0.32 pg/kg/day for a reference human of 70 kg. The relatively small variability in these estimates, in spite of the 

differences in sampling locations and study designs, suggests that dioxin exposure in the general population is 

relatively constant across geographic regions. We then compared the results of the model-calculated TCDD 

concentrations in the liver and adipose tissue to observations from actual liver and adipose tissue specimens 

collected from autopsy patients. Fifteen separate estimates of mean TCDD concentrations in adipose tissue were 

obtained from the literature (Figure 3). These estimates represent subjects from Canada, U.S., Europe, and Japan, 

who have experienced no known exposure to elevated TCDD levels. The mean concentrations of TCDD in adipose 

tissue range from a minimum of 5.4 pg/g to a maximum of 11 pg/g The estimates do not display any geographical 

pattern or skewness, suggesting that background exposure to TCDD is reasonably constant across industrialized 

nations. The mean of all estimates of TCDD concentration in the adipose tissue is 8.0 pg/g, and the standard 

deviation is 1.8. The mean concentration is 7.5 pg/g once the estimates are weighted by the number of tissue 

samples analyzed in each study. Liver concentration data (n=26) from Leung (1990c) exhibit a geometric mean 

liver concentration of TCDD of 0.70 pg/g Since the majority of the autopsy cases represent middle-aged or elderly 

adults, most observations represent near steady-state conditions. 

Model Simulations: 

To investigate the relationship between the external dose of TCDD and resulting internal concentrations of 

TCDD in the liver, adipose tissue and other organs of humans, B6 mice, and Sprague-Dawley and Osborne-Mendel 

rats, we conducted model simulations for the following TCDD dosing scenarios: 

B6 Mouse: 1390. 5550, 6940, 27800, 69400, 278000 pg/kg/day 

Rat: 35, 117, 1000, 1170, 1390, 6940, 10000, 11700, 51200, 69400, 100000, 248000 pg/kg/day 

Human: 0.32 pg/kg/day 



Table 3. Estimates of Humlm Background Exposure to TCDD from Several Studies 

o~/dav ogJk~dly Sour~ 

12.0 0.17 EPA (1994) North America (EPA reassessment) 

15.9 0.23 Henry et al. 0992) U.S. (Food and Drug Administration approach) 

17.4 0.25 Ono et el. (I 987) Japan (Market basket estimates) 

20.0 0.29 Theelan (1991) Netherlands (Institute of Public Health) 

25.0 0.36 Furst et al. (I 991) Germany (Analysis of food samples) 

25.2 0.36 Beck et el. (1994) Germany (Market basket estimates) 

26.7 0.38 Ontario Min. of Env. (1988) Canada (Market basket estimates) 

34.8 0.50 Travis and Hattamer-Frcy (1991) U.S. (Fugacity food chain model predictions) 

22.1 0.32 Several Average of All Above Estimates. 

Countrv and Method 
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6 

Origin of Tis~ae Samples 

Figure 3. Measured adipose tissue conc~mu~stions of TCDD m the general population, compared 
with steady state adipose conventration of TCDD produced by the pharmacokinetic model, 
assuming a background exposure of 0.32 pg/kg/day. Data sources are: 0) and ¢2) EPA (1994b); 

O) and (s) Ryan (1986); {4) (m 03) Ryan et el. (1985); (e Schecter (1991); (7) Graham et el. (1984); 

(9) Patte~on et el. (I 986); (t 0) Leun 8 et el. (I 990); (n) Needham et aL (1987); (12) Ryan (1984); 

(~4) Patterson et el. (I 994); (m Ryan and Williams (1983). 
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The dosing scenarios for the rats and mice were chosen to mimic actual experimental bioaasays, as identified in a 

database of chronic cancer potency experiments (Gold et al,, 1984, 1986, 1991, 1993). The dosing scenario for 

humans was chosen to reflect actual background exposure. The rationale for the dosing scenarios is twofold. First, 

the model simulations are conducted within the range of dosages for which the physiological models were 

developed. Second, the exposure levels reflect conditions under which rodent-to-human extrapolations are made in 

risk assessments. 

The relationship between the external dose and the steady-state concentration of TCDD is expressed as a 

simple ratio B, which can be referred to as a "bioaccumulation efficiency" as it expresses the magnitude of the 

concentration in tissue and target organs resulting from a certain "external dose": 

B l i v ¢  , = 
TCDD concentration in the liver (pg / g) 

External dose per unit body weight (pg / kg / day) 

A similar ratio was developed by Scheuplein and Bowers (1995) and proved to be useful in the data interpretation. 

Bioaccumulation efficiencies were investigated for all tissues and organs in the model, but in this paper we limit the 

discussion to those for the liver B ~  (i.e. Cu,~,/external dose) and the adipose tissue Ba,lipeN (i.e. C,,til,~/extern al 

dose). Liver concentrations are of particular interest since the liver is the primary site for the incidence of TCDD 

induced cancerous tumors in several animal species, and liver tumor incidence data in rodents form the basis of 

nearly all traditional TCDD cancer risk estimates, including those by U.S. and Canadian federal agencies. 

RESULTS 

Model Verification 

Figure 4 illustrates the time course of the disposition of TCDD in the various human body tissues for a 70 

year simulation based on background exposure of 0.32 pg/kg/day. Model simulations reveal that TCDD is 

absorbed slowly over time with tissue concentrations approaching 95% of steady-state levels after approximately 40 

years. The reason for this slow time response is the large capacity of the fatty tissue to retain TCDD, and the 

negligible metabolic transformation of TCDD. The adipose tissue compartment in large part drives the overall 

model response and is the primary reservoir for storage of TCDD in the human body (Figure 4). The stendy-state 

concentration of TCDD in adipose tissue predicted by the model based on the background exposure of 0.32 

pg/kg/day, is approximately 6.7 pg/g (Figure 3). The differences in the steady-state concentrations of TCDD 

between the compartments are proportional to the tissue:blood partition coefficients in the model. The 

corresponding steady-state concentration of TCDD in the fiver is 0.56 pg/g. 

Figure 3 illustrates that the model predicted concentration in human adipose tissue of 6.7 pg/g is in good 

agreement (i.e. the weighted mean of all observed concentrations is 7.5 pg/g) with observed concentrations, but 

also that observed mean concentrations differ by approximately a factor of 2, (i.e. from 5.5 to 11 pg/g), due to 
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sampling variability. The geometric mean of  the observed liver concamtrations of  0.70 pg/g is in good agreement 

with the model predicted concentration of  0.56 pg/g, and the ratio between liver and adipose tissue TCDD 

concentrations is similar between the mnpirical results and the model (approximately 1 :I0). When data from the 

model and the empirical studies are expressed on a total lipid basis, liver concentrations are very similar to adipose 

tissue concentrations, indicating that the human liver accumulates TCDD principally on the basis of  tissue solubility 

(Leung et al., 1990a) at background exposure levels. 
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Figure 5 compares the model simulation results over time to observed data from two autopsy studies (Lenng 

et al., 1990c, Patterson et al., 1986). The comparison is limited to these two studies since the other data sources in 

Figure 3 did not indicate the ages of the subjects. Figure 5 illustrates that the observed concentrations of TCDD 

compare favorably with the model predictions, although there is a tendency for the model to somewhat underpredict 

TCDD concentrations in people older than 60 years. This apparent discrepancy increases with the age of the 

autopsy patients. However, it should be noted that the Leung et al. (1990) study produced tissue concentrations 

which were higher than most other autopsy assessments (see Figure 3), so the degree of underestimation is not as 

great as is suggested in Figure 5. Furthermore, it must be recognized that there is some uncertainty (Table 3) in the 

background exposure estimate and its change over time. 

While the human pharmacokinetic model produced predicted tissue TCDD concentrations that were very 

similar to averaged results from many autopsy-based studies, these is some discrepancy between observed and 

predicted TCDD concentration time trends. Actual tissue specimens indicate that TCDD concentrations increase 

with age over an entire lifetime, while model simulation concentrations do not increase significantly past 

approximately 50 years. The simplified parameterization of the PB-PK model may in large part be responsible for 

this difference, as the model assumes constant body size and composition over the entire 70-year simulation. On 

average, adults tend to increase in weight with age, and the percentage of body fat also increases. Both of these 

factors would contribute to higher concentrations in the elderly than those predicted by the model for a simplified 

reference human. It is believed that the performance of the model could therefore be improved through the 

incorporation of realistic changes in body type over a simulated lifetime. Despite this problem, the rate of 

accumulation of TCDD indicated by the model is consistent with independent estimates of the half-life of 

elimination of TCDD. Some published estimates of the half-life of TCDD in humans are 7.5 years (Aylward et al., 

1996), 6 to 9 years (Scheuplein and Bowers, 1995), and 5 to 10 years (Poiger and Schlatter, 1986). Given that the 

model is highly simplified and that the background exposure estimate contains considerable uncertainty (Table 3), 

the model fits the independently measures human tissue data remarkably well. Cumulatively, these findings provide 

confirmation of the effectiveness of pharmacokinetic models in describing the dispositional behavior of TCDD in 

humans at background exposure levels. 

Figure 6 illustrates the rodent model's ability to predict the bioaccumulation and internal distribution of 

TCDD, by comparing the model results to those from laboratory experiments in which the time course and tissue 

distribution of TCDD in rodents were documented (Rose et al., 1976, Gasiewicz, 1983). Examples of model 

simulations for B6 mice and Sprague Dawley rats are presented in Figure 6. Other simulations (not shown) were 

performed for other rodent strains and dosing regimes. As further supported by Leung et al. (1988, 1990a), the 

rodent PB-PK model does an adequate job of describing the relationship between the external dose and liver and 

adipose tissue concentrations in rodent species. The quality of fit is somewhat better for the rat than for the mouse, 

possibly due to the lack of a dose-dependent hepatic protein binding mechanism in the mouse model. Model 

simulations for rodents indicate that in response to chronic dosing of TCDD, the rodent tissue compartments 

respond rapidly in both rats and mice compared to humans. Sprague Dawley rats approached steady-state 
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conditions after 3 to 5 months of continuous exposure, equivalent to a half-life of elimination in adipose tissue of 

approximately one month. The rate of  TCDD accumulation in adipose tissue for the mouse strains (C57, B6, DBA) 

in the model simulations was more rapid, with steady-state conditions approached m°cer approximately two weeks of 

continuous exposure. 

Model Simulation efH¢m~n - Rodent Extra oolation 

A summary of the results of model simulations that were conducted to reconstruct the pharmacokinetics of 

TCDD in rodents used in the bioassays that are the basis for TCDD risk assessment is presented in Table 4. 

Considering that the models were earlier shown to be in reasonable agreement with available data sets. the model 

results are expected to give a realistic representation of  the response of  the TCDD concentrations in the various 

tissues and organs of  humans and the two rodent species to different dose levels. Table 4 illustrates that the 

bioaccumulation efllciencies for the liver B~.,, i.e. the ratio of  the steady-state liver concentration and the external 



T a b l e  4, B i o a c c u m u l a t i o n  E f f i c i e n c i e s ,  I n t e r s p e c i e s  E x t r a p o l a t i o n  F a c t o r s ,  T i m e s  R e q u i r e d  to A c h i e v e  9 5 %  o f  S t e a d y - S t a t e  

a n d  A p p r o x i m a t e  E l i m i n a t i o n  R a t e  C o n s t a n t s  o f  T C D D  in M i c e ,  R a t s ,  and  H u m a n s  

Mouse R.~ Rat Rat 

Dose Ranae Simnl*tea (n~/k~/dav~: (1.390,278.000~ (35-1.390~ (6.940-11.700~ (51.200-248_000~ (0.32~ 

Adipose Bioaccumulation Efficiency (B.aw..) 0.031 0 ,  I 0 0. I 0 0. I 0 22 

Liver Bioaccumulation Efficiency (Bh,.~) 0.072 0.16 0.29 0.48 2.2 

PB-PK Interspecies Extrapolation Factor (Adipose) 725 215 214 214 1.0 

PB-PK Interspecies Extrapolation Factor (Liver) 31 14 7.8 4.6 1.0 

Interspccies extrapolation factor based on ms/ks/day 1.0 1.0 i .0 1.0 1.0 

lnterspecies extrapolation factor based on ms/kg°~5/day 410 60 60 60 ! .0 

Time to 95% Steady State (tgs) in Adipose tissue (days) 69 89 110 140 14000 

Approximate Rate Constant (k = 3/tgs) (l/day) 0.043 0.034 0,027 0.021 0.00021 
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dose, range between 0.07 for the mouse to 2.2 for humans. The remits indicate that, given the same continuing 

external dose, TCDD concentrations human livers achieve much greater concentrations than corresponding 

concentrations in rats and mice. Given an equivalent external dose, steady-state concentrations of  TCDD in human 

livers are 31 times greater than those in mice and 4.6 to 14 times greater than those in rats, depending on the TCDD 

dosage used in the rat bioassay. The Bn~ffi values increase with the dose level in rats, hence becoming closer to that 

of humans, as a result of the induction of  TCDD binding hepatic proteins at these very high dose levels. The 

hioaccumulation efficiencies in the adipose tissue, B,a~p~=, which represent the steady-state TCDD concentration in 

the adipose tissue as a result of the external dose administered, vary among humans and mice by 725 fold and 

among humans and rats by 214 fold, indicating that TCDD concentrations in the adipose tissue of humans can reach 

values that are orders of magnitude greater than those in mice and rats when a similar external dose is applied. In 

contrast to Bti~, Bsdiposc is not dependent of the dose administered because of the absence of inducible TCDD 

proteins in the adipose tissue. It can be argued that humans and rodents are typically not exposed to the same dose 

levels, as most toxicity experiments require very high dose levels to measure a statistically significant effect. 

However, in a typical risk assessment, the results from the test animals conducted at the high dose levels are 

extrapolated to the low doses to which humans are exposed under the assumption that humans respond in a 

"similar" manner to the chemical as the test animals as long as the dose is sealed to body-weight. As a result, the B 

values for rodents are applied to humans in a risk assessment. When this is done, Table 4 illustrates that bioassays 

in rodents will underestimate the internal target organ concentration by a very large amount due to differences in 

pharmacokinetics alone. The interspecies extrapolation factors, representing the ratio of bioaccumulation 

efficiencies in humans and rodents, reflect this level of underestimation. Scaling the external dose to body weight to 

the power 0.75, as proposed by the U.S. EPA and FDA, reduces this level of underestimation considerably. 

However, Table 4 illustrates that the level of underestimation of the adipose tissue concentration is still substantial, 

whereas this method of interspecies scaling will result in a 4 to 13 fold overestimation of dioxin concentrations in 

human liver tissue. 

DISCUSSION 

This study shows that the relationship between the external dose and tissue concentrations for TCDD can 

differ between humans and rodents by orders of maguitude. This indicates that the underlying assumption of 

similarity in dosimetry between rodents and humans is incorrect and tends to greatly underestimate potential cancer 

risks if the second assumption of equal sensitivity between rodents and humans holds. If a cross-species scaling 

factor expressing body weight to the power of 0.75 is used, major discrepancies in the relationships between 

external dose and tissue concentrations of TCDD remain and can lead to a substantial underestimation as well as 

overestimation of  potential cancer risks. 

The results also indicate that in a typical non-cancer risk assessment for TCDD, where a safety or 

uncertainty factor of I to 10 has often been used for interspecies extrapolation, the safety factor is too small to 

account for pharmacokinetically controlled differences between humans and rodents alone. When extrapolating 
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TCDD rdated effects observed in rodents to humans based on the external dose, assuming the liver is the most 

likely target organ, a safety factor of 31 is suggested for dosimetry related mouse-to-human extrapolation, and a 

factor of 4.6 to 14, depending on the dosage used in the bioassay, is suggested for dosimetry related rat-to-human 

extrapolation. If the adipose tissue is the site of action, these dosimetry related safety factors in mice and rats are 

726 and 214 respectively. These factors do not account for differences in interspecies sensitivity to dioxin 

(discussed below) which must also be taken into consideration. IfTCDD is found to be less potent in humans than 

rodents, as has been postulated by many scientists, smaller safety factors than those described above would be 

required. 

The main reason that simple body-weight scale up methods fail to correctly represent the relationship 

between external dose and internal tissue concentration is that the fraction of the total TCDD body burden that is 

eliminated per unit of time, i.e. the elimination rate constant k, drops with increasing body weight of the organism. 

Since the external dose, expressed in units of rag chemical per kg of organism body weight per day, remains 

constant with increasing body weight, the internal concentrations increase with increasing body weight, causing 

steady-state concentrations in larger organisms to reach much greater values than those in smaller organism when 

given the same external dose. Similar body weight depending relationships for the elimination ofhydrophobic 

substances have been observed in other studies (Walker, 1978; Gobas and Mackay, 1987), and ultimately relate to 

the drop in area/volume ratio with increasing volume. This principle can be easily demonstrated in a simple two- 

compartment model where the concentration in the organism is Co (g/kg), the chemical is administered in a dose D 

(g/day), Vo is the weight of the organism in kg, and the chemical is eliminated at a rate constant k with units of days 

t and t is time in days. The differential equation for this model is: 

d(Vo .Co) = D - ( k .  Vo .Co) 
dt 

Dividing both sides by Vo gives a steady-state solution (i.e. dCo/dt = 0) in which Co equals the external dose D*, i.e. 

D/Vo, divided by k, i.e. Co equals D*/k. Since the elimination rate constant of TCDD in mammals drops with 

increasing body weight (Table 4; Walker, 1978), Co will increase with increasing body weight since the external 

dose D* is constant with increasing body weight. The result of this is that at the same external dose, the internal 

concentration Co will increase with increasing body weight (Figure 7). This effect is not specific to TCDD, but 

applies to many substance as long as the elimination process involves a passive transport process. While the 

simplified model above helps to explain observed differences in bioaccumulation efficiencies among species, there 

are other pharmacoldnetic factors which are also important, and which are accounted for in the models used in this 

study. For example, species specific differences in metabolic transformation rates of a chemical can alter the 

relationship between weight and internal concentration under a scenario of administering the same external dose. 

Also, differences in the chemical storage capacities of individual target organs among organisms (e.g. due to size 

and lipid content) can have an important effect on the chemical's bioaccumulation efficiencies for the various 
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organs. It is recommended that simple whole-organism-body-weight scaling be abandoned in risk assessments of 

TCDD and other compounds. The internal tissue concentrations in relevant organs (e.g. liver in case of TCDD) 

provide a better surrogate for the effective dose on which the risk assessment can be based. This has been 

suggested before (e.g. Rozman et al., 1993; Bull et al., 1993), but this study stresses the need to do this as simple 

body-weight-scale-up methods are shown to lead to large errors in the estimation of the effective dose of TCDD in 

relevant target tissues. Against the use of internal tissue concentrations it can be argued that "the conservatism in 

animal based risk assessments originates from the current procedures used in high-to-low dose extrapolations, not 

from any supposed inherent differences in species sensitivity" (Scheuplein and Bowers, 1995). However, it should 

be realized that when body-weight-scale-up methods remain in use, the level of conservatism is substantially lower 

than is believed. The use of internal tissue concentrations as a surrogate for the effective dose in cancer risk 

assessments implies that internal concentrations of the chemical should be measured in addition to the external dose 

as part ofbioassays. In contrast to an earlier era where such measurements could not be made, accurate 

measurements of internal tissue concentrations of TCDD and other compounds are increasingly possible due to 

advances in environmental chemistry. Where such measurements cannot be made, pharmacokinetic models provide 

a reliable alternative for estimating internal tissue concentrations from the external dose. Although these models 

contain a certain amount of uncertainty (Edler and Portier, 1992), i.e. approximately a factor of 2 for TCDD in our 

studies, this uncertainty is small compared to the error made in the risk assessment when the external dose is 

selected as the surrogate for the effective dose. The results from pharmacokinetic models regarding the relationship 

between the external dose and relevant internal tissue concentrations can be expressed in terms of interspecies 

extrapolation factors as is done in Table 4. These factors can be used to "translate" the external dose-risk 

relationship observed in the test organism (e.g. rodent) to those in humans or they can be simply used as one of 
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several "safety factors" in a hazard assessment. The use of internal concentrations over the external dose as the 

chief surrogate for risk assessments does not directly address the problem of high to low dose extrapolation in risk 

assessments. However, better characterization of the effective dose in animal studies through internal tissue 

concentration measurements or pharmacokinetic modelling is likely to enhance insights into the relationship 

between dose and effect, and contribute to improved risk assessment. 

IMPLICATIONS FOR TCDD RISK ASSESSMENT 

Traditional TCDD risk assessment approaches, which use the external dose as the basis for interspe¢ies 

extrapolation, have a weak scientific basis when compared to the use of surrogate measures for the target specific 

exposure, e.g. liver or lipid concentrations. The application of pharmacokinetic principles, along with the selection 

of an appropriate surrogate for target dose; bring a degree of biological realism to risk assessment, and help to 

narrow the knowledge gap between gross external exposure to chemicals and the toxic responses of interest (Edler 

and Portier, 1992). Wldle additional knowledge is required to extend TCDD risk assessment to the molecular level, 

new information can be incorporated into risk assessments while still acknowledging the importance ofdosimetry. 

The relationship between external dose and cancer risk involves two major components, i.e. "dosimetry", 

which determines the concentrations in the internal tissues that are reached given a certain external dose, and 

"sensitivity", controlling the extent of effect (e.g. tumor formation for TCDD) at the target tissue concentration. 

First, we must address interspecies differences in the physiological processes which translate the administered 

external dose of chemical to an effective target tissue dose. Terms used to describe these processes include 

pharmacokinetics, dosimetry, toxicokinetics, allometric variation, and biotransformation. This paper illustrates the 

magnitude of these interspecies differences for TCDD, and it is shown that these differences can be estimated using 

simple physiologically based models. Second, we must evaluate interspecies differences in the ability of those 

biologically relevant doses, or "effective doses", to elicit adverse responses such as cancer. These are typically 

referred to as interspecies differences in chemical "sensitivity", "susceptibility", or "pharmacodynamics". This 

component of interspecies extrapolation is less well understood. A major problem in the assessment of relative 

sensitivities of humans and rodents is that the rodent bioassays for TCDD and human studies suggest different 

target tissues/organs for the carcinogenic action ofTCDD. Bioassays indicate significant increases in the incidence 

of rodent hepatocarcinomas, while epidemioiogical studies (although limited in their ability to detect significant 

effects) have demonstrated little or no evidence for a similar response in the human liver, but do indicate significant 

increases in total cancers and particularly cancers of the respiratory tract (Fingerhut et al., 1991). 

Recently, a clearer picture has emerged regarding the relative contributions of "pharmacokinetics" and 

"pharmacodynamics" in dioxin risk assessment. Although the rec~nt re, assessment of dioxin by the U.S. 

Environmental Protection Agency concluded that humans and experimental animals can be reasonably assumed to 

be of equal sensitivity for many health endpoints (U.S. EPA, 1994a), there is a growing body of evidence 



445 

suggestin 8 that humans may not be as sensitive to dioxin as rodenm. Mechanistic models (e.g. Kohn et al., 1995) 

have been developed to investigate the importance ofbiocbemistry in relation to tumor formation. Aylward et al. 

(1996) reexamined the most significant epidemiolosY study for dioxin, that of the National Institute of Safety and 

Health (Fingerhut et al., 1991). They concluded that once rats and humans are scaled to a biologically relevant 

dose (i.e. TCDD concentration in serum lipids), humans appear to be considerably less susceptible to the 

carcinogenic effects of TCDD when compared to rats. When peak or averse  serum lipid concentration is used as a 

dosimetric, human cancer responses are 4 to 9-fold lower than those in rats, and when serum lipid area-under-the- 

curve is used as a dosimetric, rodents are determined to be up to two orders of magnitude more sensitive to cancer 

effects than humans. This emerging information on the relative sensitivities of rodents and humans to equal 

biologically relevant doses of dioxin can be combined with the pharmacokinetic principles discussed in this paper to 

produce more realistic estimates of human cancer risk from TCDD exposure. The interapecies extrapolation factors 

in Table 4, which specifically relate to differences in toxicokinetics between different species, can be used tosether 

with newly developed factors that relate tissue sensitivities between species to more reliably predict effects in 

humans in response to TCDD intakes from those observed in test orsanisms. Previous approaches, in which 

interspecies extrapolation of cancer risks (i.e. dosimetry and sensitivity) involved simple body-weight or surface 

area scaling, should be replaced by a method which uses two types of extrapolation factors, one to account for 

pharmacokinetic factors, and the other to account for sensitivity differences. In this manner, as more information 

becomes available on the relative tissue-responses of rodents and humans, it can be incorporated into a more 

biologically-based approach to risk assessment. PBPK models as well as other pharmacokinetic models (e.g. Carrier 

et al. 1995, Van der Molen et al. 1996) can play a useful role in quantifying the pharmacokinetic differences 

between different types of species of organisms and humans. 
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APPENDIX A - Pharmafokinetio Model for Humen~ 

In humans, the tissue distribution of TCDD is determined primarily by the intrinsic partitioning properties of 
the various tissues, and flows between compartments are accurately described by fugacity-based partitioning 
behaviour: 

C, = Zi * fi 

C~ = concentration of TCDD in compartment i (mol/m 3) 
Z, = fugacity capacity of compartment i (mol/m3Pa) 

f~ = fugacity (escaping tendency) of TCDD in compartment i (Pa) 

Fat. Skin. Muscle and Richly Perfused Com z~rtments 

dr/dr = (Q, * ZnLOOD* (fBLOOD - ~)) / (V, * Z,) 

i = tissue compartment i ( = fat, skin, muscle, richly perfusod tissue) 
Q~ = blood perfusion through compartmem i (m3/hour) 

ZeLOOD = fugacity capacity of arterial blood entering compartment (mol/m3pa) 
fn~oD = fugacity of arterial blood entering compartment (Pa) 

Vj = volume of compartment i (m s) 

Blood Comz~artment 

d~BLOOD/dt = [(QFAT * fFAT) + (Qsr.~ * fsr,~) + (Q~scLs * fi,~sc~) + (Q~ca * lag'a) + ( ( Q u ~  + 
G-tau~) * fuv~) + ((Qr..mm~ - ~ )  * fml, mVS) - (QsLoon * fm.oou)] / VBLOOD. 

QFAT = blood perfusion through fat compartment (mS/hour) 
Qsr,~ = blood porfusion through skin compartment (m3/hou0 

Q~a~scLE = blood pcrfusion through muscle compartment (m3/hour) 
Q~c. = blood perfusion through richly pcrfusod tissue compartment (m3/hour) 

QL~cEa = blood peffusion through liver (m3/hour) 
Qr, n)~vs = blood perfusion through kidneys (m3/hour) 

Qm.ooD = cardiac output (m3/hour) 
Cam~ = urine flow rate (m3/hour) 

Vm.oco = volume of blood compartment (m 3) 

Liver Cortmartment 

dfuv~/dt = (QuvEa * ZaLOOD* (fnLoco - fuva0 - (ha * Zuvaa * V ~  * fLrcRa)) 
/ (Vg~.a * Zuv~) 

ha = metabolic transformation rate constant (I/hour) 
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KidneFs 

Ztaw.a = fugacity capacity of  the liver (mol/m3pa) 
VLrcm~ = volume of  liver (m s) 

dfr.~mvs/dt = [(QraDmVS * ZnLoov * fBLOOD) - (GuRINE * ZURINE * fmD~SVS) " ((Qravm~vs - C.nm~) * ZnLOOD 
• f m ~ s ) ]  / ( Z m ~ v s  * V ~ v s )  

Q ~ v s  = blood perfusion though kidneys (m3/hour) 
V~aD~vs = volume o f  kidneys (m s) 

Z ~ v s  = fugaeity capacity of  kidneys (mol/m3pa) 
ZtntmE = fugacity capacity of  urine (mol/m3Pa) 

Gut Lumen Compartment 

dfotrrLt~rddt = [(Gomr * ZomT * fDmr) + (C-~a~s * ZmLE * fLIWR) 
" (C~c~s * Z~trrLtmSr~ * f~trrL~N) + (Dotrr * (fGtrrnsstm - f~trrLu~mN))] 

/ (Z~trrLOm~ * VGtrrLU~N) 
Dotrr = ( ~  * Z~trrLOm~ * e) / (1 s e) 

C-,-~c~s = 0.35 * GVmT 
7-.~UTLU~N = 0.40 * ZDmT 

Gvm-r = food consumption rate (m3/hou0 
ZDIET = fugacity capacity of  diet (mol/m3Pa) 

fDmT = fugacity in diet (Pa) 
Gnn~ = flow rate of  bile (m3/hour) 

Zan~ = fugacity capacity o f  bile (mol/m3Pa) 
= fecal excretion rate (m3/hour) 

Z~trrLt~mr~ = fugacity capacity of  gut lumen (mol/m3Pa) 
= dietary uptake efficiency (unitless) 

DGtrr = diffusion rate across gut (moi/hourPa) 
VGtrrLt~m~ = volume of  gut lumen (m 3) 

Gut Tissue Comvartment 

a~trrmstrJdt = [(Q~trrmstm * ZsLoOD * fSLOOV) - ((Qotrrnsstm + C-mILE + G-vm~) * ZnLOOD * fotrrnsstm) + 
(DGtrr * (fGOrLt~N - fotrrrm~))]  / (ZGtrnmt~ * VQtrrmst~) 
QGtrrmstm = blood perfusion through gut  tissue (m3/hour) 

VGtrrmstm = volume of  gut tissue (m 3) 
ZGtrrmstm = fugacity capacity of  gut tissue 

APPENDIX B - Pharmacoldnetic Model for Rodents 

Liver Comtmrtment 

dALwr~/dt = QLwr~ * ( C A -  CVLn:~a) - dAM/dr + [(dAP/dt) / (1 + K A B ) ]  

dAP/dt = KA * AP 
AP = Dose * e-KA-t 

dAM/dr = K F C / ( B W )  °'3 * CVuwR * Vt.w~ 
C u v ~  = AL~/VUVER 

ALIVER = (VLIVER * CVLIVER * RLIVER) + [(BM1 * CVlaw~) / (KB1 + CVLwr_g)] + [(BM2 * CVuw.a) 
/ (KB2 + C V L I V E R ) ]  
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CVLtv~ = ALlvr~ / [(Vtav~ * RLrvr~) + (BMI / (KBI + CVLIVER)) + ('BM~ / (KB2 + CVLIVER))] 

BIVI2 (total) = B ~  + [(CVLIvER * BM2hsd) / (KB] + CVLIVER)] 

= TCDD in liver tissue (mol) 
Quv~ = blood perfusion (flow) through liver compartment (m3/hour) 

CA = concentration of free (unbound) TCDD in arterial blood (mol/m 3) 
CVL~sR = concentration of TCDD in venous blood exiting liver (mol/m 3) 

AM = amount of TCDD excreted or metabolized by microsomes in liver (mol) 
AP = amount of TCDD in peritoneal cavity available for absorption (mol) 

KAB = TCDD equilibrium blood binding constant (unitless) 
KA = absorption constant from gastrointestinal tract into liver (1/hour) 

KFC = first order metabolic rate constant (1/hour) 
Dose = Administered dose (tool) 

BW = body weight (kg) 
Vuv~ = volume of liver (m 3) 

RL~a~ = liver/hlood partition coefficient (unitless) 
BM1 = TCDD binding capacity to cytosolic protein (tool) 

KB 1 = TCDD binding constant to cytosolic protein (mol/m 3) 
BM2 = TCDD binding capacity to microsomal protein (mol) 

KB2 = TCDD binding constant to microsomal protein (mol/m 3) 
B M ~ .  = binding capacity to microsornal protein, noninduced only (tool) 

BM2~ = binding capacity to microsomal protein, induced only (tool) 

Blood Compartment 

dAnLooD/dt = (QFAT * CVFAT) + (QLIvV_a * CVLrcm) + (QsLow * CVsLow) 
+ (Qmca * CVvacH) - (QBLooo * CA) + (dAPMt) * (KAB / (I + KAB)) 

CBLOOD = ABLOOD / VB~OD 
CA = CBLCOV / (I + KAB) 

ABLOOD = totRl arnoufit o f  TCDD in blood (tool) 
Qm~oD = total cardiac output (m3/hour) 

CeLooD = concentration of free and bound TCDD in blood (mol/m 3) 
Vsu~co = volume of blood compartment (m 3) 

Q~^T = blood perfusion (flow) through fat compartment (m3/hour) 
QsLow = blood perfusion (flow) through slowly perf~sed compartment (m3/hour) 
QmcH = blood perfusion (flow) through richly perfused compartment (m3/hour) 

CVF^T = concentration of TCDD in venous blood exiting fat compartment (mol/m 3) 
CVsLoW = concentration of TCDD in venous blood of slowly perfused tissue (mol/m 3) 
CVmcH = concentration of TCDD in venous blood of richly perfused tissue (mol/m 3) 

Fat. Richly Perfused and Slow~ Perfused Compartments 

dA/dt = Q, * (CA - CV3 
CV~ = & / (V~ * I~) 

i = fat, richly perfused, and slowly perfused (FAT, RICH, SLOW) compartments 
CV~ -- venous blood concentration leaving compartment i (mol/m 3) 

QI = blood perfusion rate through compartment i (m3/hour) 
P~ = partition coefficient (ratio) between compartment i and blood (unitless) 


