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ABSTRACT 

The current study characterizes the principal uncertainties surrounding the application of 

environmental models in the assessment of potential health risks related to dioxin emissions from 

a PCB incineration facility. The objectives of the current research involved: ( 1) the empirical 

characterization and preliminary validation of computer-based models used for exposure 

assessment and toxicological assessment; (2) characterization of the potential environmental 

consequences from ambient exposure to bioaccumulative chemicals; and (3) improved scientific 

support for risk management decisions concerning such industrial activities. 

Based upon model specifications from the scientific literature, a physiologically-based 

pharmacokinetic (PBPK) model was adapted and revised to characterize the dispositional 

kinetics of the key polychlorinated dibenzo-p-dioxin and dibenzofuran congeners (i.e., 2,3, 7,8-

tetrachlorodibenzo-p-dioxin [TCDD], 2,3, 7,8-tetrachlorodibenzofuran, 1,2,3, 7,8-

pentachlorodibenzofuran, and 2,3,4, 7 ,8-pentachlorodibenzofuran) in the Sprague-Dawley rat 

(Rattus norvegicus) laboratory species and the Gapper's red-backed vole (Clethrionomys 

gapperi) sentinel species. 

Results of the current application of the PBPK model developed for the vole sentinel species 

indicated that the revised model appears to provide a reasonably accurate estimation of chemical­

specific disposition and elimination patterns. Furthermore, model results suggest that the 

internationally established methodology for Toxic Equivalency Factors (TEFs) may overestimate 

the apparent toxicity of the 2,3,4,7,8-PeCDF congener in relation to TCDD in the red-backed 

vole. Given that the 2,3,4,7,8-PeCDF congener represents the preponderance of the mass- and 

TEF-based concentration of dioxi.n/furan congeners measured in biota near incineration facilities, 

a systematic over-estimation of the TEF for this congener would have significant impacts on the 

outcome of an environmental risk assessment, based upon the red--backed vole as a sentinel 

species. 
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1.0 INTRODUCTION 

Inadvertent exposure to xenobiotic chemicals is an unavoidable consequence of living in an 

industrialized society. While the environment, and those organisms which dwell within it, has an 

incredible ability to absorb and neutralize the potential adverse impacts of released chemicals, 

often realization of the true impact these compounds have on biological systems comes too late 

to prevent adverse environmental effects. To this end, environmental modelling solutions are 

often used to provide an early warning of the potential impact of chemicals on human health and 

ecosystem integrity -- either to evaluate the acceptability of various human activities, or to 

develop acceptable mitigation approaches for existing problems arising from human activities 

( e.g., rezoning, pathway-specific cleanup, etc.). 

Typically, the goal of environmental risk analysis is to develop methods of assessing the risk of 

adverse health effects from exposure to toxic chemicals, as an initial step in prioritizing and 

managing the risk. To be effective as a tool in the decision-making process for assessing 

environmental health risks, exposure and toxicological assessment models must be "predictive" 

in nature, allowing a future projection of the potential for exposure, and consequent risk to 

human and ecosystem health, arising from a given exposure scenario. These assessment models 

typically use "sentinel" monitoring species as indicators of potential early warnings of risk to the 

surrounding ecosystems (i.e., canaries in a mineshaft). While these models are constructed using 

the best available knowledge in the areas of environmental fate, toxicology, pharmacology, and 

environmental health risk assessment as a whole, they are simplistic representations of natural 

processes that are incompletely understood. 

Consequently, to improve the usefulness and confidence of decision makers in the predictions of 

environmental health risk models, it is imperative that they be validated to "test" their predictive 

abilities in real-world scenarios. As the scientific underpinnings of environmental processes 

increase, the intricate components of environmental models will be tested by researchers and 

subsequently modified to improve their reliability in predicting human health risks. However, in 

the short tenn, more empirical testing approaches are needed to provide decision makers with 

greater confidence in using environmental exposure assessment models in arriving at 
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management solutions for immediate health problems. This philosophy provides the basis for 

conducting the investigations proposed in this research study. 

The process of assessing the health risks associated with human exposure to toxic environmental 

chemicals inevitably relies on a number of assumptions, estimates, and rationalizations. Adverse 

impacts due to environmental contamination typically occur as a result of a sequence of events, 

beginning with the initial release of a contaminant from a specific source into the environment, 

movement via environmental fate and transport, accumulation in microenvironments, uptake by 

human and ecological receptors, biological transport to sensitive tissues/sites within the 

organisms, and ultimately resulting in a dose-response within the organisms expressing an 

adverse effect (Lioy, 1995). 

Some of the greatest challenges for toxicological assessments result from the necessity to 

extrapolate outside the range of conditions found in experimental studies (Clewell ID, 1995; 

Bailer and Dankovic, 1997). As such, due to the use of animal data as the basis of many human 

health risk assessments, the need for tools and techniques that address these dose and species 

extrapolation questions becomes a vital concern. 

In the past, simple extrapolation approaches, such as allometric scaling, have been used to project 

from a test species to another species of concern. These approaches are rooted in the assumption 

that all biological and physiological processes are inherently similar in nature, and differ only 

relationally to the relative size of the species being evaluated. As such, it is possible to 

extrapolate from an experimental outcome from one species to another by simply adjusting the 

endpoint in question by a ratio of the body weights of the two species to a specific power. Thus, 

this can be expressed through the following: 

y=aw' 

where y is the variable in question, a is the allometric coefficient, and b is the allometric 

exponent. For example, the allometric relationship between blood circulation time (seconds) and 

total body weight (kilograms) has been expressed as 21 w0
.2

1
, resulting in a blood circulation time 

of 15 seconds in a 250 gram rat and 50 seconds in a 70 kilogram human (Lin, 1998). While the 

simplicity of this approach makes it a useful technique, it does result in a considerable amount of 
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uncertainty due to its generic, empirical nature and lack of specification for the internal 

physiology of a given species of concern. 

When evaluating the potential impact of chemical exposures to a species of concern, it is also 

very important to properly assess the transition from external exposure, or dose, to what is 

tenned the biologically effective dose (see Figure 1.1 ). The biologically effective (equivalent) 

dose represents the actual concentration of chemical which reaches the target site within the 

organism, resulting in a specified biological effect or outcome (beneficial or detrimental). In the 

past, many simple models calculated potential health risks based upon the administered, or 

external dose. While more readily quantifiable (i.e., ongoing ambient air monitoring programs), 

depending on the internal phannacokinetics of the compound, very little of the external dose may 

actually result in a biological impact at a target tissue site. As such, actual quantification of the 

internal dose (i.e., chemical concentration found in the tissues or blood), or preferably the 

biologically effective dose, would provide a better representation of the actual health risk posed 

by exposure to the chemical of concern. However, as internal dose typically depends on more 

than just the administered ( or external) dose, using internal doses in risk assessment models 

generally requires a considerable increase in model complexity and specificity. 

Figure 1.1 Progression of Potential Chemical Impacts on Biological Systems from 
Exposure to Disease (NRC, 1989). 
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Pharmacokinetic models are used to provide a functional relationship between external measures 

of chemical exposure and internal, target tissue measures of exposure to the actual toxic moiety. 

Phannacokinetic models can provide a more appropriate basis for translating risk in animals to 

human risk and in some instances provide the ability to extrapolate between experimental 

doses/routes and potential human exposure patterns. The use of physiologically based 

pharmacokinetic (PBPK) modelling provides a scientifically attractive method of conducting this 

aspect of risk assessments. 

The uptake and disposition of chemicals by living organisms, notably humans, has long been one 

of the primary concerns of toxicological research. The study of the disposition of chemicals in 

animal bodies falls under the field of phannacokinetics. In broad tenns, pharmacokinetics (PK) 

involves the study of absorption, distribution, metabolism, and excretion (ADME) of chemicals 

and their metabolites. Phannacokinetics essentially provides the link between exposure analysis 

and toxicology, to provide a biologically-realistic evaluation of potential health risks 

(Figure 1.2). 

Figure 1.2 The roles of physiologically based pbarmacokinetic and 
pharmacodynamic modeUing in a refined health risk 
assessment paradigm (Leung and Paustenbach, 1995) 
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The closely related subject of phannacokinetic modelling is the process of developing 

mathematical descriptions for these critical biological processes. Due to their quantitative nature, 

PK models undetwent considerable development for use in research by the drug and 

pharmaceutical industry. However, more recently applied phannacokinetic research has also 

proved highly useful in describing the distributions of potentially toxic environmental chemicals, 

such as benzene, pentachlorophenol, pesticides, and their metabolites, within the body after 

inadvertent exposure. 

From the late l 950's through the late 1970's, the majority of pharmacokinetic models described in 

the literature were variations of two, three or more compartments with a centtal pool representing 

the blood, with a number of secondary, peripheral compartments representing tissues, typically 

grouped into "slown and "fast" equilibrating compartments (Roth et al., 1995). These "classical" 

PK models represent the body as a system of homogenous compartments, which usually have no 

definite physiological or anatomical reality (Krishnan and Andersen, 1994; Klaassen and 

Rozman, 1991 ). 

Within this "classical" model approach, the rate constants and concentrations describing the 

chemical, as well as the actual '1opology" of the model itself (i.e., the number and size of 

compartments and the interconnections between them) are dependent on the experimental data. 

As such, these models are also dependent on the chemical under study, the setup of the 

experiment, the route of exposure, and the dosing regime. Furthermore, while these data-based 

models can be used for interpolation under specific conditions, due to their inherent calibration to 

a specific experimental situation, they should not be used for extrapolation outside the range of 

doses, dose routes, and species used in the study on which they were based. As such, due to the 

lack of an authentic depiction of actual anatomical, physiological, and biochemical processes, 

these data-based compartmental models cannot easily be used in interspecies extrapolation, 

particularly to predict pbannacokinetic behaviour in humans (Krishnan and Andersen, 1994 ). 

Given these limitations, the use of more biologically-based models incorporating 

phannacokinetic and pharmacodynamic processes has become wide-spread over the past decade. 

The recent development of biologically-based models to describe the pharmacokinetics of 
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chemicals of concern such as 2,3, 7 ,8-tetrachlorodibenzo-p-dioxin (TCDD) has provided insight 

into the various biological factors which influence the disposition, metabolism, and excretion of 

this compound and related, lipophilic xenobiotics (Buckley, 199S). 

Physiologically based pharmacokinetic (PBPK) modelling is a powerful toxicological tool 

designed to convert an exposure, regardless of the applied route, into an ultimate target tissue 

dose. PBPK models are typically designed based upon known physiological processes (e.g., 

blood flow rates, tissue volumes, breathing rates, etc.), on chemical-specific processes (e.g .. 

partition coefficients, chemical volatility, metabolic constants, molecular weight, etc.), and on 

species- and dose-dependent processes (due to non-linear kinetics), especially enzyme 

biotransfonnation. These models are also particularly well suited for evaluating the potential 

impacts of non-linearity (e.g., threshold) in complex dose-response systems. Through the use of 

mechanisms, such as Hill or Michaelis-Menton kinetics, biological models representing the dose­

dependent kinetics of a particular compound can be more accurately evaluated. 

Thus, a detailed PBPK model can be developed and validated against the more readily available 

experimental animal data, and then extrapolated by computerized numerical simulation to predict 

concentrations of toxic compounds in the tissues of specific target organisms (i.e., typically 

humans) following exposure. Through this physiologically-based process, risk assessors can 

avoid many of the uncertainties associated with interspecies differences between test (laboratory) 

animals and humans, and improve the predictive accuracy of human health and environmental 

risk assessments. 

While providing a viable tool for the toxicological evaluation of chemicals, PBPK models do 

have a number oflimitations. The major disadvantage of the use of PBPK modelling in 

quantitative risk assessment is that the measured parameters are often difficult to obtain and 

require knowledge of human metabolic processes that may be highly variable and difficult to 

assess (Klaasen and Eaton, 1991). For example, despite considerable study in recent years, many 

of the underlying metabolic processes within the liver (i.e., specific P4S0 isomer binding 

efficiencies, potentially saturable pathways, etc.) remain unclear and subject to considerable 

uncertainty. 
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Other potential limitations to the use of PBPK modelling within a risk assessment include: 

i) accuracy is lacking for individual dosing (i.e.t unlike laboratory studies, it is not always 

possible to accurately estimate chemical exposure doses for a specific individual outside 

such a controlled setting); 

ii) despite the development of a number of commercial PBPK simulation packages, the 

mathematically complex equations are difficult for most toxicologists and clinicians to 

handle, and; 

iii) physiological parameters are often poorly defined across species and strains, disease 

states, and the like, diminishing the accuracy of the predictions of this type of modelling 

(Klaassen and Rozman, 1991 ). 

Nevertheless, despite these limitations, physiologically based toxicokinetic models have proven 

to be very useful investigative tools, and offer considerable opportunity for insights into the 

kinetics of xenobiotics beyond what can be provided by classical toxicokinetic methodologies. 

1.1 Research Objectives 

Using the extensive environmental monitoring database collated in conjunction with the 

operation of the Swan Hills Treatment Centre (a hazardous waste incineration facility) in Swan 

Hills, Alberta, the collected data will be used to attempt to characterize and validate 

environmental modelling methodologies for polychlorinated dioxins and furans. While 

polychlorinated biphenyls (PCBs) are also present in such an environment, their concentrations 

are not significantly elevated above the typical background levels encountered in regions such as 

western Canada, and therefore PCBs will not be addressed directly in this study. 

The principal objectives of the research include: ( 1) the empirical characterization and 

preliminary validation of computer-based models used for exposure and toxicological (i.e., 

PBPK modeling) assessment; (2) characterization of the potential health consequences related to 
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environmental exposure to bioaccumulative chemicals; and (3) improved scientific support for 

risk management decisions concerning such industrial activities. 

Based upon the above methodological overview, the following are the key research aims and 

questions to be addressed through this doctoral research project. They are divided into three 

specific categories and follow a chronological order of implementation: a) modelling issues; 

b) empirical issues, and; c) application issues. 

Modelling Issues 

t. Evaluation of relative merits of simpler (i.e., two-compartment or equilibrium-based) 

phannacokinetic models versus complex (i.e., multi-compartmental) PBPK models for the 

assessment of health risks related to environmental exposures to dioxins and furans; 

2. Evaluation of the feasibility of using a PBPK model developed using laboratory rodents for 

use with the vole sentinel species (i.e., availability of detailed physiological data for the vole 

receptors or adequate allometric methodologies to produce equivalent data for the 

appropriate biological receptor), and; 

3. Discussion of the relative strengths and weaknesses of the selected PBPK model for dioxins 

and furans. Objective measures of model strength and weakness such as i) robustness, ii) 

sensitivity, iii) parsimony, and iv) explanatory value will be evaluated to provide a better 

indication of the potential uncertainty related to the application of this particular model 

design. 

E,npirlcal Issues 

1. Evaluate the apparent empirical relationship between the octanol-water partitioning 

coefficient (log Kaw) and Bioaccumulation Factor (BAF) or Bioconcentration Factor (BCF) 

of dioxins and furans in the vole sentinel receptor, 

8 



2. Evaluate whether the Toxic Equivalency Factors (TEFs) for dioxins and furans provide a 

suitable surrogate for toxicity in the vole species, considering such parameters as chemical 

bioavailability, pharmacokinetic factors, and toxicodynamic equivalency, and; 

3. Evaluate the "fractionation" characteristics of the dioxin/furan congener emission mixtures 

in both the environment and within the vole receptor, on a (i) mass ratio and (ii) TEQ ratio. 

More specifically, the relative congener and isomeric "fingerprint" breakdown of dioxin and 

furan concentrations present in both environmental (e.g., water, soil, and sediment) and 

biological (e.g., Labrador tea plants and voles) sinks are highly dependent upon a variety 

factors. For example, each specific congener group has differing physico-chemical 

properties, leading to differing physiological disposition, metabolism and ultimately 

toxicological impacts on biological receptors, such as the red-backed vole. These 

"fractionation" characteristics provide much of the basis for the TEQ methodology for 

evaluating the toxicity of individual dioxin-like congeners as an overall functional group. 

Application Issues 

I. Discuss the implications of research results on mammalian (both vole and human) risk 

assessments, and the applicability of laboratory developed TEF values under environmental 

conditions; 

2. Using uncertainty analyses, evaluate the potential impacts of leverage variables on the PBPK 

model, and accordingly the results of a health assessment involving these variables, and; 

3. Discuss the value of the results of the research as well as future empirical research needs. 

The key empirical question for the current research study is whether it is feasible to use 

physiologically-based phannacokinetic models with existing biological monitoring data to 

predict potential toxicological risk to human populations. Ultimately, this can only be answered 

by detennining whether the Gapper' s red-backed vole is a valid sentinel species to evaluate the 

pharmacokinetic and pharmacodynamic implications of environmental exposure to POPs, such 

as polychlorinated dibenzo-p-dioxins and furans. 
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2.0 BACKGROUND 

Incineration, as a method for the permanent destruction of persistent hazardous wastes, has 

received significant concern from many environmental groups, members of the public, and, 

consequently, some governments. This opposition arose from public apprehensions related to 

quantities of chemicals in incinerator stack emissions, in some cases without consideration of the 

rates of exposure to the chemical emissions, how rates of exposure may compare to those from 

ambient background sources and the likelihood of adverse effects to human and/or ecological 

health from such exposures (Delzell et al., 1994). Trace concentrations of a variety of chemicals 

remain following combustion even in properly designed and operated incinerators. These 

chemicals typically arise from two general sources: a) unburned organic constituents, metals and 

metallic chemicals, and residual ash (i.e., bottom ash and fly ash), and; b) products of incomplete 

combustion (PICs) that are fonned within the incinerator by the combination of atoms from 

dissociated molecules. Typically these emissions are thought to be well below levels at which 

human or environmental health risks would be evident. However, if the incinerator is not 

properly designed and/or operated, the concentrations of chemicals from these sources increase in 

the incinerator emissions and in the residual ash (Travis and Cook, 1989; Lee and Huffman, 

1990; Acharya et al., 1991; Delzell et al., 1994), and could result in an elevated health risk. 

Of particular concern with respect to the typical emission releases from incineration facilities are 

a group ofbioaccumulative chemicals called persistent organic pollutants (POPs). This group of 

compounds is so-named due to its extreme stability in the environment, and long residency half­

life within the fatty tissues of biological organisms. Perhaps the most important member of this 

group is the highly toxic compound, 2,3,7,8-tetrachlorodibenzo-p-dioxin (also widely referred to 

as TCDD or dioxin). TCDD belongs to the halogenated aromatic hydrocarbon family, which 

includes polychlorinated dibenzo-p-dioxins (PCDDs), dibenzofurans (PCDFs), biphenyls 

(PCBs), and naphthalenes (PCNs) (Safe, 1986). They are well known as environmental 

contaminants due to the extreme toxic potency of some members of the family, the wide variety 

of their toxic responses, and their ubiquitous presence within both biological organisms and the 

environment, as a whole (Safe, 1986). Given the high level of concern related to potential 

emissions of these persistent compounds, significant importance is typically placed on the 



monitoring ofboth emissions and biota (both plant and animal) concentrations of these 

compounds in the area surrounding incineration facilities. 

The Swan Hills Treabnent Centre (SHTC), operated by BOV AR Waste Management Limited, is 

Canada's only permanent, large-scale incinerator facility capable of destroying hazardous wastes 

such as environmentally persistent polychlorinated biphenyls (PCBs). It is located approximately 

12 kilometres northeast of the Town of Swan Hills (approximately 200 kilometres northwest of 

Edmonton), Alberta, and has been in operation since 1987. To the end of 1996, 143,000 tonnes 

of hazardous waste material, including 20,225 tonnes of PCBs, have been processed and 

destroyed at this facility. The nonnal destruction of these hazardous waste materials results in 

the controlled air emissions of waste gases from the facility's incinerators, transfonner furnace, 

and other sources on the plant site. 

Figure 2.1 Photograph of the primary Kiln Incinerator at the SHTC 
Facility 
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A comprehensive monitoring program to provide environmental indicators of the perfonnance of 

the SHTC has been in place since 198S, before the facility was operational. The current program 

includes ambient air, surface water, ground water, soils, vegetation, aquatic resources and 

wildlife indicator studies. This monitoring data has demonstrated that concentrations of PCBs, 

dioxins and furans in the environment were relatively stable at most monitoring locations 

through 199S, but showed increases at some locations from 199S to 1996, largely attributed to 

fugitive emissions. 

However, environmental concentrations of PCBs, dioxins and furans increased significantly 

around the SHTC following an accidental release from the transfonner furnace of the C.E. 

Raymond incinerator in mid-October 1996. The release was the result of the mechanical failure 

of an isolation flange and expansion joint that separated process gases from the flue gas duct. A 

stack emission survey being conducted at the time in the transformer furnace later showed that 

approximately 4.2 kilograms of total PCBs and 3.4 grams TEQ (toxic equivalent) of dioxins and 

furans were released over the estimated 8-hour duration of the incident (CanTox, 1998). A 

detailed investigation of this event and statistical evaluation of potential congener-specific 

"fingerprints" related to normal and incident-related emissions from the SHTC was conducted 

for the candidate's Masters thesis work (Ferguson, 1998). 

The resulting elevated concentrations of both dioxins and furans in the environmental biota in the 

area surrounding the facility following the incident provide an excellent temporal "sign post" by 

which to attempt to evaluate the short-term disposition impact of PCDD/PCDF concentrations in 

vole sentinel species. 

2.1 Environmental Monitoring Program at Swan Hills Treatment Centre 

The Swan Hills site for the Treatment Centre was selected in 1985 following studies to determine 

the suitability of a number of potential sites in various regions and public consultations with local 

residents. The following features contributed to the overall environmental acceptability of the 

site: i) thick clay soils providing a relatively impervious site; ii) location remote from population 

centres; iii) good access route; iv) central provincial location; and v) lack of land use conflict 
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(e.g., agriculture). The Treatment Centre is located on 130 ha of land owned by BOV AR Waste 

Management Limited. In addition, it is surrounded by 0.8 km development exclusion zone 

(Chem-Security, 1991). Construction of the Treatment Centre began in March of 1985, and it 

was officially opened September 11, 1987. In the winter of 1993-1994, a new rotary kiln was 

added to the facility, which increased its capacity by 35,000 tonnes/year. 

A comprehensive environmental monitoring program was initiated in the vicinity of the SHTC in 

1985, prior to the initiation of plant operations (a year after the siting of the facility was 

finalized). Baseline data were collected over a two-year period prior to the Treatment Centre's 

operation. The baseline monitoring provided an unique opportunity to establish existing 

environmental conditions in the vicinity of the plant site. In addition to environmental 

monitoring, the program also included incoming waste assessment, personnel sampling, health 

surveillance, industrial hygiene and plant boundary air quality monitoring (Chem-Security, 

1991 ). 

The current monitoring program includes ambient air, surface water, ground water, soils, 

vegetation, aquatic resources and wildlife indicator studies. The program has been modified on 

several occasions since 1987 in response to changes in monitoring priorities. These 

modifications have involved the consolidation of some monitoring sites and the addition of 

others (Penner, 1994; Westworth, 1997). The nonnal monitoring program was also expanded 

following a release incident in 1996 to address concerns raised by the Alberta Department of 

Health, Department of the Environment, residents of the Town of Swan Hills, and nearby Indian 

band councils. 

Figure 2.3 provides a site map of the SHTC, indicating the relative positions of each key 

monitoring location, both near the facility (i.e., sites 11, 107, and 144) and in what would be 

termed "background" locations (i.e., sites 70 and 71). 
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Figure 2.2 Map of Alberta Depicting the Relative Position of the Town of Swan Hills 
and the Swan Hills Treatment Centre (SHTC) 
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The small mammal population monitoring program involved two annual livetrapping sessions, a 

spring/summer session, which was conducted in June, and a fall session, which was conducted in 

September. During each session, population monitoring was conducted on 15 livetrapping plots, 

each approximately 1.1 hectares in area. Each plot consisted of 48 trapping stations spaced at 15 

metre intervals in a 7 by 7 sampling grid (Westworth, 1998). Animals were also collected for the 

analysis of tissue chemistry in two snap-trapping sessions annually (in February and June) by 

SHTC consultants. It is the results of these sampling sessions which will be used to evaluate 

potential red-backed vole dioxin and furan body burden concentrations. 

The vegetation monitoring program typically involved two annual sampling sessions, a winter 

session, which was conducted in February, and a fall session, which was conducted in 

September. Additional sampling was also conducted in November of 1996 to assess potential 

deposition and surficial concentrations arising from emissions during the October 1996 incident. 

As part of this sampling program, Labrador tea shrubs were sampled at 21 plots and analyzed for 

a suite of chemical parameters. Lesser amounts of wildlife browse, lichen and moss, and berries 

were also sampled as part of the program (AGRA, 1997). 

2.2 Biological Recepton 

As noted previously, the ongoing environmental monitoring program includes ambient air, 

surface water, ground water, soils, vegetation, aquatic resomces and wildlife indicator studies. 

The selection of wildlife receptors for the ongoing assessment of SHTC facility emissions was 

based upon a combination of factors, which included: i) the availability of long-term monitoring 

data; ii) trophic level; iii) year-round residency in the study area, and; iv) the likelihood of being 

consumed or handled by humans (Chem-Security, 1999). 

For the purpose of the current study, two biological indicator species were initially selected as the 

most appropriate receptors to evaluate: i) the Gapper's red-backed vole (Clethrionomys gapperi), 

and ii) Labrador tea (Ledum groenlandicum ). Both selected receptor species have been 

historically sampled since the beginning of the environmental monitoring program at all of the 

key sites surrounding the facility and in background locations. While historically not sampled as 
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consistently or extensively as the Labrador te~ monitoring data has also demonstrated that 

sampling data on live moss provided more accurate reflections of environmental concentrations 

immediately following the accidental release event. As such, these three species provide 

excellent biological indicators, on a historical basis, for relative dioxin and furan emissions for 

the incinerator facility into the surrounding environment. 

2.2.1 The Gapper's Red-Backed Vole (Clethriono,nys gapperi) 

The Gapper' s red-backed vole, a small rodent typically weighing approximately 16-12 grams, 

was chosen as the primary wildlife indicator species for the overall environmental monitoring 

program because of its relative abundance in the area and its sedentary nature, allowing 

information obtained to be related to specific locations in the study area. The red-backed vole 

also has a short life span and is easily trapped, making it an ideal sentinel species for the long­

term monitoring study. The red-backed vole, which typically comprises over 90% of the animals 

captured during the small mammal monitoring program, is the most abundant small mammal in 

the Swan Hills Study area (Westworth, 1998). 

The Gapper's red-backed vole (Clethrionomys gapperi) is a dark gray microtine rodent (i.e., a 

member of the rodent subfamily Microtinae, sometimes called Arvicolinae) with a prominent 

rust-coloured dorsal stripe extending from the eyes to the tail, and a dark slate gray to almost 

white underbelly (see Figure 2.4). It's head and body length is typically 70-112 mm, with a short 

tail approximately 25-60 mm long. The fur is dense, long, and soft in the winter, but changes to 

shorter, coarser fur during the summer months. Males and females tend to be similar in size and 

colour, with the younger, immature voles tending to be darker than the adults (Hoffmeister, 1986; 

Ballenger, 1996). 
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Figure 2.4 The Red-backed Vole, Clethrionomys gapperi 
(Erwin, 2000) 

The habitat for red-backed voles range from British Columbia to Labrador and throughout the 

northern United States from the Rocky Mountains to the Appalachians (see Figure 2.5). They 

tend to inhabit cool, mossy and rocky boreal forests (typically coniferous, although deciduous or 

mixed forests are also accepted) in both dry and moist areas (Burt and Grossenheider, 1976; 

Nowak and Paradiso, 1983; Ballenger, 1996). Their nests are typically constructed under the 

roots of stumps, logs, or brush piles. The home range of the red-backed vole is about 1/4 acre 

(0.1 hectares). While populations of C. gapperi often fluctuate widely from year to year with no 

apparent periodicity, their numbers are fairly low with approximately 2-3 voles per acre, in 

favourable habitat (Ballenger, 1986). 

During the SHTC monitoring program, vole density has fluctuated widely (6 to 35 voles/ha) with 

peak numbers occurring at 2 to 4 year intervals. Year-to-year variations in other demographic 

characteristics, such as the percentage of adult voles in breeding condition, age structure, sex 

ratios and survival rates, are fairly consistent and appear to be largely related to events associated 

with population cycling (Westworth, 1998). 
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Figure 2.5 North American Dispersion Pattern for Clethrlonomys gapperl 
(Hall, 1981) 
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11. C. g. hudsonius 
12. C. g. idahoensis 
13. C. g. limitis 
14. C. g. loringi 
l S. C. g. maurus 
16. C. g. nivarius 
17. C. g. occidental is 
18. C. g. ochaceus 
19. C. g. pallescens 
20. C. g. paludicola 

21. C. g. phaeus 
22. C. g. proteus 
23. C. g. rhoadsii 
24. C. g. rupico/a 
25. C. g. saturatus 
26. C. g. so/us 
27. C. g. stilcinensis 
28. C. g. ungava 
29. C. g. wrangeli 

Red-backed voles exhibit seasonal changes in food habits consume a variety of plant materials 

during the year. Field research has indicated a daily consumption rate of approximately 0.31 

gig/day (McManus, 1974). They tend to be opportunistic feeders and change their diet as the 

seasons progress. They tend to eat leaf petioles and young shoots in the spring, add fruits and 

berries to their diet in the summer, and then switch to nuts and seeds in the autumn months. 

While underground fungi also comprise an important part of the diet, especially in the fall, they 

also consume some bark, roots, lichens, and insects. They sometimes store food (i.e., bulbs, 

stems, tubers, and nuts) in their nests for use in the winter when it becomes difficult to forage 

(Ballenger, 1986). 
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Red-backed voles are active night and day (more so during the night) year round (i.e., they do not 

hibernate), staying close to fallen logs or rocks, and frequently travel through underground 

passages to reach their foraging areas. They are highly susceptible to predation. Their maximum 

longevity is approximately 20 months, but most individuals do not survive more than 10 to 12 

months, due to predation and mortality during the winter months (Burt and Grossenheider, 1976; 

eNature, 2000; Ballenger, 1996). 

Their young are born typically between March and October, with a litter size of averaging 

between 3 to 7 pups, depending on environmental conditions. Females are typically able to rear 

2 or 3 litters per year, with breeding beginning as early as late winter and continuing into the late 

fall. The offspring are weaned at 17 to 16 days, with sexual maturity occurring at approximately 

3 months of age (Burt and Grossenheider, 1979; Ballenger, 1986). 

As the voles can live to about 12 to 18 months of age, and have very small foraging and habitat 

territories, they make excellent indicator species for an environmental monitoring study. The red­

backed vole also represents a key species in avian and mammalian food chains in Alberta's 

boreal forests (Westworth, 1997). 

1.1.2 Labrador Tea (Ledu,n groenlandicum) 

The use of vascular plants is primarily an indirect and long-term technique to monitor airborne 

pollution. Research has demonstrated that the uptake of metal or organic-complexed particulates 

is primarily a function of the availability of the pollutant in the soil and secondarily a result of 

direct absorption by the leaves and the needles of the plant species (Martin and Coughtrey, 1992). 

The sampling of plant leaves is useful as it is a relatively inexpensive and simple method of 

monitoring the relative pattern and levels of stack-related releases from the incinerator facility. 
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Labrador tea is a small ( up to 1 metre in height) evergreen shrub with green leaves and dense 

rusty hairs on its twigs. They are typically found in moist to wet forest and bogs in lowland and 

montane zones. They typically grow in wet, usually very acid and poor organic soils (Douglas et 

al., 1990; Angove and Bancroft, 1983 ). 

Figure 2.6 Photograph of Labrador Tea and Other Commonly Prevalent 
Plant Species found in the Sampling Plot Undentoreys 

Labrador tea leaves were chosen as the primary foliar analysis because of their abundance, ease 

of sampling and low susceptibility to trampling. Furthermore, the leaves represent an annual 

deposition because their leaves are retained through the year, including the winter months. While 

these plants are classified as evergreens, they do gradually exchange their leaves, typically on a 

yearly basis (generally in the late spring). As such, new leaves can be collected during the fall 

sampling period after a 3 to 4 month period of exposure. As there appears to be minimal 

translocation of PCBs and dioxin/furan compounds within the plant's vascular system, only the 

current years' accumulation of the assessed compound would likely be present in the leaves 

(Mahanty, 1990). Labrador tea is also viewed as an excellent receptor of airborne pollutants due 

to the fine hairs on the underside of the leaves which capture airborne contaminated particulate 

complexes (AG~ 1997). 
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Based upon these characteristics, ambient chemical concentrations detected on the surface of the 

Labrador tea was deemed an acceptable conservative surrogate for ambient chemical 

concentrations found upon food sources utilized by the red.backed vole. 

2.2.3 Live Moss 

Vegetation data collected from near the SHTC indicates that, after an incident such as that in 

October 1996, PCBs, dioxins and furans tend to persist much longer in moss than in other 

vegetation, such as Labrador tea or browse. These compounds tend to accumulate in moss via 

both vapour uptake and particulate deposition. Prior to the accidental release in 1996, vegetative 

data indicated that there was no consistent difference between concentrations in moss and 

Labrador tea. However, for a number of years following the incident, concentrations in moss 

remained relatively high, particularly for dioxins and furans, while concentrations in Labrador tea 

and browse decreased significantly and rapidly (within one year) after a short...tenn peak 

following the incident (likely due to the annual turnover of exposed leaves) (Chem-Security, 

1999). 

As moss, particularly those that contain fungi, is a primary food of choice for the red-backed 

vole, use of the Labrador tea concentrations as a surrogate for the overall concentration in all 

food source may underestimate dietary exposures. As such, moss were also selected as an 

appropriate environmental indicator species for the current assessment. 

2.3 Criteria Chemicals 

The environmental monitoring program at the SHTC has historically monitored a large number 

of chemical compounds, both organic and inorganic. However, as the SHTC is primarily a PCB 

incineration facility, environmental concentrations of PCBs, dioxins and furans have always been 

of chief concern to all parties involved. 
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Both polychlorinated biphenyls (PCBs) and polychlorinated dibenzo-p-dioxins and dibenzo­

furans (PCDD/Fs) belong to a family of chemicals called halogenated aromatics, a group of 

environmental pollutants which have been identified worldwide in diverse environmental media 

(Safe, 1994; Environment Canada, l 997a;b ). Due to their persistent (i.e., bioaccumulative) 

nature and widespread distribution in the environment, they have been the subject of 

considerable study with respect to the hazards they pose to both humans and the environment, as 

a whole. As noted previously, this group of bioaccumulative chemicals, and others like them, 

have become known as Persistent Organic Pollutants (POPs). 

2.3.1 Polychlorinated Dibenzo-p-dioxins and Diben1.ofurans (Dioxins and Furans) 

What are dioxins and furans? 

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is the prototype for a family of chemicals which 

have the same mechanism of action, are structurally related, and induce a common spectrum of 

biochemical responses and adverse effects. The polychlorinated dibenzo-p-dioxins (PCDDs) and 

polychlorinated dibenzofurans (PCDFs) are structural homologues (see Figure 2.7), which 

produce a similar spectrum of biological and toxicological responses in living organisms, at 

varying degrees of potency. Chlorine substitution at the 2,3, 7, and 8 position is generally 

considered necessary for dioxin-like behaviour, with TCDD representing the most potent and 

extensively studied of the PCDDs and PCDFs (Safe, 1986). 
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Figure 2. 7 Generic structural diagrams of the PCDD and PCDF 
chemical families, as well as the specific TCDD and 
TCDF congenen. 
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There are 75 chlorinated dibenzo-p-dioxins, ranging in degree of chlorination from the two 

monochlorinated congeners to the fully chlorinated octachlorodibenzo-p-dioxin congener. 

Similarly, there are 135 chlorinated dibenzofurans ranging in degree of chlorination from the four 

monochlorinated congeners to the fully chlorinated octachlorodibenzofuran congener. There is a 

wide range in the physical/chemical properties of chlorinated dioxins and furans both within 

isomeric groups and between congener families (Delzell et al., 1994). Each of the dioxin and 

furan isomers are never found alone in either the environment or living tissue, but are typically 

found in mixture with other isomers at varying percentages depending on the source and 

environmental and biological degradation processes. 

It is important to note that both dioxins and furans are not produced commercially. Rather, 

mixtures of specific congeners of these substances are released into the environment as 

contaminants or by-products associated with various anthropogenic activities and natural 

processes (e.g., forest fires). Specifically, chlorinated dioxins and furans are fonned during a 

variety of combustion processes, including the incineration of hazardous chemicals (e.g., PCBs) 

and municipal waste incineration, although their concentrations are typically small in emissions 

of incinerators employing best-available technologies (BAT), such as the SHTC. They are also 

produced through the chlorine bleaching of paper and pulp products, production of certain 
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herbicides, metal smelting, and other industrial processes. As a result of this production, dioxins 

and furans are ubiquitously present at low concentrations in the environment in industrialized 

countries. Long-range airborne transport of these compounds has also resulted in their 

distribution to more pristine environments around the world (i.e., the arctic). 

As a result of their high lipid solubility and resistance to metabolic breakdown in biological 

systems, PCDD/Fs tend to bioaccumulate in the food chain, and ultimately end up in the human 

body where they can be detected in fatty tissues (i.e., serum, adipose) and in mother's milk. 

Their presence has also been shown to change nonnal fat metabolism at higher doses, and result 

in decreased food consumption, wasting, hyperlipidemia, and fatty liver (Delzell et al., 1994). As 

a result, TCDD has become a model compound for the phannacokinetic study of transport of 

such chemicals between pools of lipid within biological systems (Roth et al., 1994). 

In broad tenns, interactions between chemicals and living organisms in the environment typically 

initiate a chain of biological events within the organism which can lead to either beneficial (i.e., 

pharmaceutical drugs) or harmful (i.e., toxic compounds) impacts upon health. These 

interactions can be associated with direct 0 reactivity'' with target molecules, or through the 

binding of the compound to specific biological receptors within the organism. In recent years, 

considerable effort has been made by the toxicological community to understand the potential 

interactions of chemicals with membrane-localized or cytoplasmic receptors (Andersen, 1995). 

Perhaps one of the best examples of this scientific research is the investigation of how PCDD/Fs, 

and some PCBs, interact at the phannacokinetic (and pharmacodynamic) level with a cellular 

protein known as the aryl hydrocarbon (Ah) receptor. 

The PBPK models proposed for PCBs, dioxins and furans, in recent years, are all rather similar. 

They typically involve five or six notional physiologic compartments ( distinguished by their 

perfusion and tissue binding kinetics), consisting of the blood, slowly perfused tissues, and richly 

perfused tissues, with separate compartments for the principal target tissues: the fat and liver. 

However, it is how these compounds interact with the hepatocellular Ah protein receptor which 

determines their ultimate toxicological (pharmacodynamic) impacts on a given biological system. 
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The Toxicity of Dioxins and Furans 

The toxicity of polychlorinated dioxins and furans differ markedly among species, as do their 

phannacokinetics and disposition. The chlorinated dibenzodioxins and dibenzofurans tend to 

accumulate in the liver and adipose tissue, although considerable species and strain differences in 

their relative tissue distribution has been noted in the scientific literature (discussed in detail in 

the following section). This is likely due in part to differing binding tendencies (affinity) and 

efficacies to the Ah and other cellular receptor proteins, as well as basal levels of hepatic 

microsomal monooxygenases such as CYP1A2, in responsive and nonresponsive biological 

species (Krewski et al., 1994). 

The overt signs of toxicity in animals from exposures to chlorinated dioxins and furans are 

characterized by a general wasting syndrome, with an overall loss in body weight, even though 

food consumption is nonnal. These effects are typically accompanied by abnonnalities in 

functions of the reproductive, adrenocortical, and thyroid endocrine systems (Delzell et al., 

1994). Dioxins and furans, particularly the most toxic TCDD congener, have been identified as 

carcinogenic and tumour promoters in rodents, in addition to demonstrating immunotoxic, 

reproductive, and teratogenic effects (Krewski et al., 1994). 

Several possible mechanisms have been postulated in the scientific literature to explain the toxic 

actions of chlorinated dioxins and furans. Two relate to their effects on enzyme systems within 

cells of the body, and one is based on their potential interference with the functions of DNA. 

The potential impacts upon enzyme systems relate to the induction of the CYP 1 A family of aryl 

hydrocarbon hydroxylase (AHH) enzymes associated with the Ah receptor system and the 

inhibition of glucocorticoid-regulated enzymes (Delzell, 1994). Research has also indicated that 

the Ah receptor•TCDD complex can impact negatively on levels of growth factor receptors (e.g., 

c-fos proto-oncogenes, epidermal growth factor receptors [EGFR], transfonning growth factor 

[TGF], etc.), resulting in the induction of various important growth factors. For example, 

TCDD's interaction with the Ah receptor has been shown to up-regulate an EGF-like peptide 

(treated nominally as transfonning growth factor-alph~ TGF-u) by synergistically reacting with 

the estrogen receptor-estrogen complex (Kohn et al., 1993; Portier et al., 1993) and decreasing 
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concentrations of the plasma membrane EGF receptor (Lee et al., 1996). TCDD binding to the 

Ah receptor complex has also been noted to result in endocrine disruption activities which mimic 

or antagonize endogenous honnone action (i.e., estrogens) in vivo. While the mechanisms 

underlying these antiestrogenic impacts are unknown, they are thought to be mediated by "cross­

talk" (i.e., a sharing of common intermediates in signaling pathways) between the TCDD/Ah 

complex and estrogen response elements (EREs) (Klinge et al., 2000). This impacts are 

discussed in greater depth in the section on Ah receptor mediated toxicity. 

To properly characterize a physiologically-based phannacokinetic model describing the toxic 

impacts of dioxins and furans on a biological system, one must first evaluate these potential 

mechanisms to determine their relative impacts. Based on infonnation on PCBs of similar 

structure, some researchers believe that the metabolic activation of various PCDD/F isomers to 

reactive intermediates may interfere with DNA function, resulting in toxic action. However, the 

available infonnation on this theory is fragmentary, and the relevance of these mechanisms to 

environmental concentrations of dioxins and furans remains unclear. The important information 

from the mechanistic studies of chlorinated dioxins and furans indicate that they do not produce 

self-replicating lesions (i.e., mutations or other self-replicating effects on DNA), and as such are 

not considered toxicants with nonthreshold dose-response relationships. Furthermore, the 

available literature indicates an exposure threshold in their dose-response relationship, and that 

below this exposure threshold, no adverse effects would be expected (Delzell et al., 1994). 

Based on this information, the current scientific consensus indicates that the toxic effects of 

PCOD/Fs are likely dependent on the interaction of dioxin, and dioxin-like compounds, with a 

specific cellular protein, the Ah (aryl hydrocarbon) receptor. While none of the correlations 

between the various adverse effects associated with PCDD/F and interactions with the Ah 

receptor conclusively proves that the Ah receptor system is the primary mechanism of toxicity of 

chlorinated dioxins and furans, weight-of-evidence evaluations (Safe, 1990; Borlakoglu and 

Haegele, 1991) concluded that the Ah receptor-mediated response was a critical component in 

their action (Delzell et al., 1994 ). 
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What is the Ah Receptor? 

Over the past twenty years, much research has been directed at clarifying the occurrence, 

structure, and function of a cytosolic protein called the aryl hydrocarbon (Ah) receptor (AhR). 

The Ah receptor protein evolved about 450 million years ago, early in vertebrate evolution 

(Hengstler et al., 1999), and exists in teleost fish, birds, and mammals (Hahn et al., 1994). A 

variety of anthropogenic and natural chemicals have been shown to bind to the AhR and act as 

receptor agonists to elicit the prototypical AhR•mediated biochemical responses. Interestingly 

enough, no endogenous ligand for the Ah receptor has been identified. However, indolo[3,2-

b ]carbazole, which is fonned from the acid-catalyzed conversion of the natural plant dietary 

metabolite indole-3-carbinol, binds with moderately high affinity to the Ah receptor 

(Santostefano et al., 1992). One of the major differences between many anthropogenic and 

natural chemicals is their pharmacokinetics and its ultimate toxic impact on the organism. Many 

anthropogenic chemicals capable of binding to the Ah receptor are persistent and bioaccumulate 

in wildlife and humans. In contrast, most if not all of the natural Ah receptor ligands are rapidly 

metabolized and eliminated from biological systems (U.S. EPA, 2000). 

Briefly, the Ah receptor is a ligand-activated transcription factor that is a member of the basic­

helix•loop-helix-Per-Amt-Sim (bHLH-PAS) superfamily. The basic-helix-loop-helix (referred 

to individually as bHLH) DNA binding and dimerization motif also identifies the Ah receptor as 

a member of the broad class ofbHLH gene regulatory factors. Members of this large family of 

transcription factors are often involved in regulation of cell type differentiation and proliferation, 

and are typically characterized by the requirement of fonnation of homo- or heterodimeric 

complexes with other bHLH-demonstrating partner factors to achieve DNA binding activity 

(Poellinger, 2000; U.S. EPA, 2000). These proteins are known to regulate such diverse areas as 

circadian rhythms and steroid receptor signaling, and are involved in sensing oxygen tension 

(Hahn, 1998). Interestingly, the AhR is the only member of the bHLH class known to require 

ligand.dependent activation for heterodimerization and transcriptional activity (Gasiewicz et al., 

1996; Hushka et al., 1998). The classification of the AhR as part of the bHLH-PAS superfamily 

and its evolutionary conservatism (i.e., present in all vertebrate classes examined) appears to 
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imply that this protein may play an important, but yet unknown, role in normal physiological 

function {U.S. EPA, 2000). 

The unbound (i.e., non-ligated) Ah receptor is an oligomeric complex located in the cytoplasm, 

where it is associated with two molecules of the 90-kDa heat-shock protein and the another 

protein which may be a 60-kDa c-Src protein (Andersen, 1995; Alexander et al., 1999; Hengstler 

et al., 1999; Hu and Bunce, 1999). This complex is termed the unligated aryl hydrocarbon 

receptor complex. 

The 90 kDa molecular chaperone hsp90 proteins appear to be required for maintaining the 

receptor in a non-activated, ligand binding conformation. For example, research has 

demonstrated that ligand binding to the Ah receptor is severely impaired upon expression in a 

yeast strain in which hsp90 expression levels are down-regulated to about 5% of wild-type levels 

(Poellinger, 2000). 

There is considerable uncertainty in the scientific literature as to the true size and nature of the 

smaller associated protein. A number of researchers (described in Hu and Bunce, 1999) feel it is 

possibly the 60-kD protein c-Src, and ultimately results in biological responses due to impacts on 

tyrosine kinase activity. Other researchers feel it is a 23-kDa (Kazlauskas et al., 1999) or 50-kDa 

(Santostefano et al., 1998) co-chaperone protein thought to play a role in stabilizing the complex 

containing the receptor and hsp90. Ongoing research should provide a more accurate depiction of 

this protein and its true role in the Ah receptor binding process. 

The cascade of biological effects is initiated by TCDD entering the cell via passive diffusion 

through the cell membrane, and the process of binding to the Ah receptor (see Figure 2.8). After 

binding of a dioxin molecule or similar ligand, the Ah receptor is released from the 90-kDa heat­

shock proteins and the other smaller chaperone protein (as discussed previously, possibly a 60· 

kDa c-Src protein), and becomes associated with the Ah receptor nuclear translocator protein 

(Amt) after entering the nucleus of the cell. This translocator complex also contains the bHLH 

domain, which allows for binding to specific asymmetrical recognition motifs of DNA in 
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promoter regions of specific genes, resulting in enhanced transcriptional activity (i.e., production 

ofmRNA). For example, these DNA recognition sequences, termed a dioxin-responsive element 

(DREs) or xenobiotic-responsive element (XREs), have a consensus sequence [T(T/A]GCGTG] 

located in the S'-flanking region upstream of the cytochrome P450 CYPlAl gene (Andersen et 

al., 1995; Hengstler et al., 1999; Poellinger, 2000). While it is essential for the binding of the Ah 

receptor to the DNA sequence, contrary to what its name suggests, the Amt protein is not 

involved in translocating the Ah receptor to the nucleus (when first identified, it was thought to 

be a transporter protein). Studies have demonstrated TCDD-induced nuclear translocation of the 

liganded Ah receptor also in Arnt-deficient mouse Hepa-I cells (Hankinson et al., 1996). 

Figure 2.8 Proposed Ah-Receptor Mediated Mechanism of Action for Dioxin-like 
Exposures (adapted from Hu and Bunce, 1999 and Santostefano et al., 1998) 
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The mRNA produced from the transcribed genes serve as templates for protein synthesis. 

Among the genes transcriptionally regulated by the Ah receptor-dioxin complex (although not 

necessarily in conjunction with Arnt) are several that regulate cell growth and differentiation. 
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Ah Receptor Binding Affinity 

Studies involving the Ah receptor have demonstrated it to have a saturable, high-affinity binding 

site (typically with a ~ of around 1 nM) for TCDD and similar ligands, and has been identified 

in a variety of animal tissues (Poellinger, 2000; Delzell et al., 1994). The Ah receptor is highly 

polymorphic, particularly when compared with other nuclear receptors. This polymorphism has 

been shown to extend beyond the classical responsive and nonresponsive phenotypes (i.e., C57 

strains of mice have been shown to be highly responsive, while DBA and AKR strains have been 

described as nonresponsive) to include significant differences in receptor primary structure. For 

example, three different murine Ahr alleles (typically denoted with a "b" subscript from the 

prototype C57BL strain) have been identified that encode high-affinity receptors in responsive 

strains (Schmidt and Bradfield, 1996), and differ by only a few point mutations in the common 

open reading frame (also known as ORF) and by additional sequences at their carboxyl ends 

(Poland et al., 1994). Specifically, the allele found in C57 strains (Ahr>"') encodes a 95-kDa (805 

amino acids) receptor with high affinity for agonists, whereas the 104-kDa (848 amino acids) 

high-affinity allele (Ahr>-2
) is found in most other commonly used laboratory strains, such as 

C3H/He and BALB/c (Poland et al., 1987). Finally, several wild-mouse strains (Mus sp.) 

demonstrate a third high-affinity allele (Ahr>-3) encoding a 105-kDa (883 amino acids) receptor 

protein (Poland and Glover, 1990; Poland et al., 1994). 

However, only a single allele (Afud) has been identified which encodes for the low-affinity 

receptor ( - l 04 kDa) found in nonresponsive strains. This allele is denoted with a "d" superscript 

based upon the prototype nonresponsive DBA strain, and is most appropriately compared with 

the Ahr>-2 allele because the two alleles express proteins of the same size that differ in only two 

amino acids (Swanson and Bradfield, 1993; Poland and Glover, 1990; Smith et al., 1998; Poland 

et al., 1994). As a result of these differences in receptor binding affinity, studies into the 

induction of hepatic AHH activity by TCDD have noted a 9-fold difference between activity 

levels of C57BU6J and DBA/2 mice, and an approximate 10-fold difference between strains 

demonstrating the high-affinity Ahr>"' or ~ 2 alleles and the low-affinity AJuA allele (Poland et 

al . . 1994). 
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It is also important to note that the structural and functional variability of the Ah receptor is also 

significant across species. Research conducted into photoaffinity labelling of hepatic cytosol has 

indicated that the Ah receptor can vary in molecular weight by nearly 30 kDa (e.g., 95 kDa in 

CS7 mouse, 101 kDa in chickens, 103 kDa in guinea pigs, 104 kDa in rabbits, 106 kDa in rats 

and humans, 113 kDa in monkeys, and 124 kDa in hamsters) (Poland et al., 1987). As such, the 

considerable species and strain variability in size and specificity of the Ah receptor can have 

large impacts on the binding affinity of the TCDD ligand to the receptor. Research has 

demonstrated that while the binding affinity to the Ah receptor varies significantly between 

mouse strains (Poland et al., 1994), it does not appear to vary dramatically between strains of rats 

(Pohjanvirta and Tuomisto, 1994). However, there is some evidence indicating that the binding 

affinity of TCDD to the Ah receptor can vary by a factor of approximately IO to 20 in humans, 

and this range encompasses binding affinities similar to those observed in sensitive (i.e., 

responsive) and resistant, nonresponsive mice (Micka et al., 1997; Okey et al., 1997). 

Interestingly enough, there are also gender- and age-specific differences in the toxicity of dioxins 

and furans. A number of studies have identified a clear, although small, gender difference in the 

acute, subchronic, and chronic toxicities ofTCDD in rats. In general, females have been 

demonstrated to be more sensitive to TCDD than males, and while the profile of TCDD 

distribution in female rats is similar to that in male rats, the concentration of TCDD in most 

tissues were higher in females than in males (Li et al., 1995). Recent investigations in mice have 

indicated that this can likely be linked to an increased biliary excretion level in males, as 

compared to females, and even older senescent males (Jackson et al., 1998). Other studies have 

suggested that advanced age may have differential effects on Ah receptor-mediated enzyme 

induction, resulting in potential toxicological implications for older animals (Pegram et al., 

1995). 

Ah Receptor Mediated Toxicity 

Exogenous ligands for the Ah receptor, particularly TCDD, can cause several toxic effects, 

including cancer, progressive weight loss, toxicity to the immune system, fetal toxicity, birth 

defects, dysregulation of endocrine (thyroid, androgen, estrogen, and growth factor) homeostasis, 
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and decreases in male and female reproductive performance. TCDD has also proven to be the 

most potent tumour promoter analyzed and some researchers believe it can act as a complete 

carcinogen (i.e., has initiator and a promoter capabilities) because rodents demonstrate an 

increased incidence of specific tumours in chronic toxicity studies, without prior exposure to an 

experimental initiator (Schmidt and Bradfield, 1996). However, unlike many potent carcinogens 

such as polycyclic aromatic hydrocarbons (P AHs) or heterocyclic amines, dioxins are not 

genotoxic and do not covalently bind DNA, RNA, or protein, and are not mutagenic in the Ames 

assay (Hengstler et al., 1999; Schmidt and Bradfield, 1996), calling into question their ability as 

an carcinogenic initiator. Proposed mechanisms for the carcinogenic effects ofTCDD on 

biological systems include: i) increased cytochrome P450-mediated metabolic activation of other 

carcinogens or endogenous compounds such as estrogen; ii) DNA single-strand breaks resulting 

from lipid peroxidation, and; iii) alterations in cell proliferation through transcriptional 

regulation of cytokines and growth factors (Huff et al.,. 1994). 

The impact of dioxin on these critical processes can result in broad spectrum toxicity on multiple 

organ systems, including action as a hepatic tumour promoter (Andersen et al., 1995). Genes 

which have been shown to exhibit increased transcriptional rates by this mechanism include 

microsomal monooxygenases (i.e., P450 CYPlAl, 1A2, and 1B1), the glutathione S-transferases, 

UDP-glucuronosyltransferase, aldehyde dehydrogenase, and NAD(P)H:quinone reductase 

(Santostefano et al., 1998; Hengstler et al.,. 1999). 

Dioxins also mediate increases in the liver concentration of transforming growth factor-a (TGF­

a) by a mechanism which requires the Ah receptor. TGF-« subsequently binds to the epidermal 

growth factor (EGF) receptor, a process which is known to cause internalization of this receptor 

in hepatocytes. This action is thought to be an early event in the generation of a mi to genie signal 

(Kohn et al., 1993). EGF is a potent rnitogen with tumour-promoting activity in vivo, and 

alterations in EGF receptor (EGFR) regulatory systems may play a role in carcinogenesis. 

Research has indicated that the EGFR ( encoded by the c-erb proto-oncogene) is a transmembrane 

glycoprotein with a ligand-dependent intrinsic tyrosine kinase activity (Sewell and Lucier, 1995). 

As TCDD decreases binding of EGF in the livers of intact female rats but not in ovariectomized 

rats, this effect was further assumed to be dependent on estrogen action. Given these AhR-
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mediated impacts, dioxins and furans have also been widely labelled as endocrine disruptor 

chemicals (EDCs ). 

TCDD and related compounds have been shown to modulate several intracellular endocrine 

response pathways. For example, in the rodent uterus, in addition to the impacts outlined above 

(i.e., epidermal growth factor receptor binding, c-fos and EGF receptor mRNA levels, etc.), 

TCDD inhibits such 171}-estradiol (E2)-induced responses as uterine wet weight increase, 

peroxidase activity, and progesterone receptor binding. Despite these effects, TCDD does not 

bind either the uterine estrogen receptor (ER) or progesterone receptor (PR) (Safe et al., 1998). 

The mechanisms underlying these observations are unknown, but are thought to be mediated by 

"cross-talk" (i.e., a sharing of common intermediates in intracellular signaling pathways) 

between TCDD and hormones including estrogens (Klinge et al., 2000), typically in extrahepatic 

tissue. TCDD has been shown to cause a rapid downregulation of nuclear ER« levels and this is 

typically accompanied by induction ofCYPIAl resulting in the rapid oxidative metabolism of 

any available E2 (Safe et al., 1998a). One proposed mechanism of this inhibitory AhR-ER 

crosstalk involves direct interaction of the AhR complex with inhibitory DREs identified in the 

S'-promoter regions ofE2-responsive cathepsin D, pS2 and c-fos genes. However, other studies 

have identified AhR agonists which can inhibit E2-induced expression of several genes that do 

not have functional DREs (Wonnke et al., 2000). While the molecular mechanisms underlying 

the apparent "cross-talk" between ER- and Ah receptor-mediated activities are unknown, recent 

research has suggested that this rapid inhibition of available ER« may be facilitated through the 

unidirectional activation of proteasomes, and that the E2-activated degradation of ER« by 

proteasomes may be an important pathway for limiting the duration of estrogenic responses in 

target tissues. Thus, TCDD not only activates proteasome-dependent downregulation of the Ah 

receptor, but also induces degradation of ER« protein via other proteasome-dependent pathways 

(W ormke et al., 2000). Additional mechanisms by which TCDD may interfere with the ER 

action include inhibition of ER-DNA binding and interference with critical ER-protein 

interactions that mitigate transcriptional activation. As transcription factors of many different 

families appear to use common coactivator proteins, competition for these proteins may provide 

another mechanism for the antiestrogenic behaviour of TCDD (Klinge et al., 2000). 
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As noted previously, dioxin and dioxin-like compounds that bind these regulatory genes 

demonstrate dose-dependent kinetics. In other words, as the administered dose increases, a larger 

proportion of the total dose is found in the liver. For example, it appears likely that dose­

dependent hepatic sequestration is related to induction ofCYPlA2, but other proteins may also 

be involved (Diliberto et al., 1997, 1999; Wang et al., 2000). Thus, any comprehensive model of 

dioxin pharmacokinetics must include the induction of these dioxin-binding proteins, mediated 

by the interaction of a dioxin-Ah-receptor complex with specific DRE binding sites on DNA 

(Leung et al., 1988, 1990a,b; Andersen et al., 1993). 

What are cytochrome P450? 

The cytochrome P450s are a group of hemoproteins associated with the smooth endoplasmic 

reticulum, which mediate the primary (phase [) oxidative metabolism of a broad spectrum of 

lipophilic substrates, both endogenous and exogenous (xenobiotic) in nature (Nims and Lubet, 

1995). For example, the cytochrome P4501 A 1 (CYP 1 A 1) enzyme catalyzes oxygenation of 

polycyclic aromatic substances as the initial step in their metabolic processing to water-soluble 

derivatives, and ultimate excretion from the body. While most CYP induction response occurs in 

the liver (as the main site of detoxification and metabolism in the body), these CYP genes are 

present in an uninduced state throughout the body, and play a significant role in many tissue 

organs (i.e., small intestine, lung, kidney, and placenta). 

The CYPlA subfamily includes two genes, CYPlAl and CYP1A2, which show a relatively high 

degree of nucleotide homology (-75% in rats). Typically, the same compounds will induce both 

of these proteins, usually with similar kinetic patterns (Nerurkar et al., 1993). The CYPIA 

subfamily is associated with the metabolic activation of planar, hydrophobic compounds such as 

polycyclic aromatic hydrocarbons (PAHs), PCDD/Fs, and other related compounds (Nims and 

Lubet, 1995; Ziegler, 1991). CYPlAl preferentially catalyzes the oxidation of PAHs, while 

CYP1A2 preferentially metabolizes a variety of heteroaromatic amines through N-hydroxylation 

(Nerurkar et al., 1993). Exposure to such a xenobiotic can also markedly enhance the ability of 

an organism to metabolize the same xenobiotic ( and other similar compounds) through a process 

tenned enzyme induction. This process is discussed in further depth in Section 3.0. 
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When exposed to such a ligand, CYP 1 A2 induction is largely limited to hepatic (liver) cells, 

while CYPlAl is expressed both in liver and many extrahepatic tissues, such as the lungs, skin, 

and kidneys (De Vito et al., 1996; Gonzalez, 1988). Particularly relevant to the disposition, 

metabolism, and excretion of dioxin and dioxin-like compounds is the ability of CYP l A2 to 

temporarily sequester these compounds in the liver, on a dose-dependent basis. As such, 

sequestration ofTCDD by binding to CYPIA2 can result in a considerable shift oflocalized 

TCDD tissue concentrations from the more lipophilic adipose tissue to the liver, and have 

significant impacts on the organism's ability to sequester and excrete the compound. Thus, it is 

vital to address this pharmacokinetic and pharmacodynamic issues when designing an accurate 

PBPK model of TCDD exposure. 

There have historically been four distinct methodological approaches for determining CYP 

induction following potential exposure to a contaminant. These included: i) quantification of 

total CYP via UV spectrophotometry; ii) substrate conversion assays; iii} immunochemical 

detection of protein, and; iv) quantification of gene-specific RNA (Nims and Lubet, 1995). 

Research has demonstrated that the spectral technique for assessing CYP induction is relatively 

insensitive, and does not provide sufficient detail with respect to the specific subfamilies or 

isozymes being induced (i.e., it may indicate that a CYPlA family member has been induced, but 

not which one). Each of the remaining techniques, while demonstrating much greater sensitivity, 

have certain specific advantages and disadvantages, depending on the circumstance (Nims and 

Lubet, 1995). Perhaps the most commonly used methodology is that of the substrate conversion 

assay. This assay relies on the ability of the individual CYP isozymes to catalyze a reaction in a 

specific substrate, which can then be quantified through laboratory analysis. For example, 

induction of the CYPlAl isofonn has been linked to the O-deethylation of the substrate 

ethoxyresoru.fin ( otherwise known as EROD), while other researchers have linked CYP I A2 

induction to the O-demethylation of the substrate methoxyresoru.fin (otherwise known as 

MROD). Acetanilide 4-hydroxylase (ACOH) bas also been proposed as a potential enzymatic 

marker for CYP1A2 induction (De Vito et al., 1996). Many researchers believe that conversion 

levels of these substrates can be used as enzymatic biomarkers to estimate the relative induction 

of the related CYP isozyme following an exposure event (DeVito et al., 1996). However, 

considerable uncertainty has been expressed in the scientific literature as to the selectivity and 
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specificity of these substrates for one particular isozyme. This issue will be discussed in greater 

depth later in this paper. 

Use of Toxic Equivalency Factors (TEFs) 

Biological species, including humans, are constantly exposed to complex mixtures of 

polyhalogenated aromatic hydrocarbons (PHAHs), such as PCDDs, PCDFs, and PCBs through a 

variety of routes of exposure. The composition of these complex mixtures of PHAHs can vary 

dramatically in both the environment and living biota, with environmental and biological 

degradation (i.e., differing environmental fates of congeners with different solubilities, 

volatilities, and rates of degradation/metabolism) playing a key role. According to their inherent 

physical-chemical nature, each of these compounds is variably persistent, undergoes 

environmental transport, and can preferentially bioconcentrate in higher tropic levels of the food 

chain (Safe, 1998a). As a result, the congener profile of PHAH mixtures can change both 

spatially and temporally within the environment, and are usually very different from the source 

mixtures originally released into the environment (Van den Berg et al., 1998). The complex 

nature of these PHAH mixtures complicates the risk assessment for humans, fish and wildlife. 

To allow risk assessors to better evaluate their potential mixture-based toxicities, these 

compounds are typically classified as either "dioxin-like" or "nondioxin-like" (Birnbaum and 

DeVito, 1995). The dioxin-like compounds are grouped according to their common structure 

(i.e., coplanar and non-ortho substituted aromatic rings) and mechanism of action (i.e., they 

induce their biochemical and toxicological effects by specific, high-affinity binding to the Ah 

receptor) (DeVito et al., 2000; Van den Berg et al., 1998). 

In order to estimate the toxic potential of a mixture of such dioxin-like compounds and better 

facilitate their evaluation in hazard and risk assessments, the scientific community has developed 

a system of toxic equivalency factors (TEFs). The idea behind this is to produce a ''standardized'1 

estimate of potency of a specific chemical within a complex mixture of dioxin-like compounds, 

for which relatively little direct toxicological infonnation is available, based upon information on 

another structurally ... similar congener for which there is substantial toxicity data and an 

understanding of the inherent mechanism of action (DeVito and Birnbaum, 1995; 
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Birnbaum, 1999) or the same chemical under a different exposure scenario (e.g., individual 

versus mixtures, different species, different exposure biological exposure systems, etc.). TEFs 

for these PHAHs are typically calculated by determining the relative biological potency (REP) of 

a compound compared to that of the keystone chemical 2,3,7,8-tetrachlorodibenzo-p-dioxin 

(TCDD), which is the most potent and best characterized of this "family'' of dioxin-like 

compounds. The TEF approach assumes that the effects of the individual compounds are strictly 

additive and proportional to their individual potencies and concentrations (Safe, 1998a). 

The concentration of each specific congener is multiplied by its corresponding TEF value, and 

the resulting potency-.. weighted concentration values are summed to form an expression of the 

mixture's overall toxic equivalency (TEQ) to TCDD. This value can then be employed as a 

concentration ofTCDD toxic equivalents (i.e., TCDD TEQ-equiv.) representing the overall 

toxicity of the assessed mixture. 

TEQ = L [PCDD;] X TEE; + L [PCDFj] X TEFj + L [PCB1c] X TEF1c 

Chemicals included in this TEQ methodology must meet certain criteria. They must be: a) 

persistent; b) bioacumulative, and; c) induce toxicities by binding to the Ah receptor (Van den 

Berg et al., 1998). Ultimately, the REP of a dioxin-like chemical is dependent upon both binding 

affinity to the Ah receptor and phannacokinetic properties of the chemical, when compared to 

TCDD (DeVito et al., 1997). In developing TEFs, the relative potency for each assessed 

chemical is evaluated using both in vitro and in vivo experimental methodologies, comparing 

enzyme induction, thymic atrophy, immunotoxicity, teratogenicity, and several other related 

criteria endpoints (e.g., reproduction, development, endocrine function, etc.) (DeVito and 

Birnbaum, 1995). 

The TEF approach first began to be introduced as a viable approach in the late 1980s to early 

l 990s, with proposed sets of guidelines and TEF values provided by various researchers and 

regulatory agencies. The first international set of TEFs (I-TEFs) was presented and adopted after 

a 3-year study conducted by the North Atlantic Treaty Organization Committee on the 

Challenges of Modem Society (NATO/CCMS). The most recent re-evaluation of the TEF 
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scheme was conducted at an expert meeting organized by the World Health Organization and 

held in Stockholm, Sweden, on June 15-18, 1997. The objective of this meeting was to derive 

consensus TEFs for PCDDs, PCDFs, and dioxinlike PCBs for both humans, fish, and wildlife 

risk assessment (Van den Berg et al., 1998). 

Table 2.1, below, provides a list of previous TEF schemes, in addition to the current scientifically 

accepted set ofTEF values for the dioxin and furan congeners, proposed by WHO. 

Table 2.1 Various Toxic Equivalency Facton (TEFs) Schemes Recommended for 
Mammalian Risk Assessments (Van den Berg et al., 1998). 

Congener 1-TEF • CEPA 11 Saree WHOd 

Dioxins 
2,3,7,8-TettaCDD 1 
1,2,3, 7 ,8-PentaCDD 0.5 0.5 0.5 

1,2,3,4, 7,8-HexaCDD 0.1 0.1 0.1 0.1 

1,2,3,6, 7,8-HexaCDD 0.1 0.1 0.1 0.1 

1,2,3, 7,8,9-HexaCDD 0.1 0.1 0.1 0.1 
1,2,3,4,6, 7,8-HeptaCDD 0.01 0.01 0.01 0.01 

OctaCDD 0.001 0.001 0.001 0.0001 

F11r1111s 

b 

ti 

2,3, 7 ,8-TettaCDF 0.1 0.1 0.1 0.1 
1,2,3, 7 ,8-PentaCDF 0.01 0.05 0.1 0.05 
2,3,4, 7,8-PentaCDF 0.5 0.5 0.5 0.5 
1,2,3,4, 7,8-HexaCDF 0.1 0.1 0.1 0.1 
1,2,3,6, 7,8-HexaCDF 0.1 0.1 0.1 0.1 
1,2,3, 7,8,9-HexaCDF 0.1 0.1 0.1 0.1 
2,3,4,6, 7,8-HexaCDF 0.1 0.1 0.1 0.1 
1,2,3,4,6, 7 ,8-HeptaCDF 0.01 0.01 0.1 0.01 
1,2,3,4, 7 ,8,9-HeptaCDF 0.01 0.01 0.1 0.01 

OctaCDF 0.001 0.001 0.001 0.0001 

Initial international scheme for TEF proposed by Health and Welfare Canada (HWC) and the Ontario Ministry of the 
Environment (OMOE) and adopted by NA TOICCMS (Boddington, 1988). 
Initial Canada-wide standard outlined in the first CEPA Priority Substance List Assessment Repon (CEPA. 1990). 
Safe proposed a set ofTEFs based on structure-activity relationships. laboratory enzyme induction studies. and acute 
and chronic in vivo studies (Safe, 1990). 
Set ofmanunalian TEF values reconnncnded by the WHO cxpen panel (Van den Berg et al., 1998). 

The TEF approach is not without a degree of uncertainty, and is still the subject of much debate 

in the scientific literature. In addition to the large variance in assay studies used to quantify the 

relative toxic potentials, uncertainties such as the potential impacts of differences in shape of the 
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dose-response curve (e.g., questionable low-dose linearity of REP responses), species 

responsiveness, and the antagonistic non-additive role of certain non-dioxinlike PCBs all call 

into question the applicability of the TEF approach in the environmental risk assessment process. 

Furthennore, the high monetary and labour costs of detennining these TEQ values in 

environmental samples has limited the practicality of mounting extensive environmental 

monitoring programs for these compounds (Bunce, 1997). Despite all these uncertainties, the 

consensus from the WHO expert panel was that the additive TEF model remains the most 

feasible risk assessment methodology for assessing complex mixtures of dioxin-like PHAHs 

(US EPA, 2000). 

2.4 Environmental Properties and Fate of Criteria Chemicals 

Polychlorinated dioxins and furans, as well as dioxin-like PCBs, have been found throughout the 

world in practically all media including air, soil, water, sediment, and biota. Their widespread 

occurrence is not unexpected given the numerous sources that have emitted these compounds 

into the atmosphere and the overall resistance of these chemicals to both abiotic and biotic 

transfonnation/degradation (U.S. EPA, 2000). While TCDD is commonly the primary focus of 

environmental risk assessments due to its inherent toxicity, it is important to note that chemical 

analysis of environmental media and biotic receptors have indicated that TCDD is a minor 

component (by mass) representing less than 1 %, whereas the higher isomers typically account for 

over 99% of the total PCDD/F mass (Czuczwa and Hites, 1995; Rappe et al., 1987). 

The primary mechanism by which both PCBs and dioxins/furans are believed to enter the food 

chain is via atmospheric deposition. Consequently, they can be transported long distances in the 

atmosphere before they are deposited onto vegetation, soil, and water via dry and wet deposition. 

Deposition onto vegetation and subsequent ingestion of that plant material by animals is thought 

to be the primary mechanism by which these compounds enter and bioaccumulate within the 

terrestrial food chain (U.S. EPA, 2000). After direct deposition onto water bodies or indirectly 

via soil erosion and runoff, PCBs and dioxins/furans (since they are relatively insoluble in water) 

tend to become incorporated into suspended particulates and bottom sediments where they can 

enter the aquatic food chain {Delzell et al., 1994). 
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These chemicals tend to be quite stable and persistent in the environment, particularly the higher 

chlorinated congeners. Available infonnation indicates that while variability in the sampling 

data can be significant, the more highly chlorinated (tetra-CDD/F and above) congeners of 

dioxins and furans and certain PCB congeners do accumulate in biota, as demonstrated by 

ambient levels detected in human breast milk and in animals at the top of the food chain (U.S. 

EPA, 2000; Delzell et al., 1994). The only environmentally significant transformation processes 

for these congeners are believed to be atmospheric photo-oxidation and photolysis of nonsorbed 

species in the gaseous phase or at the soil or water-air interface (U.S. EPA, 2000). As such, 

burial in-place or erosive movement of soil to nearby water bodies appears to be the predominant 

environmental fate (i.e., sink) of dioxins and furans sorbed to soils (U.S. EPA, 2000). 

Since PCB production was banned in the late 1970s, the major source of PCB exposure in the 

general environment appears to be the redistribution of PCB previously introduced into the 

environment as well as releases associated with the disposal of commercial PCB products. Such 

redistribution typically involves volatilisation from soil and water into the atmosphere with 

subsequent deposition and then re-volatilization (WHO, 1993). As a result of this redistribution, 

PCBs can be ultimately transported over great distances. 

Chlorinated dioxins and furans also appear to be widespread in the environment due to numerous 

chemical reactions occurring during the combustion of naturally occurring and man-made 

organic materials in the presence of chlorine. Thus, dioxins and furans can arise from a diverse 

variety of combustion sources, including incinerators, chemical tar burners, fossil-fueled power 

plants, vehicle mufflers, chimneys of wood burning stoves/fireplaces, cigarette smoke, backyard 

trash burning, and even charcoal-broiled foods. Research has also demonstrated that natural 

combustion during forest fires and slash burning are also contributors to the concentrations of 

these chemicals in the environment (Delzell et al., 1994 ). Given the ubiquitous nature of these 

chemicals in the environment, it is important to realize that all Canadians are exposed to 

background concentrations of PCBs, dioxins and furans to varying degrees. 

This has particular importance when evaluating potential ambient concentrations of these POPs 

observed as part of a long-tenn monitoring program, such as that in place at the SHTC. By 
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evaluating concentrations prior to the operation of the facility and in localized regions outside the 

potential "area of influence" of the facility, a more accurate characterization of the actual facility 

impacts on the surrounding ecosystem can be achieved. 

While environmental fate modelling can play an important role in evaluating risk as part of a 

environmental risk assessment, given the similar physical-chemical properties of PCDD/F 

congeners, it is likely that the greatest amount of uncertainty in a health assessment would be 

represented by toxicokinetic and toxicodynarnic properties of the individual congeners. 

Exposure concentrations of chemicals in air, food, water, soil dust, or other media with which 

populations are in contact are the dose scales most commonly used when evaluating potential 

health effects of chemicals in the environment. However, external exposure is often only a rough 

estimate for internal exposure delivered at the critical target in the body. An estimate of the 

internal dose is a more appropriate measure for use in mechanism-based risk assessments 

(Bemillon and Bois, 2000). As such, biologically-based toxicological analyses, such as 

physiologically-based phannacokinetic modelling, of key sentinel organisms (i.e., a vole) can 

play a vital role in evaluating health risks as part of an overall environmental health risk 

assessment process. 

42 



3.0 PHYSIOLOGICALLY-BASED PHARMACOKINETIC (PBPK) MODELLING OF 

POLYCHLORINATED DIOXINS AND FURANS 

3.1 Introduction 

The uptake and disposition of chemicals by living organisms, notably humans, has long been one 

of primary concern to pharmacological and toxicological research. The study of the dispersion of 

chemicals in animal bodies entails the field of pharmacokinetics. Pharmacokinetics combines 

the words pharmacology and ki11etics, and studies the rates of absorption, distribution, 

metabolism, and elimination of chemicals and metabolites in biological systems (Wen et al., 

1999). The closely related subject of phannacokinetic modelling is the process of developing 

mathematical descriptions for these critical flow rates. As such, phannacokinetic modelling can 

be best described as the process of developing mathematical descriptions for absorption, 

distribution, metabolism, and excretion of chemicals in biota (Krishnan and Andersen, 1994). 

There are two commonly used types of phannacokinetic models: a) the classical (empirical) 

model, and b) physiologically-based (PBPK) phannacokinetic models. With the former, an 

unique set of experimentally-derived kinetic data are used to statistically fit an unique (non­

generalizable) model and determine the value of each rate constants. In the case of the PBPK 

models, the description of the distribution relies on standardized physiological parameters which 

are appropriate values detennined a priori, independently of the kinetic data. Even with PBPK 

models, however, a few "fitted" parameters, usually the ones describing metabolism, are adjusted 

using statistical goodness-of-fit criteria to optimize the model parameters, until an acceptable fit 

to the data is obtained. However, as PBPK models use standardized physiological parameters, 

they can presumably serve as appropriate vehicles for inter-route and interspecies extrapolation 

(Woodruff et al., 1992). 

To fully understand the potential implications and uses ofphannacokinetic modelling on the 

assessment of human health risks associated with exposures to persistent organic pollutants, one 

must first have an adequate understanding of the basis behind these fonns of phannacokinetic 

research methodologies. While the use of classical phannacokinetic modelling is of some 
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interest in addressing this goal, the current discussion paper will focus on the PBPK methodology 

as the majority of recent toxicological research into POPs has been primarily concentrated on the 

development of more efficient and accurate physiologically-based phannacokinetic models. 

Physiologically based pharmacokinetic (PBPK) modelling refers to the development of 

mathematical descriptions of the uptake and disposition of chemicals based on quantitative 

interrelationships among the critical biological factors and systems within a specific test species. 

Perhaps Andersen (1994) provided one of the best overviews of the area when he described 

PBPK models as an " ... attempt to provide both a realistic anatomic description of the animal to 

which a drug or toxic chemical has been administered and a biologically accurate representation 

of the physiological pathways for chemical storage, metabolism, and elimination in the animal." 

As such, the ultimate aim of using PBPK modelling in risk assessment is to accurately provide a 

measure of dose which better represents the internal tissue dose (a phannacokinetic measure) or 

the "biologically effective dose" (a phannacodynamic measure) which causally results in the 

potentially toxic outcome (Clewell m, 199S). 

3.2 Overview of PBPK Modelling 

PBPK modelling has been used for more than 70 years to evaluate the disposition (i.e., 

absorption, distribution, metabolism, and elimination) of pharmaceuticals and other foreign 

substances (i.e., xenobiotics) within living organisms. Research in this area began in 1924 with 

studies of volatile anaesthetics, using fairly simple models that evaluated the impact of 

ventilation, blood flow and blood:air solubilities on chemical uptake within the body (Aarons et 

al., 1999). PBPK models have since evolved over the past nearly 80 years to the current state-of­

the-art tools, capable of evaluating chemical disposition within complex, multi-compartmental 

systems, and incorporating many aspects involving the phannacodynamics of particular 

compounds. 

As noted previously, the ultimate aim of using PBPK modelling in risk assessment is to provide a 

measurement of dose which better reflects the internal dose ( delivered to target and non-target 

organs) or the "biologically effective dose" which is causally related to the ultimate toxic 
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outcome. As such, PBPK modelling attempts to describe the relationship between the external 

measures of applied dose (e.g., amount administered or concentration in food, water, or air) and 

measures of internal dose or biologically effective dose (e.g., amount metabolized or 

concentration in the tissue displaying the toxic response), using as realistic a description of 

mammalian physiology and biochemistry as is necessary and feasible (Figure 3.1 ). PBPK models 

differ from the more traditional empirical compartmental approaches in that the model 

compartments are based largely on the actual physiology and anatomy of the test species 

(Andersen, 1994). For example, in PBPK models the compartments represent actual tissues, or 

groupings of tissues, with realistic weights and blood flows derived from the literature, or 

determined through experimental study. Thus nonlinear biological processes (i.e., saturable 

systems, complex receptor binding arrangements, etc.) can be incorporated into the model and 

evaluations of the potential interactions between the chemical and animal systems can be 

attempted over a wide range of conditions (Clewell m, 1995). 

At their core, PBPK models envisage the organism as a network of compartments representing 

individual organs or tissue groups interconnected by the arterial and venous blood flow. Uptake, 

distribution, metabolism, and excretion in a PBPK model are described in tenns of quantitative 

interrelationships among certain physiological, physicochemical, and biochemical parameters. 

Intercomparbnental transfer rate constants are developed based upon blood flow rates, tissue to 

blood partition coefficients, and tissue volumes for that particular test species (Krewski et al., 

1995; Mason and Wilson, 1999). 
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Figure 3.1 Overview or sequence of events foUowing chemical exposure 
(Hoang, 1995) 
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In general, even the most minimal PBPK model (i.e., for aqueous or lipid soluble substances) 

will generally contain at least three compartments: l) rapidly perfused tissues, 2) slowly perfused 

tissues, and 3) fat. These tissue groupings are chosen by virtue of characteristic differences in 

perfusion-to-volume ratio and chemical composition; properties which jointly detennine the rate 

and magnitude of equilibration between chemicals transported in the blood and those isolated in 

tissues. (Bailer and Dankovic, 1997). Absorption of chemicals in the environmental medium 

may be via pulmonary, dennal, or oral routes. The amount absorbed per unit time can either be 

calculated within the model, or the change in chemical concentration in blood or the tissue 

representing the portal of entry may be simulated using appropriate equations. The chemical in 

the arterial supply binds to blood components and/or enters the various tissue compartments 

where it may be dissolved in lipid and water components and be bound to tissue macro­

molecules. The rate of change in the amount of chemical in each tissue compartment is 
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described with mass balance differential equations (MBDEs ), defined and solved by numerical 

methods. 

In the case of metabolizing tissues, these MBDEs represent appropriate mathematical 

descriptions of the processes involved. This is typically achieved by modifying the basic 

differential equation by including terms describing either a first order clearance process (k,) or 

saturable metabolism characterized by Michaelis-Menten type enzyme kinetics (involving~ 

and V max)- As with other model parameters, these constants can be either obtained from the 

scientific literature, or estimated using either in vitro (e.g., vial equilibration technique with 

homogenates) or in vivo (e.g., measuring gas uptake or exhalation rates of animals in an exposure 

chamber) techniques (Leung, 1993). 

Xenobiotic metabolism or biotransfonnation is the principle process that determines the fate of 

most persistent organic pollutants (POPs) in the body. A primary characteristic of phase 1 (e.g., 

cytochrome P450 enzymes) and phase 2 (e.g., glucuronidation, sulfatation, etc.) metabolism is 

often to render lipophilic compounds more water soluble, which in most cases permits their rapid 

excretion from the body through urine and bile. Lipophilic compounds, such as POPs, are 

readily absorbed into the body and have a greater potential for bioaccumulation. Thus, the ability 

of the organism to clear these lipophilic compounds via biotransformation reactions influences 

the apparent toxicity displayed by these POPs by determining the delivered dose at critical target 

organs and tissues (Larsen, 1995). It is also important to note that the bioaccumulative nature of 

these compounds typically results in non-linearity in the dose-response relationship. This is often 

referred to as the "dose-dependency" of the compound as a function of the concentration, 

duration, and pattern of long-tenn exposure. As such, multicompartmental mass-balance PBPK 

models allow for the integrated use of saturable enzyme kinetics (i.e., Michaelis-Menton or Hill) 

to better describe disposition, metabolism and excretion kinetics of these compounds. 

Finally, the concentration of chemical excreted in biological tluids (e.g., exhaled air, urine, etc.) 

can be calculated using algebraic or differential equations (Haddad and Krishnan, 1998; Krewski 

et al., 199S; Mason and Wilson, 1999). The key consideration when constructing such a model 

is to maintain the correct mass balance within each tissue compartment as well as the entire 
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model by carefully accounting for the input and output mass flows of the chemical in various 

compartments. 

PBPK models are primarily limited by the availability of congener- and species-specific data that 

accurately represent the dose- and time-dependent disposition ofTCDD and related PHAH 

compounds. Thus, congener- and species-specific rate constants for metabolism and excretion 

are considered essential in developing accurate PBPK models for these compounds in a given 

target species. 

Typically, the modelling ofTCDD disposition within an organism by a PBPK model system can 

be divided into two specific methodologies: i) steady-state (time-dependent), and; ii) 

equilibrium-based (time-independent). Both models assume an existing PBPK methodological 

framework, and allow for the movement ofTCDD between the various model compartment 

groups. However, models incorporating equilibrium-based kinetics assume that a stable 

concentration relationship exists between all physiological compartments, regardless of time after 

exposure. As such, the chemical concentrations in each compartment will not change over time, 

once this equilibrium condition has been reached. Steady-state models, on the other hand, 

assume that the influx and outflow of chemical will be variable over time, and that chemical 

concentrations within the various compartmental groups will be governed by rate and mass 

transport kinetics of the individual compartments. Each type of model design has its advantages 

and disadvantages, depending on the desired modelling application, and will be discussed in 

further depth within this study. 

A complete literature review of the historical up to most recent development of PBPK models for 

dioxins and furans was conducted for the current research project. This review will be used as 

the basis of the current model development and application to address the key objectives for this 

research project. 
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3.3 PbysiologicaUy-Based Pbarmacokinetic Modelling or Dioxin Exposures 

Over the past 20 years, a variety of methodological approaches have been used to describe the 

pharmacokinetic behaviour of PCDDs and dioxin-like compounds in mammalian biological 

systems. These approaches have mirrored the continuing refinements in dosimetry modelling 

associated with increasing sophistication both in mathematical modelling techniques, as well as 

the methodological understanding by the scientific community of the modes of action of 

PCDD/Fs within biological systems (Wang et al., l 997a,b; Andersen et al., 1997a). 

The early PBPK models evaluated the disposition of PCDD/Fs (and PCBs) by taking into 

account the role of lipid solubility in tissue uptake. Unfortunately, these earlier models were 

unable to explain the greater concentration of the PCDD/Fs in the liver than in the adipose tissue 

at high doses, as well as the increase of the compounds in the liver over time (Birnbaum et al., 

1980; Birnbaum, 1986; Wang et al., 1997). TCDD model tissue concentration ratios, especially 

those present in the liver compartment, were demonstrated to be complexly related to both the 

intrinsic partitioning and to the presence of specific cytosolic and microsomal TCDD-binding 

proteins. This discrepancy led to the development of the next generation of PCDD/F PBPK 

models, based upon the hypothesis of an inducible hepatic protein responsible for hepatic 

sequestration of the PCDD/F compounds (Leung et al., 1988, 1990a,b; Andersen et al., 1993). 

These models were extended with the inclusion of hepatic binding proteins in response to 

interactions ofTCDD, the Ah receptor, and the corresponding dioxin response elements (DRE) 

on the DNA (Andersen el al., 1993). These model methodologies continued to evolve through 

the early and into the late 1990s, further delineating the role of hepatic binding on the absorption, 

distribution, and excretion of dioxin-like compounds within biological systems. 

A review of the scientific literature has indicated that the current state.of-the-art equilibrium­

based PBPK model for dioxins and furans (Wang et al., 1997a) was established based on the 

anatomy and preliminary analysis of time course tissue distribution ofTCDD in female Sprague­

Dawley rats. Eight compartments (see Figure 3.1) were chosen based upon TCDD-induced 

response (Birnbaum, 1994) and experimental data, and the model is largely similar in structure to 

the predecessor Andersen el al. (1993) and Leung et al. (1990a,b) versions. The Wang et al. 
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( 1997) PBPK model for dioxin incorporates four main determinants: i) a high fat/blood partition 

coefficient; ii) specific, inducible binding in the liver; iii) diffusion-limited tissue distribution, 

and; iv) first-order biliary excretion/elimination ofTCDD. This model was developed with the 

time course tissue distribution data obtained following a single oral dose of 10 µg [3H]TCDD/kg 

to female Sprague-Dawley rats, and later validated using other dosing regimes (i.e., 0.001, 0.1, 

0.3, 1.0, 10, and 30 µg [3H]TCDD/kg). Tissue distribution information at early time points was 

gathered to allow for better approximation of some unique parameters related to mass transfer, 

such as capillary:tissue permeability. The interaction between TCDD and the Ah receptor and 

the binding ofTCDD to hepatic induced protein (i.e., CYPIA2) was also based on a time series 

analyses, and previous work done in this area. As with previous models, hepatic induction of 

CYP1A2 was assumed to be a direct result of the formation of a TCDD-Ah receptor-DNA 

complex (Andersen et al., 1993). The Hill equation was used to describe the induction dose­

response interaction between the TCDD-Ah receptor complex with DRE binding sites on DNA. 

The model described the change of CYP1A2 with time based upon a stimulation process 

proposed by Dayneka et al. ( 1993 ), and the process governing quantification of TCDD 

specifically bound to either the Ah receptor or CYP1A2 was simplified using a Michaelis­

Menton saturable binding kinetics equation (Lauffenburg and Lindermann, 1993). 

The Hill equation is commonly used for modelling ligand-receptor binding data and allows for 

both sigmoidal and proportional response below a given maximal induction level (Portier et al., 

1993). In general, standard Michaelis-Menten kinetics can be thought of as one specific type of 

Hill model, where the Hill exponent is estimated to be l. In the case ofCYPlA2, a Hill 

exponent of 0.5 indicates a strong degree of negative cooperativity in binding. 
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Figure 3.2 A schematic representation of a steady-state based PBPK model r or 
TCDD (Wang et al., 1997) 
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Typically, a PBPK model includes a large number of equations and parameters. To obtain the 

unique value of each parameter, model simplification is important. In addition, the appropriate 

approach for parameter estimation and the experimental design to obtain the complete time 

course data for parameter estimation are critical (Wang et al., 1997). As noted previously, 

species differences in response are largely due to differences in pharmacokinetics and 

biotransformation. However, mammals, including primates, have similar anatomy, physiology, 

biochemistry and cellular structure. As numerous research studies have noted that organ size and 
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physiological function can be correlated with the body weight of the test species (Rhodes et al., 

1993), allometric scaling by weight is commonly employed to extrapolate from one biological 

system to another. 

The primary means by which xenobiotic chemicals are transported throughout the body is via the 

blood. Chemicals in blood typically partition into free and protein bound fractions, with the free 

fraction typically driving the movement of the chemical into tissue via passive transport. In 

basic PBPK models, the transport of these chemicals between blood and tissues is assumed to be 

perfusion• or flow-limited. This means that barriers to transport of the chemical between the 

blood and tissue are negligible, and that equilibrium between the free and bound fractions in 

blood and tissue is rapid (Andersen, 1994; Bailer and Dankovic, 1997). As such, concentrations 

of chemicals in specific tissue groups and the venous blood exiting the tissue are assumed to be 

at equilibrium. The flow-limited assumption is usually employed to simplify the PBPK model 

due to the lack of infonnation on membrane transfer, and is typically appropriate for lipophilic or 

low molecular weight compounds, which easily partition or diffuse through cell membranes. In 

the current model, the lungs and the spleen are considered flow-limited tissue compartments due 

to the similarity of their time course concentration profiles to that of blood (Wang et al., 1997). 

Other tissue compartments demonstrate what is tenned membrane-limited behaviour in which 

membrane penneability is the dominant mass transfer factor in tissue uptake. Under these 

conditions, equilibrium between the free and bound fractions in blood and tissue is much slower 

and entirely dependent on the ability of the chemical to penetrate tissue membranes in the 

compartment. In the current model, compartments representing the kidneys, adipose tissue, and 

the rest of the body were considered to be membrane•limited. 

A third form of compartmental mass transfer behaviour, termed membrane-influenced, is also 

attributed to certain tissue groups within this model. The membrane-influenced condition is a 

more general case than either flow•limited or membrane-limited condition, in which both blood 

flow (perfusion) rate and membrane permeability contribute to tissue uptake. In the current 

model, the skin and liver tissue groups were considered to be membrane-influenced 

compartments (Wang et al., 1997). 
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Some of the physiological dat~ for a female Sprague-Dawley rat, originally used in this 

equilibrium-based model are described below in Table 3.1. 

Table 3.1 Sprague-Dawley Rat Physiological Parameten used in TCDD Equilibrium-
Based PBPK Model (Wang et al., 1997). 

Model Parameten Abbrev. Physioloaical Parameter Estimation Parameten 
Bmly weig,,t (g) wt 250 Measured 

Tissue weight (g) 
Adipose tissue WF 17.3 Measured tissue weight-tissue 
Kidney WK l.64 blood weight 

Skin Ws 45.8 
Rest of the body W1c 117.6 
Liver Ww 9.05 
Lung wt.u. 0.81 
Spleen Wsp 0.44 
Blood We 18.9 

Tissue blood weight (g) 
Adipose tissue Wra 0.78 ILSI. 1994 
Kidney Wu 0.31 
Skin Wse 0.92 
Rest of the body WRcB 3.5 
Liver WLiB 2.41 
Lung wlu.8 0.46 
Spleen WSpB 0.12 

Blood flaw rtlle (111Vllr) 
Adipose tissue QF 462 ILSI, 1994 
Kidney QK 930 
Skin Qs 383 
Rest of the body Qlc 3620 
Liver Ql.i 1208 
Lung Qlu. 6624 
Spleen QSp 112 

Per111eabUity (•Vllr) 
Adipose tissue PAF PA~QF=0.08 Fitted to experimental data 
Kidney PAK PAJQx; =0.01 
Skin PAs p As/Qs = 0.09 
Rest of the body PA1c P~QR=0.03 
Liver PA1,i PA1&1i=0.35 
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Table 3.1 Sprague-Dawley Rat Physiological Parameters used in TCDD Equilibrium­
Based PBPK Model (Wang et al., 1997). 

Model Parameten Abbrev. Physiological Parameter Estimation Parameters 

E9uilibriu• llistribudon ratio 
Adipose tissue PF 100 Fitted to experimental data 
Kidney PK 6 
Skin Ps 10 
Rest of the body Pac 1.5 
Liver Pu 6 
Lung ptu 6 
Spleen Psp 5 

All receptor level (nM) 
Adipose tissue AhF Fitted to experimental data 
Kidney AhK 0.25 
Skin Abs 0.05 
Rest of the body Ahac 
Liver Abu 0.35 
Lung Ahtu 0.35 
Spleen Ahsp 0.1 

Dissociation constant (nM) 
TCDD-Ah KDIII 0.1 Gasiewicz and Rucci, 1984; 
TCDD-CYP1A2 KDA2 30nM Safe. 1988 

CYPJA2 
Basal level CAli.e 1.6 nmoles/g Kedderis et al., 1991 
Basal induction rate Ko=K2CAii- 160 nM/hr Webber et al .. 1993 
Maximum induction fold lnA2 600 Adjusted 
Degradation rate K2 0.1 liter/hr 

TCDD-Ah-DNA interaction constant ICA2 130nM 
Adjusted based on 
Tritscher et al., 1992 

Hill coefficient h 0.6 Fitted 
Holding time t 0.25 hour Fitted 

Oral absorption (111,r) 
Stomic empty rate Kuo 0.36 Roth et al., 1993 
Absorption rate KAts 0.2 Fitted to experimental data 

Elimination (111,r) 
Urinary vllri 1 Estimated from Allen et al., 
Fecal 5: 2.2 I 975 and Diliberto et al., 1996 

Note:· - • indicates the parameter is not sensitive to tissue distnbution 

Recently, an alternative equilibrium-based model has been described by Evans and Andersen 

(2000). The goal of this particular model was to restructure the available PBPK models in order 

to calculate TCDD dose-dependencies in terms of the total dose of TCDD in the animal. The 

authors attempted to achieve this objective by calculating a fraction of administered dose in liver 
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or liver--to ... fat concentration ratios for multiple doses to produce a typical dose-response 

representation of these variables. The PBPK model used to generate these dose-response 

representations was based on an earlier TCDD model for the rat described by Andersen et al. 

( 1993), adapted for what was termed "steady-state" conditions (based upon methodologies 

presented in Carrier et al., 1995). It is questionable as to whether this methodology can be 

correctly specified as "steady-state" given the lack of time-dependencies within the model. 

The equilibrium-based model was represented by two compartments (liver and fat) connected by 

a pooling blood supply (see Figure 3.2). As with the Wang et al. (1997) methodology, the 

induction of CYP 1 A2 was described through the formation of the Ah-TCDD complex and its 

binding to DNA using the Hill equation. Transport ofTCDD into the cell by diffusion (i.e., 

application of a permeability coefficient) was assumed to be very rapid and thus not included to 

maintain quasi "steady--state" conditions. The model methodology used assumed that all body 

stores of TCDD were in fat and liver, and as the model was at equilibrium, all blood 

concentrations leaving each compartment and re-entering as arterial blood had achieved the same 

level (i.e., Cv = CJ. 
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Figure 3.3 A schematic representation or an equilibrium-based model for 
TCDD (Evans and Andenen, 2000) 
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Some of the physiological data, for a female Sprague-Dawley rat, used in this equilibrium-based 

model are described below in Table 3.2. 
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Table3.2 Sprague-Dawley Rat Physiological Parameters used in TCDD Steady-State 
PBPK Model (Evans and Andenen, 2000). 

Model Parameten Abbrev. Pbysioloaical Parameter Estimation Parameten 

Liver-to--blood partition coefficient PL 10 Estimated 

Fat-to-blood partition coefficient PF 350 Estimated 

Percent liver/body volume VLC 4% Andersen et al., 1993 

Percent fat/body volume VFc 6% Andersen et al., 1993 

Ah receptor availability BMI 0.054 nmoles/liver Gasiewicz and Rucc~ 1984 

Ah receptor binding constant KBI 0.04nM Estimated 

CYP1A2 basal levels BM20 10 nmoles/liver Estimated 

CYP l A2 induction factor BM2i 85 fold Estimated 

CYP1A2 binding constant to TCDD KB2 6.SnM Estimated 

Hill coefficient N Estimated 

Ah receptor complex and DNA receptor 
Kd 0.0S nM Estimated binding constant 
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3.2 Evaluation of Uncertainty Inherent in PBPK Model Methodologies 

3.2.1 Overview of Model Uncertainty and Variability 

The evolution of physiologically based phannacokinetic (PBPK) models for the assessment of 

risk related to persistent organic pollutants has not been restricted to advancements in the 

understanding of underlying physiological processes (e.g., hepatic protein binding and 

sequestration within the liver). Considerable work has also been invested in establishing the 

inherent uncertainties present within a given model, and the sensitivity of each contributing 

physiological parameter. Since all empirical data have inherent errors, any model will have a 

certain degree of uncertainty associated with it. As Lao Tzu aptly stated in The Tao, "to know 

one's ignorance is the best part of knowledge", and the potential impacts of uncertainty can have 

significant implications on the true validity of any environmental risk assessment model. 

Two factors play a key role when evaluating the validating and applicability of a model and its 

results to a specific risk assessment scenario: i) uncertainty, and ii) variability. Uncertainty refers 

to a lack of knowledge about specific factors, parameters, or models. Regulatory agencies, such 

as the U.S. EPA, typically classify uncertainty based upon a framework presented by Dr. Adam 

Finkle of OSHA. In addition to natural variability, this framework recognizes three different 

types of uncertainty: i) parameter uncertainty, ii) model uncertainty, and iii) decision rule 

uncertainty. Parameter uncertainty is the uncertainty associated with the model inputs used in a 

calculation (i.e., measurement errors, sampling errors, or systematic errors). Model uncertainty 

results from the effect of simplifying nature for use in models and the associated uncertainty (i.e., 

uncertainty due to necessary simplification of real-world process, mis-specification of the model 

structure, misuse of the model, or use of inappropriate surrogate/parameter variables). Finally, 

decision rule uncertainty addresses disagreements or poor specification of social objectives (i.e., 

descriptive errors, aggregation errors, errors in professional judgement, or incomplete analysis) 

(U.S. EPA, 1997). The uncertainty inherent within a model or its parameters can be potentially 

reduced by more detailed study of the parameters or processes involved. 
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Variability, on the other hand, refers to observed differences attributable to true heterogeneity or 

diversity in a population or exposure parameter. Sources of variability are generally viewed the 

result of natural random processes, and can arise from environmental or genetic differences 

among the species being evaluated (i.e., natural variation in the bodyweights of sampled voles) 

(U.S. EPA, 1997). It is important to note that while further study can better characterize the 

variability within a given population, this type of uncertainty is usually not reducible by further 

measurement or study. 

Pharmacokinetic variability can have a large influence on the toxicity of a chemical by affecting 

the extent to which the chemical is absorbed, distributed, metabolized, and excreted. One of the 

main advantages of using PBPK models to describe pharmacokinetic variability is that 

parameters developed for these models are physiologically meaningful, and can in principle be 

estimated by independent methods. Generally, more information is available on chemical 

independent PBPK model parameters (such as blood flows and tissue volume) than on chemical 

specific parameters (such as panition coefficients and metabolic constants). Despite the best 

efforts, there will always be some uncertainty associated with the values of model parameters for 

an individual due to random error (or systematic bias) in the data used to estimate the parameter, 

intra-individual variability, and assumptions that are inherent in any model of physical processes 

(Krewski et al., 1995; Frederick, 1995). Furthennore, inter-individual variability among 

individuals in a population will ultimately lead to a distribution of values for a given PBPK 

model parameter, making the selection of a "best" singular value a difficult task. 

3.2.2 Application of Sensitivity Analyses 

Given this variability and uncertainty within the model parameters, systematic testing of the 

effects of these parameters on the model predictions within the PBPK model should be also be 

conducted to validate the developed methodology. This systematic testing is typically tenned 

sensitivity or variability analysis. Sensitivity generally refers to the variation in output of a 

mathematical model with respect to changes in the values of the model's input. A sensitivity 

analysis typically attempts to provide a mathematical characterization of the model's parameter 

values (i.e., parameter uncertainty) and input assumptions (i.e., model uncertainty) with respect 
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to the magnitude of their contribution to the overall model output variability or uncertainty. It 

also attempts to characterize the magnitude of prediction error associated with model parameter 

errors and the extent to which model structure affects the relationship between parameter and 

output errors (U.S. EPA, 1997; Clewell et al., 1994). As such, a sensitivity analysis is able to 

focus on changes in model predictions due to changes in specific model parameters, and evaluate 

the contribution that the variability of each specific parameter has on the overall calculation of 

the chemical's internal dose within a specific tissue. Based upon this information, further 

research efforts can be focused on the evaluation of the parameters which most strongly impact 

upon the model output. This process would also assist in the prioritization of data-gathering 

efforts to verify experimentally derived model parameters during future sampling, and further 

reduce model uncertainty (Clewell et al., 1994). 

Certain caveats must be expressed when conducting uncertainty and sensitivity analyses on 

PBPK model methodologies. Many researchers have indicated that models which incorporate 

nonlinear responses (i.e., receptor-binding kinetics) may be sensitive to certain parameters during 

low dose simulations, but sensitive to other parameters during high dose simulations (i.e., 

parameter sensitivity may be dose-dependent) (Frederick, 1995). As such, it is important to 

conduct a careful and complete evaluation of the model response over a wide range of 

hypothetical conditions (e.g., doses) to ensure the overall effectiveness of the sensitivity analysis. 

3.2.3 Techniques for the Evaluation of Uncertainty and Sensitivity 

The general purpose of sensitivity and uncertainty analysis, as applied to PBPK models, is to 

evaluate the degree of uncertainty in model predictions of tissue-delivered doses induced by 

uncertainty in the model parameters (Krewski et al., 1995). The results of the sensitivity and 

uncertainty analyses can also be used to estimate the potential impact of proceeding with a risk 

assessment without filling specific data gaps (Clewell m, 1995). The methods most frequently 

used for determining the uncertainty and sensitivity of model parameters include Monte Carlo 

simulation, response surface analysis, and univariate sensitivity techniques (Krewski et al., 

1995). Other techniques, such as the application of numerical Bayesian methods for reducing 

uncertainty, can also be applied. 

60 



Briefly, Monte Carlo simulations involve establishing a probability distribution for each of the 

model input parameters, based upon available experimental/observation data or incorporating 

expert opinion (i.e., Bayesian priors). The uncertainty distributions of parameter estimates are 

then derived based upon their individual probability distributions (e.g., uniform, normal, log­

normal, triangular, etc.), and used to calculate the outcome variables based upon the model 

methodology. This sampling process is repeated a large number of times, termed model 

iterations, until a statistically significant probability distribution for the desired model output has 

been created. Latin Hypercube sampling methodology is also one widely used variant of the 

standard Monte Carlo method. In this method, the typical range of probable values for each of 

the uncertain input variables is divided into ordered segments of equal probability. This allows 

for more "efficient" sampling of each parameter once from each of its possible segments, and 

ensures that the random samples are generated from all the ranges of possible values, thus giving 

insight into the extremes of the probability distributions of the outputs (Morgan and Henrion, 

1990). The main disadvantage to this methodology is that it greatly increases the computational 

and computer memory requirements in conducting the model runs. 

3.2.4 Application of Validation to Environmental Models 

The ultimate goal of phannacokinetic modelling is prediction, and model validation is a 

necessary step to ensure the overall predictive quality with respect to the model outcomes. As 

such, the potential impacts of uncertainty within the model can only be adequately addressed 

through a process of model validation. The purpose of the validation process is to determine 

whether all parameters and model forms that are essential for describing the modelled 

phannacokinetic behaviour have been adequately identified and characterized. One approach 

used by many researchers is to compare the model output with the experimental observations. 

The greater the commonality between the simulated and experimental data, the greater the 

confidence one will have in the overall model (assuming the data used for validating the results is 

not the same as that used to parameterize the model). The standard statistical techniques 

frequently used for the validation of models include: tests of means, analysis of variance, 

goodness-of-fit testing, regression and correlation analysis, Cook's statistics, confidence interval 

comparisons, the chi-squared test, the Kolmogorov-Smirnov test, factor analysis, and a variety of 
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nonparametric tests (Wen et al., 1999). However, this process can be made more difficult due to 

a lack of sufficient data ( either experimental or modelled), resulting in insufficient predictive 

baselines to properly evaluate the underlying scientific hypotheses. While model validation is a 

partly subjective process and there are no absolute criteria for model "correctness", it is 

important to use standardized criteria to detennine the appropriateness of the model (Wen et al., 

1999). 

The following are other criteria by which one can evaluate the overall appropriateness of the 

model in question: 

.. Generalizability of the model (i.e., not locked into one specific application or use due to 

"custom" fitting parameters); 

.. Internal consistency (e.g., blood volumes in each compartment add up to the total organism­

based blood volume; Kd values for enzymatic activity the same in all compartments); 

.. Computational correctness (i.e., model does not contain any mathematical mis-specifications 

or oversights); 

.. Model fonn is correct (i.e., overall structure and equations, regardless of parameter values, 

accurately reflects model objectives); 

.. Robustness to changing input parameters (i.e., model does not break down under differing 

input and exposure scenarios); 

.. Sensitivity to changing input parameters (i.e., changes to key input parameters results in 

biologically appropriate changes to model outcomes); 

.. Biological realism and relevance (i.e, correctly specifies or approximates the underlying 

biological mechanism); 

.. Agreement between different models characterizing the same process (i.e., does the 

equilibrium-based model duplicate the results produced by the steady-state model, under 

similar conditions); 

.. Heuristic value (i.e., provides usable indicator variables, such as receptor occupancy, 

induction fold, liver-to-fat ratio, etc.); 

.. Capacity to deal with dose-dependent biological responses; 

.. Parsimony in the model (i.e., the model is not over-parameterized or unduly complex); 
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.. Absence of numerical (computational) anifacts (i.e., outcome oscillations at low dose), and; 

.. Useful in extrapolations to other conditions (e.g., route, dose, dose-rate, etc.). 
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4.0 METHODOLOGY 

The following methodological approaches were used to attempt to answer the individual 

questions raised in the objectives of the current research project. 

4.1 Gathering of Field Monitoring Data 

4.1.1 Objective ()\,erview 

One objective of the current research project is to compare estimated whole body TCDD 

concentrations for a theoretical vole receptor to those measured as part of the long-term 

environmental monitoring programme conducted at the SHTC. Thus, the environmental 

concentrations of PCDD/Fs detected in sampled red-backed voles, as well as plant species such 

as Labrador tea and moss, were gathered from the SHTC environmental monitoring database for 

the key monitoring sites with the highest detected concentrations (i.e., sites 11, l 07, and 114 ). 

For the current research, environmental ambient concentrations were represented by those 

concentrations detected on the leaves of the Labrador tea or moss. Concentrations from site 107 

(closest to the facility) were used as the primary source, with data from the other near-site 

sampling locations (e.g., sites 11 or 114) used for the purposes of cross-validation and 

comparative analysis. To maximize potential ambient environmental PCDD/F concentrations, 

temporal data sampled just prior and following the accidental release event in October 1996 were 

selected. 

4.1.2 Environmental Sampling of PCDDIF Concentrations 

Two primary objectives of the SHTC wildlife monitoring program were to monitor the 

concentrations in the tissues of red-backed voles of various chemicals in emissions from the 

Treatment Centre, and to monitor the demographic characteristics of the red-backed vole (e.g. 

abundance, sex ratios, reproduction) in the vicinity of the Treabnent Centre (Westworth, 1998). 
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Voles sacrificed for the analysis of chemicals in their body tissues were collected through the use 

of snap traps by SHTC contractors. They were placed in sealed glass jars, which were labelled 

with the following infonnation: species, date of capture, location, specimen number, sex and 

body weight. The collected samples were then stored on ice until sent to an accredited laboratory 

for detailed congener-specific chemical analyses of their whole-body tissues (Westworth, 1998). 

Further details of the sampling program, as well as a field study conducted by this author 

involving a statistical evaluation of potential impacts of the SHTC on surrounding vole 

populations, can be found in a research practicum conducted by this author (Ferguson, 1999). 

4.1.J Collation and Selection o/SHTC Monitoring Data 

All sampling data used in the current project were obtained from the Swan Hills Treatment 

Centre environmental monitoring database, developed by CanTox Inc. for BOV AR Waste 

Management Limited, and later supplemented as part of this research project. The current 

research database contains sampling analytical results on a chemical-specific basis for all 

analyzed environmental media from June 1990 to February 1998. 

Distribution of Bodyweigbts for SHTC-Sampled Voles 

A variety of external physiological parameters were recorded as part of the ongoing SHTC 

biological monitoring program, including species, sex, bodyweight, reproductive condition and 

general external condition (Westworth, 1998). Table 4.1 provides an overview ofbodyweights 

of the red-backed voles sampled between June 1995 and 1998. 
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Table 4.1 Overview or Red-Backed Voles Bodyweights Sampled as part or the SHTC 
Monitoring Program between June 1995 and Junel998. 

Body Weights' (gram.1) 
Sampling Time Male Female Combined 

June 199S 21.8 ± 3.7 (n=97) 22.3 ± S.S (n=70) 22.0 ± 4.5 (n=l67) 

September 1995 16.l ± 3.0 (n=96) 1S.4 ± 3.9 (n=l57) 15.6 ± 3.6 (n=253) 

June 1996 20.8 ± 2.7 (n=38) 21.7 ± 4.5 (n=32) 21.2 ± 3.6 (n=70) 

September 1996 14.4 ± 5.0 (n=54) 14.8 ± 5.2 (n=48) 14.6 • 5.1 (n=102) 

June 1997 21.6 ± 2.3 (n=35) 25.3 •2.7 (n=23) 23.1 ± 3.1 (n=58} 

September 1997 16.1 •3.0 (n=146) 16.5 ± 3.6 (n=122) 16.3 ± 3.3 (n=268) 

June 1998 24.8 ± 3.8 (n=IOl) 26.3 ± 5.9 (n=82) 25.5 ± 4.9 (n=183) 

June 1995-1998 22.7 ± 3.8 (n=271) 24.1 ± 5.6 (n=207) 23.3 ± 4.7 (n=478) 

Scprembcr 1995-1997 15.8 ± 3.5 (n=296) 15.7 :1: 4.1 (n=327) 15.8 :1: 3.8 (n=623) 
AJ(i~•,,, ~ 'q·' Times 
. - -- .. , . . • - •·· 

19.1 sS.O(a-567) $i>::1:.U(n-S34) 19~1,: S.7'(iP=l:101)., 
I Includes trapped voles from juvenile to adult life-stages. 

No detailed bodyweights were available for February monitoring, however, bodyweights were 

typically between 8 and 12 grams (D. Skinner, Westworth and Associates, personal 

communication). This is in line with the observations and conclusions in the scientific literature 

indicating that voles substantially decrease their body mass during the months preceding winter 

(Dark and Zucker, 1986). 

Measured Congener-Specific PCDD/F Concentrations 

To achieve the aims of the current research project, dioxin and furan concentrations from various 

biological species were evaluated at three sampling locations directly surrounding the facility 

(i.e., sites 11, 107, and 114). A detailed map providing specific plot locations is provided in 

Figure 2.3. These three sites have the largest amount of historical dioxin/furan congener-specific 

data for the primary biological monitoring species (i.e., voles, Labrador tea, and moss), when 

compared to other monitoring programme sampling locations. Tables 4.2 through 4.4 

demonstrate the available historical sampling data on voles, Labrador tea, and moss at these sites, 

respectively. 
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Table4.2 Available PCDD/F Congener-Specific Data in Vole Recepton for Specific 
Exposure Impact Periods. 

Pre-Incident 
lacldeat Post-Incident 
·111pact Impact 

Site 6/90 9/90 6/91 2192 6/92 2/9] 6/9] 2/94 6/94 2/95 6/95 2/96 6/96 9196 'JW1 6/97 9/97 2198 

II 

107 ,,, 
114 

Table4.3 

Site 

11 

lOi 

114 

Table 4.4 

Site 

11 

107 

114 

,,, 
,,, ,,, ,,, 

~ 
,,, ,,, ,,, 

' ""' ,,, ,,, ,,, 
,,, ,,, ,,, ,,, ,,, ,,, 

~ 
,,, ,,, ,,, ,,, 

" 
,,, 

~ ,,, 
,,, ,,, ,,, ~ ,,, . ., ,,, ,,, ~ 

Available PCDD/F Congener-Specific Data in Labrador Tea for Specific 
Exposure Periods. 

Pre-Incident 
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Impact 
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Available PCDD/F Congener-Specific Data in Moss Samples for Specific 
Exposure Periods. 

Pre-Incident 
Post-Incident 

~tllnpact Impact 
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All dioxin/furan congener-specific laboratory results for the key biological monitoring species 

were extracted from the SHTC environmental monitoring database for the three key monitoring 

locations (i.e., 11, 107, and 114) in time-series for the sampling events immediately prior to and 

following the accidental release incident in October 1996. Actual sampling dates were 

dependent upon the particular sampling teams involved, sampling site initiation, receptor 

availability and life-cycle issues, and seasonal site access restrictions. In certain specific cases, 

sampling could not be conducted at the scheduled time (e.g., vole sampling at site 107 in 
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September 1996), while in other cases, additional unscheduled sampling was conducted for 

specific reasons (i.e., vegetation sampling during November 1996 to evaluate potential 

deposition following the October 1996 release incident). 

4.1.4 Data Cleanup and Quality Assurance/Quality Control 

The initial methodological step invol\-ed a complete quality assurance/quality control (QA/QC) 

evaluation of the extracted SHTC dataset to identify and attempt to fill existing data gaps with 

supplementary information from BOV AR or CanTox Inc. QA/QC datastamps and surrogate 

recovery rates for the laboratory chemical extractions of each sample set were evaluated to ensure 

the quality of the data being used. 

4.2 Development of TCDD PBPK Prototype Models 

To evaluate the potential efficacy and validity of the use of physiologically-based 

phannacokinetic models as a appropriate tool in the assessment of health risks related to 

environmental exposure to POPs, a thorough review of the scientific literature was conducted to 

select the most appropriate PBPK model methodology for absorption, disposition, metabolism, 

and excretion (ADME) of PCDD/Fs. A steady-state (time-dependent) PBPK model, proposed by 

Wang et al. ( 1997) was selected as the prototype analysis model for the current research. 

To evaluate potential "over-parameterization" of existing steady-state based models (i.e., Wang 

et al., 1997), an additional less-complex, equilibrium-based model, described by Evans and 

Andersen (2000), was also evaluated. 
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4.2.1 Steady- State PBPK Model 

The Wang et al. (1997) was selected as the prototype steady state-based (time-dependent) PBPK 

model to evaluate the absorption, disposition, metabolism, and excretion (ADME) ofTCDD for 

the current research project. A complete overview of the methodology and mathematical 

equations used in this model is provided in Section A-1 of the Appendix. The model was 

programmed in the Advanced Continuous Simulation Language (ACSL) PBPK programming 

system, based upon the methodology published in Wang et al. (1997). The ACSL Tox software 

suite, which includes the ACSL Model (PBPK model design), ACSL Optimize (PBPK parameter 

estimation, optimization, and sensitivity analysis) and ACSL Math (Monte Carlo routines, 

transformations, graphing, etc.), was licensed from the Pharsight Corporation (product support 

and distributor for developer, AEgis software). The model system was run on a Pentium-II 200 

MHz computer (with 128 MB of RAM) running the Windows NT 4.0 operating system. 

Figure 4.1 shows a graphical representation of the developed PBPK model within the ACSL 

modelling system. 
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4.2.1.l 

Figure 4.1 Screenshot of TCDD PBPK Model developed in the 
ACSL Modelling System 
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Revisions to Prototype PBPK Model 

Inaccuracies and gaps within the published methodologies were noted during the development of 

the model and corrected by incorporation of methodologies from other original source literature 

(i.e., source material referenced within Wang et al., 1997) and more recent publications by these 

and other authors (i.e., Wang et al., 2000, DeVito et al., 1997; Santostefano et al., 1998; Evans 

and Anderson, 2000). These inaccuracies included incorrectly transcribed fonnulas for certain 

tissue groups, as well as incomplete descriptions of certain formula steps with the model 

methodology (particularly with respect to binding interactions between the liver and CYP1A2 

compartments, and related physiological induction delays). 

This initial model was also demonstrated to be highly unstable at low administered doses. Given 

the need to evaluate the extremely low concentration levels typically found within environment 

and tissue of biota, this posed a definite impediment to its use as a suitable model to evaluate 

potential toxicity and risk. An extensive breakdown and evaluation of the model methodology 
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indicated that low ligand concentrations resulted in numerical artifacts in the nonlinear Ah­

TCDD binding term. These numerical difficulties appear to be related to the inability of the 

model (or modelling software) to properly calculate implicit differential equations at very low 

doses, resulting in oscillations in predicted compartment-specific TCDD concentrations. 

Figure 4.2 demonstrates the fluctuations present in the model's ability to calculate various tissue 

concentrations in a Sprague-Dawley rat at an administered dose of0.001 µg/kg bodyweight. 

Figure 4.2 Example of TCDD Tissue Concentration Fluctuations in Model 
Predictions at Low Administered Doses 
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Further research and brief discussions with the model's original author (X. Wang, personal 

communication, 2001) indicated that at low doses, where the amount of available TCDD ligand 

is significantly less than the Ah receptor binding coefficient (KJ, TCDD sequestration related to 

the nonlinear binding term (i.e., binding to the Ah receptor) could be essentially eliminated. This 

can be confinned by an evaluation of the underlying Michaelis-Menton kinetics, where at very 

low concentrations ligand (i.e. [L) << KJ, receptor occupancy occurs but may be trivial (i.e., the 

curve approaches 0% occupancy of receptors) (Lucier et al., 1993). 
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Further testing also indicated that these mathematical resolution issues could also be alleviated 

by greatly reducing the size of the iterative timestep within each ACSL model run (i.e., from the 

model's typical timestep of one hour to as low as measurements every 5 minutes). Reduction of 

the iterative timestep allowed for improved mathematical resolution of the differential equations 

used within certain compartments, but resulted in an extended run time of computer simulations. 

Other modifications/improvements made to the base model for the current project included: i) the 

ability to provide the administered dose as a one-time bolus (i.e., acute exposure) or as a constant 

dose spread over time (i.e., chronic exposure); ii) the ability to either maintain the initial 

bodyweight or allow growth of the test organism, and; iii) the ability to better control the 

proportion of administered dose that is transferred via 1)111phatic flow into the venous blood 

supply and that which is directly absorbed into the arterial blood supply. Finally, to evaluate the 

potential impacts of CYP1A2 ligand binding on overall disposition patterns (i.e., liver versus 

adipose sequestration ratios), the ability to diminish or completely disable binding to CYP 1 A2 

was incorporated into the developmental PBPK model. 

4.2.l.2 Development of a Multi-scenario Managing Interface 

While the ACSL Tox modelling system provides an excellent design and programming 

environment in which to develop a complex PBPK model, it is not well suited for detailed 

evaluations under multiple scenario, chemical, and species designs. 

To bridge this gap, and allow for the necessary output and statistical analyses required for the 

current research project, an interactive interface was created in Microsoft ExcelTM (version 7.0, 

Microsoft Corporation) using underlying Windows ODE (direct data exchange) systems to link 

the spreadsheet with the underlying ACSL model system. This shell spreadsheet allowed for 

easy transition between test organisms (i.e., Sprague-Dawley rats, C57BU6J mice, and red­

backed voles), test chemicals (i.e., 2,3,7,8-TCDD, 2,3,7,8-TCDF, 1,2,3,7,8•PeCDF, 2,3,4,7,8• 

PeCDF) and exposure scenarios (i.e., differing exposure concentrations, durations, etc.) by 

passing the representative PBPK data to the underlying model based upon the user's selection. 

Upon model run completio~ all relevant compartment- and run-specific data was automatically 
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displayed and analysed by the shell system. Figures 4.3 through 4.5 provide screenshots of the 

developed Excel-based model interface, while Figures 4.6 through 4.8 provide screenshots of 

both tissue-specific and receptor binding results from a completed model run. It should be noted 

that Windows DDE support appears to have degraded badly from Windows NT version 4.0 (the 

operating system on which the model was run) to more current versions of the Windows platform 

(i.e., Windows 98 and Windows ME). Considerable frustration was incurred by this researcher 

when he attempted to upgrade to a research machine using an operating system other than 

Windows NT. 

Monte-Carlo simulations and uncertainty/sensitivity analyses were conducted using the Crystal 

Ball (Decisioneering Limited) simulation add-on (version 4.0c) to the MS Excel environment. 
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Figure4.3 

Figure4.4 

Sceaari~spectnc Data Entry for Excel-Based Interface 
to the Prototype PBPK Model. 

Chemical-specific Data Entry for Excel-Based Interface 
to the Prototype PBPK Model. 
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Figure 4.5 Species-Specific Data Entry r or Excel-Based Interface 
to Prototype PBPK Model 
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Figure 4.6 Interactive Model Run Results Displayed in Excel­
Based Interface to Prototype PBPK Model 
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Figure 4.7 Oven-iew or PBPK Model Results Displayed in Excel­
Based Interface to Prototype PBPK Model . 
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4.1.2.3 Species-Specific Physiological Data 

Three distinct species of rodents, the Sprague-Dawley rat, the C57BU6J mouse, and the red­

backed vole, were selected as test organisms to evaluate the efficacy and validity of the selected 

equilibrium-based PBPK methodology for assessing the disposition ofTCDD within living 

organisms. While there are similarities in the phannacokinetics ofTCDD between various test 

species, there are also subtle differences between species that must be incorporated into the 

proposed PBPK methodology. 

Sprague-Dawley Rat 

The initial model, based upon the Wang et al. ( 1997) methodology, was developed using the 

Sprague-Dawley rat as the test organism. Biological and physiological parameters for this rat 

strain were obtained from the Wang et al. (1997) source paper. 

CS7BU6J Mouse 

As a mid step between the rat and vole specific PBPK models, physiological parameters for the 

C57BU6J mice were gathered. The C57BU6J mouse is a hybrid mouse strain (based on the C57 

black laboratory mouse), weighing approximately 20 grams, and was selected due to its general 

similarities to those physiological parameters found in the red-backed vole sentinel species. 

Biological and physiological parameters for this mouse strain were obtained from the research 

presented by Wang et al. (2000), or modified allometrically as a function of bodyweight from 

data presented in Wang et al. (1997). 

To evaluate the appropriateness of these parameters, experimental data provided by Diliberto et 

al. (1999) were compared to the results of the PBPK model run under similar exposure 

conditions (i.e., 25 µg TCDD/kg bodyweight). Results of this comparison indicated that both the 

urinary and fecal excretion rates provided in Wang et al. (2000) were too low and under­

estimated the contribution ofTCDD elimination at the earlier exposure periods (i.e., ~4 days). In 

a study involving TCDD•treated mice, fecal excretion of TCDD-derived radioactivity ranged 

from 18% to 28% of administered dose by 4 days (Diliberto et al., 1999). Results of multiple test 
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runs indicated that values of 1.5 and 6 hour1 provided better matches to the presented time-series 

results for urinary and fecal excretion, respectively. 

Wang et al. (2000) also recommended that l .S nmoles/gram of liver tissue be selected as the 

basal level of CYP1A2 with the liver. However, modelling analysis indicated that this value 

resulted in an underestimation in the level of CYP1A2 within the liver, and a related lower 

calculated liver-to-fat ratio when compared to the Diliberto et al. (1999) experimental results. 

Testing of the revised model indicated that using a value of 1.6 nmoles/gram (as specified for the 

Sprague-Dawley rats) resulted in sequestration patterns which more accurately reflected the 

experimental data. Fit between experimental data and model results were further improved by 

reducing the CYP l A2 physiological delay period to l hour from the value of 1.5 hours suggested 

in Wang et al. (2000). 

Table 4.5, below, provides a summary of the parameter revisions made to the prototype PBPK 

model to better fit the experimental results observed for C57BU6J mice. 

Table 4.5 Summary of Parameter Revisions made to Better Fit the Prototype PBPK 
Model to C57BL/6J Mice Experimental Results (Diliberto et al., 1999). 

Parameter 

Urinary excretion rate (hour 1
) 

Fecal excretion rate (hour"1
) 

Basal level ofCYP1A2 in livcr(nmolcs/gram) 

CYP l A2 physiological delay period (hours) 

Gapper's Red-backed Vole 

Orialnal Value 

l 

2.2 

1.5 

1.5 

Revised Value 

l.S 

6 

1.6 

Vole biological and physiological parameters was gathered from researchers using voles as their 

investigative species, and the scientific literature. Any remaining data gaps were filled using 

allometrically adjusted data obtained from Wang et al. (1997) or other relevant studies (Andersen 

et al., 1997a; Diliberto et al., 1996; Kedderis et al., 1991; Webber et al., 1993). Given the 

minimal amount of data available for voles (particularly related to liver-based metabolism), many 

of the parameters were assumed to be equivalent to those used to characterize the C57BU6J 

mouse, given the similar sizes and organ weights. 
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Tissue-specific organ weights for red-backed voles were obtained from an extensive database of 

small mammal and bird sampling measurements (Mallory, 2001) and are presented below in 

Table 4.6. 

Table 4.6 Red-backed Vole Summary Organ Weights (MaUory, 2001). • 

Parameter 
Weight (graDLI) 

Total Liver Lun1s Kidneis seteen 

Botl,Sexn 
Count (n) 421 420 419 418 389 

Mean 28.5 1.7 0.364 0.264 0.164 

Standard Deviation 7.2 0.985 0.164 0.0785 0.187 

Male Voles 
Count (n) 247 246 246 246 233 
Mean 28.6 1.66 0.362 0.268 0.187 

Standard Deviation 6.65 1.17 0.143 0.0761 0.212 

Fe111ale Voles 
Count (n) 174 174 173 172 165 
Mean 28.4 1.77 0.366 0.257 0.131 
Standard Deviation 7.94 0.634 0.191 0.0814 0.14 

I Confidential red•backed vole data was provided by Dr. Frank Mallory of Laurentian University. This data is not to be used 
without the express permission of Dr. Mallory (fmallory@nickcl.laurentian.ca). 

Using a daily consumption rate of 0.31 g/g/d for the Gapper's red-backed vole (McManus, 1974), 

daily consumption rates of congener-specific PCDD/F concentrations in environmental media 

can be estimated from the PCDD/F concentrations detected in surrounding biota (i.e., Labrador 

tea and moss). 

Table 4. 7 provides a list of the species-specific physiological parameters used in the TCDD 

PBPK model, for each of the three test species. 
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Table 4.7 PBPK Physiological Parameten Selected for each Test Species. 

Parameters Abbr. Sprague- C57BU8J Mice b 
Red-Backed 

Dawley Rats • Voln c 

Model-Wide ,,.,.,,,.,.,. 

Body weight (grams) 250 20 28.5' 
Allometric coefficient for cardiac output from Qcar 311.4 275• 275 1 

bodyweight 
Allometric parameter describing bodyweight change aO 0.41 0.41 8 0.41 8 

Allometric parameter describing bodyweight change bO 1402.5 1402.5 I 1402.5 I 

Dissociation constant of Ah receptor binding (nmole/g) Kd 0.0001 0.0001 0.0001 

Chemlcal-saecltlc ,,.,.,,,.,.,. 
Absorption rate constant from GI tract to blood (hour'"') Kabs 0.2 0.2• 0.2 1 

Oral bioavailability of TCDD (unitless) BAtcdd 0.7 0.7 1 0.7' 

Venous Blood ComQ!rtment 
Tissue volume as percentage of body weight Ve 0.0756 0.05• 0.05 

Luna Com@rtm•nt 
Initial TCDO compartmental concentration Clu0 0.0001 0.0001 0.0001 
Ah receptor binding capacity Bmax 0.00035 0.00035 0.00035 
Equilibrium ratio of tissue to blood concentration Plu 6 6 6 
Percentage of blood flow rate through tissue Qluc 1 1 1 
Fraction of overall tissue volume composed of blood Vbc 0.568 Q.568 d 0.568 d 

Tissue volume as percentage of body weight Vluc 0.00324 0.0073 • 0.00553' 

Kidney Compartment 
Initial TCDO compartmental concentration Clu0 0.0001 0.0001 0.0001 
Ah receptor binding capacity Bmax 0.00025 0.00025 0.00025 
Urinary excretion rate (hour 1) Kk 1.0 1.5 g 1.5 
Membrane permeability•area / blood flow rate PAc 0.010 0.01 0.01 
Equilibrium ratio of tissue to blood concentration Pk 6 10 10 
Percentage of blood flow rate through tissue Qkc 0.141 Q.141 d 0.141 d 
Fraction of overall tissue volume composed of blood Vbc 0.189 Q.189 d 0.189 d 

Tissue volume as percentage of body weight Vkc 0.00656 0.0167 • 0.0075' 

Skin Compartment 
Initial TCDO compartmental concentration Clu0 0.0001 0.0001 0.0001 
Ah receptor binding capacity Bmax 0.00005 0.00005 0.00005 
Membrane permeabUity•area / blood flow rate PAc 0.09 0.07 0.07 
Equilibrium ratio of tissue to blood concentration Ps 10 20 20 
Percentage of blood flow rate through tissue Qsc 0.058 Q.058 d 0.058 11 

Fraction of overall tissue volume composed of blood Vbc 0.0201 Q.0201 d Q.Q201d 
Tissue volume as percentage of body weight Vsc 0.183 0.1653 • 0.1653 

Adlooa• nuue ComNttment 
Membrane permeabil1ty•area / blood flow rate PAc 0.08 0.12 0.12 
Equilibrium ratio of tissue to blood concentration Pf 100 125 g 125 
Percentage of blood flow rate through tissue Qfc 0.0699 0.0699 d 0.0699 d 

Fraction of overall tissue volume composed of blood Vbc 0.0503 0.0503 d 0.0503 d 

Tissue volume as percentage of body weight Vfc 0.0692 0.068 • 0.068 

80 



Table 4.7 PBPK Physiological Parameten Selected for each Test Species. 

Parameters Abb Sprague- C57BU6J Mice D Red-Backed 
'· Dawley Rats• VolH c 

Rest of the Bodv Compartment 
Membrane permeability"area / blood flow rate 
Equilibrium ratio of tissue to blood concentration 
Percentage of blood flow rate through tissue 
Fraction of overall tissue volume composed of blood 
nssue volume as percentage of body weight 

SplHn Compartment 
Initial TCOO compartmental concentration 
Ah receptor binding capacity 
Equilibrium ratio of tissue to blood concentration 
Percentage of blood flow rate through tissue 
Fraction of overall tissue volume composed of blood 
nssue volume as percentage of body weight 

Uv•r Compartment 
Initial TCDD compartmental concentration 
Ah receptor binding capacity 
Dissociation constant of binding to CYP1A2 
Biliary elimination rate (hour1) 

Membrane permeability"area / blood flow rate 
Equilibrium ratio of tissue to blood concentration 
Percentage of btood flow rate through tissue 
Fraction of overall tissue volume composed of blood 
nssue volume as percentage of body weight 

CYP1A2 Compartment 
Basal level of CYP1A2 within the liver (nmole/gram) 
Hill coefficient (unitless) 
Value lo cause half of the maximum induction folds 
Maximum induction folds over the basal induction rate 
First-order degradation rate constant of binding (1/hour) 
CYP1A2 physiological holding time (hours) 

PAc 
Pre 

Qrec 
Vbc 
Vrec 

CluO 
Bmax 
Psp 

Qspc 
Vbc 
Vspc 

CluO 
Bmax 
Kdcyp 

Kli 
PAc 
Pli 
Qc 
Vbc 
Ve 

CcypO 
h 

1Ca2 
1Na2 
K2 
tau 

0.030 
1.5 

0.548 
0.0298 
0.470 

0.0001 
0.0001 

5 
0.017 
0.273 

0.00176 

0.0001 
0.00035 

0.030 
2.20 
0.35 

6 
0.183 
0.266 
0.0362 

1.6 
0.6 
0.13 
600 
0.1 
0.25 

• Data obtained from Wang et al. (1997), unless otherwise specified. 
b Data obtained from Wang et sf. (2000), unless otherwise specified. 
' Assumed based upon C57BU6J mouse data, unless otherwise specified. 
d Assumed based upon Wang et al. (1997). 
• Obtained from ILSI PBPK database information presented in Brown et al. (1997). 

Data obtained from red-backed vole sampling database (Mallory, 2001). 

0.03 
3 

0.548 d 

0.0298 d 

0.512 • 

0.0001 
0.0001 

5 
0.017 d 

0.273 d 

0.0035 • 

0.0001 
0.00035 

0.035 
6g 

0.35 
6 

0.183 d 

0.266 d 

0.0549 • 

1.6" 
0.6 d 

0.13 d 

6QQd 

0.1 
1.0 ° 

~ Data obtained based upon fitting model results to experimental results (Diliberto et al., 1999). 

0.03 
3 

0.548 d 

0.0298 d 

0.512 

0.0001 
0.0001 

5 
0.017 d 

0.273 d 

0.00418' 

0.0001 
0.00035 

0.035 
6 

0.35 
6 

0.183 d 

0.266 d 

0.0438' 

1.6 
0.6 d 

0.13 d 

600 d 

0.1 
1 

The chemical-specific parameters used in the evaluation of gastrointestinal absorption of TCDD 

(i.e., absorption rate constant and oral bioavailability) were assumed equivalent across the 

various species. Research bas indicated that no interspecies differences have been observed for 

the absorption of PCDDs and PCDFs from the gastrointestinal (GI) tract. This is thought to be 

due to molecular size and solubility being the rate limiting factors for GI tract absorption (Van 

den Berg et al., 1994). 
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Where species-specific data were unavailable, data from the better characterized Sprague-Dawley 

rat or C57BU6J mouse were substituted. This was viewed as a reasonable approach given that 

most of these parameters were allometrically-linked to the tissue volume of the specific 

compartment, and species-specific tissue volumes were available for all compartments in almost 

every case. 

An extensive review of the scientific literature, as well as discussions with various laboratories 

conducting research with voles, failed to provide any suitable infonnation on which to base 

ligand-receptor parameter selection (i.e., for either the Ah or CYP1A2 receptor systems) for the 

vole sentinel receptor. Given this lack of information, data from the physiologically-similar 

CS1BU6J mouse receptor were used to represent the necessary ligand-receptor data in the vole 

receptor. 
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4.1.2.4 Chemical-Specific Physiological Data 

The initial prototype PBPK model was developed to evaluation the phannacokinetic disposition 

ofTCDD within the Sprague-Dawley rat. However, while TCDD is the most toxic of the 

PCDD/F congeners and is commonly the primary focus of environmental risk assessments, 

chemical analyses of environmental media and biotic receptors have indicated that TCDD 

typically makes up a very minor component (approximately 0.8%) of the total PCDD/F mass 

(Czuczwa and Hites, 1995; Rappe et al., 1987). This trend has also been observed in the 

chemical analyses conducted on environmental biota sampled as part of the SHTC long-tenn 

monitoring program, with results indicating very low or non-detect TCDD biotic concentrations 

in most cases (presented in Results section). This pattern is primarily due to the congener­

specific pattern, or "fingerprint", typically associated with the combustion releases from an 

incineration process (i.e., furans, particularly the PeCDFs, tend to dominate). A more detailed 

discussion of this pattern and congener-specific fingerprinting can be viewed in this researcher's 

Masters thesis project (Ferguson., 1998). 

Given the particular congener-specific fingerprint associated with incineration facility emissions 

and the very low levels ofTCDD detected in the biota sampled as part of the SHTC monitoring 

program, it was necessary to attempt to evaluate other congeners of interest, in addition to 

TCDD. Based upon the typical fingerprint demonstrated in chemical samples, three additional 

congeners were selected for evaluation: i) 2,3,7,8-tetrachlorodibenzofuran (TCDF); ii) 1,2,3,7,8-

pentachlorodibenzofuran (1-PeCDF), and; iii) 2,3,4, 7,8-pentachlorodibenzofuran( 4-PeCDF). 

To adapt the current TCDD-based model for these structurally-related congeners, the shell 

interface was designed to allow for the adjustment of key phannacokinetic and 

phannacodynamic parameters. 

Given that the current PBPK model was developed for TCDD and that many of its parameters 

were "fitted" to experimental data derived from exposures to TCDD, ratio-based adjustments to 

the existing TCDD-derived parameters are more appropriate than simply substituting values 

obtained for each parameter from the literature (S. Safe, personal communication, 2001 ). 
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As noted previously, the disposition (and ultimate toxicity) of the PCDD/F congeners is 

controlled by four key chemical-specific factors: 1) the lipophilicity of the chemical; 2) the Ah 

receptor ligand-specific affinity; 3) CYP1A2 sequestration affinity, and; 4) metabolism of the 

chemical. 

Lipophilicity of the Chemical 

To account for differing phannacokinetic disposition due to the chemical's lipophilicity, a 

lipophilicity adjustment factor was calculated for each congener based upon the ratio of its 

octanol-water partition coefficient <Kaw) to that ofTCDD. This lipophilicity adjustment factor 

was then used to update the equilibrium ratio of tissue to blood concentration for each 

compartment (e.g., the equilibrium ratio for the lung compartment of 6 was adjusted by 0.2 for 

TCDF to provide a TCDF-specific equilibrium ratio of 1.2). The chemical-specific Kaw values 

were calculated from the respective log Kow values presented in USEP A (2000). Table 4.8, 

below, provides the specific calculation parameters and calculated lipophilicity adjustment 

factor, for each of the assessed congeners. 

Table 4.8 

Chemical 

2.3,7,8-TCDD 

2.3, 7 ,8-TCDF 

1,2,3, 7 ,8-PeCDF 

2,3 ,4, 7,8-PeCDF 

• U.S. EPA (2000) 

Specific parameters used in the calculation of congener-specific lipopbilicity 
adjustments. 

LogK_.• Estimated K.. Lipopblllcity Adjustment 
Factor 

6.8 6310000 

6.1 1260000 0.2 

6.79 6170000 0.977 

6.S 3160000 0.501 

Following an oral dose, TCDD and related lipophilic compounds are delivered to the blood 

circulation via the lymphatic system as well as via the GI tract (Lakshmanan et al., 1986). As 

noted in Wang et al. ( 1997), the process of absorption for lipophilic compounds by the GI tract 

and delivery into the blood circulation via the lymphatic system were analyzed in detail by Roth 

et al. ( 1993), and were simplified in the current model through the use of specific empirical 

parameters ~ and ~- The emptying rate of the stomach OCst) is an organism-specific value, and 
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would not differ with the particular congener under study. The fraction of total dose absorbed 

(Ka.,J was estimated for TCDD by Wang et al. ( 1997) by fitting the model to the tissue 

distribution. Given that research has demonstrated that plasma lipoproteins act as carriers for 

extremely hydrophobic chemicals (Roth et al., 1993) and that the chemicals being assessed have 

very similar lipophilicity, it was assumed that the Kw value for TCDD absorption would be 

suitably representative for the other assessed congeners. This assumption is strengthened by 

studies into PeCDF absorption and elimination by Brewster and Birnbaum (1987) which showed 

that more than 70% of the administered dose was absorbed from the gut, independent of the 

amount of PeCDF administered in the dose range studied. 

The potency of the ligand for eliciting a response (i.e., the dose-response relationship) is 

dependent upon the properties of affinity and efficacy. Affinity refers to the strength of the 

interaction, or binding, with the receptor, and is a property of the ligand and receptor. Efficacy, 

on the other hand~ is the ability of that ligand-receptor complex to ultimately produce a response 

and is influenced by both ligand- and tissue-specific properties (Hestennann et al., 2000). While 

separation of receptor-ligand action into the properties of affinity and efficacy allows for 

improved prediction of the behaviour of complex mixtures of ligands, as well as mechanistic 

comparison across species and toxic endpoints (Hestermann et al., 2000), the current PBPK 

models only attempt to address the impacts of ligand-receptor affinity when evaluating ligand 

binding to the Ah and CYP 1 A2 receptor systems. 

Chemical--specific variations in ligand affinity to both the Ah and CYP 1 A2 receptor systems are 

primarily governed by the dissociation constants {K0 ) for each of the receptors. There is 

considerable uncertainty with respect to the methodology used to calculate these ligand-specific 

K0 values. The K0 values are dependent on ligand, the somce of the cytosol preparation, and the 

assay procedures (Safe, 1988). Absolute values for ligand-receptor binding affinities are 

typically calculated from studies of competitive displace of 3H-TCDD or saturation binding 

studies using Woolf or Scatchard plot analysis ( a graph used to study molecular interaction in a 

mixed population of molecules in which different types of molecules are bound reversibly to one 

another). However, research has demonstrated that the rat cytosolic Ah receptor is thennally 

unstable, and therefore the results obtained from Scatchard plots are inaccurate and tend to 
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significantly overestimate the true value ofK0 (Brown et al., 1992; Rosengren et al., 1992). 

Furthermore, due to these issues some researchers question the accuracy of using Kd developed 

based upon these types of studies (Santostefano et al., 1994). 

Ah Receptor Ligand-Specific Affinity 

To account for differences in the chemical-specific K0 values, in comparison to TCDD, 

pharmacodynamic adjustment factors for each receptor were calculated for each of the chemicals. 

The receptor-specific K0 values (to which the TCDD-based model was originally "calibrated') 

were then adjusted by these receptor-specific adjustment factors. Given the considerable 

variability in K0 values presented in the literature, largely due to the type of assay and the 

conditions under which it was conducted (e.g., temperature, dose, etc.), it is likely that absolute 

K0 values are a lot less reliable than calculated adjustment factor ratios which are self-calibrating 

assuming similar assay conditions or estimation methodology. 

A considerable amount of research in the past decade has been directed at the derivation of 

predictive Quantitative Structural-Activity Relationships (QSAR) and Quantitative 

Structure-Property Relationships (QSPR) models. Previous QSAR analyses suggest that steric, 

electrostatic, hydrophobic, hydrogen bonding and dispersion properties may all be important for 

Ah receptor binding affinity (Tuppurainen and Ruuskanen, 2000). A number of recent QSAR 

studies have indicated that the methodology appears to provide a reasonable estimate of Ah 

receptor binding affinity for a large number ofbiphenyls, dibenzofurans, and dibenzo-p-dioxins 

(Tuppurainen and Ruuskanen, 2000; So and Karplus, 1997; Waller and McKinney, 1995). Given 

the considerable uncertainty inherent in the use of experimentally derived Kd values, and the 

complete lack ofKd information on the 2,3,4,7,8-PeCDF congener in the scientific literature, it 

was decided that the development of pharmacodynamic adjustment factors, based upon the 

differences in QSAR-estimated binding affinities for each congener compared to that ofTCDD, 

would be the more prudent methodology for the current investigation. 

Using structure and affinity data, QSAR models developed by Tuppurainen and Ruuskanen 

(2000) predicted EC50 values of 10, 41.0, 74.5, and 15.0 nM (calculated by taking the -antilog 
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value of the pECso values: 8.000, 7.387, 7.128, and 7.824 M) for TCDD, TCDF, 1-PeCDF, and 

4-PeCDF, respectively. The ECso values are one representation of the ligand's affinity to the Ah 

receptor, and typically indicating the concentration of the ligand required to elicit half-maximal 

response expression (typically CYPlA via quantification ofEROD activity) (Hestennann et al., 

2000). As such, as the receptor-ligand affinity (or ECs0) increases, the related K0 value will 

correlationally decrease. 

Table 4.9 provides the chemical-specific ECso values and calculated receptor adjustment factors 

for both receptor sets, used to produce revised K0 values for the other assessed congeners. For 

example, the species-specific Ah receptor K0 value assumed for TCDD in the prototype steady­

state model (i.e., 0.1 nM for the Sprague-Dawley rat) was multiplied by the calculated adjustment 

factor to produce a revised, chemical-specific Ah receptor K0 value for that particular species. 

Table 4.9 

Chemical 

2,3,7,8-TCDD 

2,3,7,8-TCDF 

1,2,3, 7,8-PeCDF 

2,3,4, 7,8-PeCDF 

Chemical-specific dissociation constants and calculated adjustment factors 
for Ab receptor affinity. 

lO 

41 

74.S 

IS 

Ab Receptor Affinity 
Adjustment Factor• 

4.1 

7.45 

l.S 

~ As the adjustment factors will be applied to the species-specific Ah receptor K0 value, these factors represent an inverse 
function of the affinity (i.e., as K0 increases, the ligand-receptor affinity decreases). 

CYP JA2 Binding Affinity 

Unfortunately, there is very little infonnation in the scientific literature for the estimation of 

chemical-specific CYP1A2 dissociation constants, and conservative assumptions are typically 

used to estimate appropriate values. While quantification of enzyme induction, such as ACOH 

activity for CYPIA2, provides a good indication of relative potencies for the various congeners 

(De Vito et al., 1997), they are indicators which combine the impacts of both Ah and CYP 1 A2 

receptor binding events. As sue~ it would be difficult to estimate either the Ah or CYP 1 A2 

ligand-receptor binding Kd based upon ACOH induction. There are a number of likely methods 
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to get around this difficulty (e.g., mRNA expression assays, immuno-assays, extraction of 

CYP1A2 to an in vitro system for quantification ofligand binding, etc.). However, much of this 

research has been conducted on the CYPlAl isozyme, with less focus being placed on its 1A2 

counterpart. 

The CYP 1 A2 dissociation constant {K02) for TCDD was estimated by fitting the parameter based 

upon experimental time course tissue distributions (Wang et al., 1997). Research conducted by 

DeVito et al. (1998) provided disposition, in% dose/gram units, of various PCDDs and PCDFs 

over a range of doses, following a 13-week subchronic gavage study. Given the close 

similarities in the phannacokinetics ofTCDD and the other assessed congeners, at oral exposure 

doses sufficiently elevated as to result in maximal Ah receptor occupancy, one would expect any 

differences in congener-specific liver concentrations would be a result of differing CYP1A2 

binding affinities. De Vito et al. ( 1998) reported liver-specific concentrations of 6.62, 1.19, 0.99, 

and 21.32 % dose/gram tissue for TCDD, TCDF, 1-PeCDF, and 4-PeCDF, respectively, at the 

highest administered dose level. Given these relative concentrations, the ratio of K02 for 

CYP1A2 binding of each particular congener to that ofTCDD was calculated as 5.56, 6.69, and 

0.311 for TCDF, 1-PeCDF, and 4-PeCDF, respectively (e.g., 6.62 I 1.19 = 5.56-fold for TCDF, 

etc.). This results in a calculated K02 for CYP1A2 binding of 0.167, 0.201, and 0.00932 for 

TCDF, 1-PeCDF. and 4-PeCDF, respectively (e.g., 0.03 nmole/gram • 5.56 = 0.167 nmole/gram 

tissue for TCDF, etc.). Given the lack of other suitable data, these chemical-specific values were 

used as initial values in the assessment of CYPIA2 ligand binding in the current study (see Table 

4.10). 

Model run results based upon these assumptions were compared to tissue distribution data for 4-

PeCDF dosed C57BU6N mice (Diliberto et al., 1999). Based upon a 300 µg 4-PeCDF/kg 

bodyweight dose, model results indicated that the initial CYPIA2 K02 estimated was over­

estimating sequestration of 4-PeCDF in the liver. A more accurate reflection of the tissue 

distribution presented in Diliberto et al. ( 1999) was obtained when an adjustment factor of 0.45 

(rather than previously estimated value of0.311) was used. 
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Table 4.10 Chemical-specific dissociation constants and calculated adjustment facton 
for CYPl Al receptor affinity. 

Chemical 

2,3,7,8-TCDD 

2,3,7,8-TCDF 

1,2,3, 7 ,8-PeCDF 

2,3,4, 7,8-PeCDF 

Initial 

Revised 

1 Wang et al. ( 1997). 
b Calculated (sec discussion above). 

CYPIAl Receptor Affinity 
Dislocladon Constant (Kan) Adjustment Factor 

0.03 • 

0.167b 

0.201 b 

0.00932 b 

5.56 

6.69 

0.311 

0.45 

The Hill coefficient (h), which describes the interaction between the ligand-Ah receptor complex 

and the binding sites on DNA, was obtained for TCDD by Wang et al. (1997) by fitting their 

model with both time coW'Se and Day 3 tissue concentration data. Given this term represents the 

interaction between a bound Ah receptor and DNA binding sites at the DRE, and is biologically 

meant to loosely reflect the number of available DNA binding sites with cooperative binding 

interactions, the value calculated for TCDD by Wang et al. (1997) was assumed representative 

for the other assessed congeners (i.e., species-specific, rather than chemical-specific). However, 

it is important to remember that this is ultimately a .. fitted" parameter, based upon TCDD time­

series data, and as such would have a degree of uncertainty associated with it when used for 

circumstances outside of the scenario for which the base model was designed. As it is a fitted 

parameter, the default value specified by Wang et al. (1997) of0.6 was assumed for other 

assessed congeners. 

Metabolism and Elimination of the Chemical 

Finally, differing rates of metabolic breakdown of the individual congeners can play a significant 

role in disposition and excretion patterns within biological species. Although the relative rate of 

metabolism ofTCDD and related compounds can be roughly estimated from tissue and excretion 

half-life data of the metabolic breakdown products, other factors such as relative body 

composition (e.g., amount of adipose tissue), hepatic and extrahepatic binding proteins (i.e., 

CYP l A I and CYP 1 A2), and direct intestinal elimination of the parent compound can also 
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regulate excretion (mOlson et al., 1994). In the current steady-state model, the biliary 

elimination ofTCDD from the liver was assumed to follow first-order kinetics, since research 

has demonstrated that very little TCDD is subject to metabolic breakdown in the liver (Wang et 

al., 1997). In addition, the excretion ofTCDD parent compound and its metabolites from the 

liver via bile was also assumed to follow first-order kinetics. Given this, Wang et al. ( 1997) used 

on °lumped" empirical parameter to represent the unknown parameters of the metabolic and 

excretion rate constants. Research has also demonstrated that the amount ofTCDD and its 

metabolites eliminated via urinary excretion is fairly small (Allen et al., 1975; Diliberto et al., 

1996). It is believed that the excretion of metabolites from the kidney may be controlled by the 

metabolic rate in the liver or the membrane transfer process (Wang et al., 1997). As such, the 

current model assumes first-order kinetics of urinary excretion, as shown previously by 

Birnbaum (1986). To calculate the chemical-specific excretion rates, a ratio of half-lives for each 

congener to that ofTCDD was used to create congener-specific adjustment factors. 

The elimination constants ofTCDD from both kidney and liver were calculated by Wang et al. 

(1997) based on the kidney and liver time course data, as well as elimination data (Allen et al., 

1975; Diliberto et al., 1996). As for TCDD (< 1.5%), studies have demonstrated that urinary 

excretion plays a very minor role in the clearance ofTCDF (< 3%) and the PeCDFs (< 0.2%) 

from rodent species (Diliberto et al., 1996; King et al., 1983; Brewster and Birnbaum, 1987). As 

such, the urinary elimination constant for TCDD was assumed for the remaining assessed 

congeners. 

Fecal elimination is the primary route of excretion for TCDD and the other assessed congeners. 

Three days after an oral dosing of TCDD in rats, fecal excretion of percentage administered dose 

was 32.2%, with an overall calculated biliary linear elimination constant of 2.2 (hour1
) 

(Diliberto et al., 1996). In studies on TCDD-treated CS7BU6N mice, fecal excretion was 

determined to be 28% of administered dose by 4 days, while in 4-PeCDF-treated C57BU6N 

mice, fecal excretion was approximately 31 % of administered dose by 4 days (Diliberto et al., 

1999). Rates of fecal excretion of TCDF, on the other hand, are considerably higher than those 

viewed in TCDD or the PeCDFs. Studies have demonstrated that the rat excretes 63 to 70% of 

an oral dose ofTCDF in feces in 3 days (Birnbaum et al., 1980). 
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As previously noted, model run results based upon these assumptions were compared to tissue 

distribution data for 4-PeCDF dosed C57BU6N mice (Diliberto et al., 1999). Based upon a 300 

µg 4-PeCDF/kg bodyweight dose, model results indicated that the initial estimated fecal 

elimination adjustment factor was under-estimating the excretion rate of 4-PeCDF. A more 

accurate reflection of the tissue distribution presented in Diliberto et al. ( 1999) was obtained 

when an fecal elimination adjustment factor of 1.5 (rather than previously estimated value of 

0.278) was used. This revised elimination adjustment factor appears to be more in line with the 

results of the experimental excretion data, where TCDD-treated C57BL'6N mice demonstrated 

fecal excretion of 28% of administered dose by 4 days, while in 4-PeCDF-treated C57BU6N 

mice demonstrated fecal excretion of 31 % of administered dose by 4 days (Diliberto et al., 1999). 

Table 4.11 provides the half-lives reported in a variety of studies for each congener, and the 

associated calculated excretion adjustment factor (i.e., TCDD half-life divided by the congener­

specific half-life). 

Table 4.11 Congener-Specific Fecal Excretion Half-Lives and Calculated Adjustment 
Factor. 

PCDD/F Con1ener Half-Life (days) Calculated 
Reference Adjustment Factor 

2,3,7,8-TCDD 3JI Rose et al., 1976 

2,3,7,8-TCDF 1.8 b 17.2 Birnbaum et al., 1980 

l .2,3,7,8-PeCDF 3.3 C 9.39 Van den Berg et aJ., l 989 

2,3,4,7,8-PeCDF 

lnitial 108 4 0.287 Van den Berg et al., 1989 

Revised 1.5' Estimated ( see above) 

• Calculated based upon an orally administered dose of 1.0 1'8 TCDO/kg to male and female Sprague-Dawley rats. 
b Calculated based upon an iv administered dose of 0.1 µmoVkg to male Fischer 344 rats. 
c Calculated based upon an orally administered dose of 4.0 1'8 1-PeCDF/kg to female Sprague-Dawley rats. 
ct Calculated based upon an orally administered dose of5.6 l,lg 4-PeCDF/kg to female Sprague-Dawley rats. 
c Calculated by fitting PBPK model results to experimental data presented in Diliberto et al. ( 1999). 

Due to inherent dose-dependencies in TCDF excretion, caution should be taken selecting one 

value for the elimination rate constant. In control, uninduced rat liver, the rate ofTCDF 

metabolism was shown to be 2- to 7-fold greater than that of TCDD at dose rates between 0.01 

and 0.1 µM, depending on the degree ofCYPlAl induction (Olson et al., 1994). In vitro results 

suggest that TCDF is far more persistent in the rat at very low exposures due to little or no 
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induction ofCYPIAl and CYPIA2. However, as the current PBPK model does not have a sub­

module for assessing the potential impacts ofCYPlAl metabolism and ultimate elimination via 

urinary and fecal excretion, it was conservatively assumed to be included in the fecal elimination 

term (i.e., it is likely underestimating excretion and overestimating body burden TCDF 

concentrations at elevated exposure doses which highly induce CYPlAl). 

4.1.2.5 Validation of Model Outcomes 

Compartment-specific model outcomes were compared visually to those outcomes graphed in the 

Wang et al. (1997) paper to demonstrate an accurate reproduction of the published methodology. 

Model results were also compared to experimental time-series results provided by Wang et al. 

( 1997) both visually, and by residual sums of squares analyses to demonstrate the applicability of 

predicted model results to those shown under experimental conditions. 

Unfortunately, due to the lack of detailed compartment-specific data (i.e., actual data, rather than 

the summaries available in the source literature), it is difficult to conduct any further detailed 

statistical analyses of the model's predictive accuracy (i.e., F-test, PRESS statistic, etc.) and 

produce conclusions which themselves have statistical validity and meaning. A request was 

made to the primary author of Wang et al. (1997) for the actual raw data for the TCDD time­

series experimental study to allow for a more detailed statistical analysis. Unfortunately, this 

data was no longer available (X. Wang, personal communication, 2001 ). 

4.1.2.6 Sensitivity Analysis of Model Parameten 

Limitations in the available data for adequately estimating PBPK model parameters results in the 

unintentional introduction of uncertainty into overall model predictions. Uncertainty typically 

refers to the lack of knowledge about specific factors, parameters, or models. 

In order to evaluate the level of confidence that could be given to the calculations performed with 

the PBPK model, a series of quantitative and qualitative analyses were performed to characterize 

the uncertainty in the model structure, parameterization, and dose metric selection. A sensitivity 
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analysis was conducted on the current developed TCDD PBPK model based upon 5,000 

MonteCarlo iterations, to determine which variables pose the largest influence on the ultimate 

outcome of the model (i.e., overall body sequestration ofTCDD). Extensive testing of model run 

perfonnance at multiple doses and iteration counts indicated that at least 5,000 iterations were 

required to ensure proper model stability and that model outcomes were not being skewed by 

extreme selections from the distributional tails of model parameters. 

Standardized probabilistic distributions were applied to each of the key compartmental 

parameters. Typically, where parameter-specific information was not available, a default 

standard deviation reflecting l 0% of the mean was used. A normal distribution was applied to 

those "macro-biological" parameters thought to demonstrate natural variability within a given 

strain or species, while a triangular distribution was applied to those "micro-biological'' 

parameters thought to demonstrate variance due to uncertainty in quantification or measurement 

of the underlying processes. As such, all mass transport parameters (e.g., percentage of blood 

flow through the tissue, tissue volumes, membrane permeability, etc.) were assumed nonnally 

distributed, while all ligand-receptor parameters (e.g., Ah receptor binding capacity, dissociation 

constant of binding to CYP1A2, hill coefficient, etc.) were assumed to be triangularly distributed. 

Briefly, the nonnal distribution is typically used to describe many natural phenomena such as 

IQ's, people's heights, or the inflation rate. The parameters for the normal distribution are the 

mean and standard deviation, and typically adhere to the following three conditions: i) some 

value of the unknown variable is the most likely (the mean of the distribution); ii) the unknown 

variable could as likely be above or below the mean (symmetrical about the mean), and; iii) the 

unknown variable is more likely to be close to the mean than far away (i.e., of the values of a 

nonnal distribution, approximately 68% are within one standard deviation of the mean.) (Morgan 

and Henrion, 1990). 

The triangular distribution, on the other hand, demonstrates the distributional selection pattern 

when one knows the minimum, maximum, and most likely values. This distributional form is 

typically used in circumstances where a range of values are possible, but the underlying 

mechanism for the dispersal is unknown. The parameters for the triangular distribution are the 
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minimum, maximum, and likeliest values, and it typically follows the following three conditions: 

i) the minimum number of items is fixed; ii) the maximum number of items is fixed, and; iii) the 

most likely number of items falls between the minimum and maximum values, forming a 

triangular shaped distribution (Morgan and Henrion, 1990). 

The PBPK model was run stochastically (i.e., using Monte Carlo methods) for 5,000 iterations, 

and a quantification of the sensitivity of each parameter was achieved by computing rank 

correlation coefficients between each key variable and the distribution of outcomes describing 

the overall body sequestration ofTCDD under these varying parameters. Each variable was then 

assessed to evaluate their overall contribution to the total variance observed in the outcome 

measure. Essentially this statistical evaluation answers the question ''what percentage of the 

variance or uncertainty in the outcome is due to the each model variable?". The contribution to 

variance calculations are achieved by squaring the rank correlation coefficients and normalizing 

them to 100%. This process was conducted for each of the following dose levels: 10, 3 .16, 1.0, 

0.316, and 0.1 µg/kg bodyweight. This will allow for the evaluation of the effect any apparent 

dose-dependencies may have on the key model leverage parameters. These doses were selected 

based upon a log scale from the original 10 µg/kg bodyweight dose (i.e., 101
, 10°·5, 10°, 10.0.s, and 

10·'). 

4.2.2 Equilibriu•-Based Model 

Evans and Andersen (2000) was selected as the prototype equilibrium-based model to provide an 

alternate comparison methodology with which to evaluate the parameterization of the prototype 

steady state-based model. It should be noted that, while the authors have identified this model as 

a "steady-state" PBPK model, this would be an incorrect specification given there are no time­

dependencies within the overall model methodology, and no mass balance of flow between the 

modelled compartments. 

A complete overview of the methodology and mathematical equations used in this model is 

provided in Section A-2 of the Appendix. The model was programmed in the Microsoft 

Excel™, version 7 .0, based upon methodology presented in the source paper (Evans and 
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Andersen, 2000) and the Simulsolv™ source code received in communication with the primary 

author (M. Evans, personal communication, 2001). This source code is presented in Section A-3 

of the Appendix. 

Figure 4.9, below, provides a screenshot of the Excel-based model design. Empirical solving of 

the implicit equation (i.e., the equation is iterative in nature with the variable in question is on 

both sides of the equation) used to calculate compartmental blood concentrations was conducted 

using the built-in Excel Solver tool (this system uses the Generalized Reduced Gradient [GRG2] 

nonlinear optimization code) or through manual adjustment if the convergence is not difficult to 

achieve by hand. 

Figure 4.9 Screensbot or equilibrium-based model developed based upon Evans and 
Andenen (2000). 
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4.2.2.1 Revisions to Base Equilibrium Model 

Inaccuracies and gaps within the published methodologies were also noted during the 

development of this steady-state model, and were corrected through detailed evaluation of the 

underlying PK or PD processes. These inaccuracies included incomplete descriptions of certain 

formula steps with the model methodology (particularly with respect to Ah receptor and 

CYP1A2 binding interactions in the liver compartment). Significant discrepancies were also 

noted in the methodology published in the Evans and Andersen (2000) article when compared to 

the actual model source code provided by the primary author. The model methodology presented 

in the source paper assumed compartment interactions were on a concentration basis (i.e, nM), 

while the methodology presented in the model source code methodology used mass-based 

approach (nmoles). 

In the methodology presented in the model source code, potential impacts of blood volume on 

overall TCDD blood concentration levels were ignored. While this particular variable was 

accounted for in the methodology presented in the Evans and Andersen (2000) source paper, the 

impacts of this variable would be negligible in comparison to the much larger impacts of liver 

and adipose volumes. While not significant in the model output, to ensure methodological 

completeness, the blood volume term was included in the prototype equilibrium model 

developed for this research project. 

Of particular concern is a mis-specification present within the calculation of CYPIA2 induction 

provided in the model source code. Both the Evans and Andersen (2000) paper and the 

Simulsolv source code specify the total induction ofCYPIA2 in the liver, BM2T, as follows: 

Ah:TCDD" 
BM2r = BM20 + B1\12i x 

Kd" + Ah:TCDD" 
Eq. 1 

The total induction ofCYP1A2 in the liver can be calculated by adding the basal (initial) level of 

CYP1A2 available in the liver to the additional amount induced by the binding ofTCDD to the 

Ah receptor. However, a problem is noted when one breaks down the Evans and Andersen 

methodology. The BM2i variable is a dimensionless parameter that is the factor by which BM20 
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(a concentration) is increased. The remaining tennis a Michaelis-Menton kinetics relationship 

providing a quantification of the Ah receptor occupancy fraction (also a unitless parameter). By 

combining the two, a quantification of the induction fold increase over the basal level of 

CYP1A2, based upon the current Ah receptor occupancy level, is achieved. However, for this 

value to properly quantify the amount of CYP l A2 induced as a result of this Ah receptor 

occupancy, the modified induction fold increase value must be multiplied by the basal level of 

CYP1A2 in the liver (as it is the induction fold increase over the basal level). 

Thus, the above equation should be modified to read: 

Ah:TCDDn 
BM2r = BM20 + BM20 x BM2, x -------­

Kdn + Ah: TCDDn 

or perhaps more clearly as: 

[ 
Ah:TCDDn ] 

BM2r= BMiox l+ BM2;x Kdn + Ah:TCDDn 

Eq.2 

Eq. 3 

By failing to include BM20 in the induction fold increase calculation, the model (as depicted in 

Eq. 1) proposed by Evans and Andersen (2000) would incorrectly limit the impact of CYP1A2 

induction on overall CYP1A2 levels in the liver. The case of the parameter set used for the 

default model (a BM20 of 10 nmoles/liver), this would result in a 10-fold under-estimation of 

induced CYP1A2 concentrations at higher ligand (TCDD) concentration levels. 

This error would not be apparent at the low doses demonstrated by the authors due to the lower 

expected induction rates at these concentrations. However, if dose regimes outside these values 

were used (particularly in the higher dose range), the model would not accurately calculate the 

correct degree ofCYP1A2 induction, and thus under-estimate potential hepatic sequestration of 

TCDD at these higher doses. To illustrate this problem, analysis results using the equilibrium ... 

based model were presented using both the original, mis-specified methodology, as well as the 

corrected version. 
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4.2.2.2 Species-Specific Physiological Data 

Table 4.12, below, provides a list of the species-specific physiological data used to assess TCDD 

disposition within the Sprague-Dawley equilibrium-based model (Evans and Andersen, 2000). A 

majority of the parameters appear to have been estimated through curve-fitting simulations 

conducted by the Simusolv modelling package. As such, the independent output variables of the 

model are specifically tied to the assumptions and equations on which the model is built. Given 

this fact, it is likely that the assumed variables would not be applicable to the corrected model 

methodology, due to the considerable impact of the revised CYP 1 A2 induction and binding 

capacity. 

Table 4.12 Default physiological parameten specified for the equilibrium-based 
model by Evans and Andenen (2000). 

Physiological Panmeter Abbreviation Value Reference 

Liver-to-blood panition coefficient Pl 10 Estimated 

Fat-to-blood partition coefficient Pf 3S0 Estimated 

Percent liver volume/body volume Vic 4% Andersen et al., 1993 

Percent fat volume/body volume Vfc 6% Andersen et al., 1993 

Ah receptor availability BMI 0.054 nmole/liver Gasiewicz et al., 1984 

Ah receptor binding constant KBI 0.04 nM Estimated 

Ah receptor/DNA receptor binding constant Kd 0.0S nM Estimated 

CYP I A2 basal levels BM20 10 nmole/liver Estimated 

CYP 1 A2 induction fold increase BM2i 8S fold Estimated 

CYP l A2 binding constant to TCDD KB2 6.5 nM Estimated 

Hill coefficient N Estimated 

4.2.2.J Comparisons of Steady-State versus Equilibrium-Based Model 

Methodologies 

Comparisons were conducted between the steady•state and equilibrium-based models for the 

predictions of compartment-specific TCDD concentrations in the blood, liver, and adipose tissue. 

The relative fractions present in both liver and adipose, as well as the overall liver-to-fat 

disposition ratio, were also evaluated. Doses of0.001, 0.01, 0.1, 1.0, 10, 100, 1000, and 10000 
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ng/kg bodyweight (a range of0.000001 to 10 µg/kg bodyweight) were used to illustrate any 

inherent dose•dependencies present within the model outcomes. 

To allow for an accurate comparison of these parameters following an initial dose, all 

excretionary processes (i.e., urinary and biliary excretion) in the PBPK model were eliminated. 

This allowed the PBPK model to achieve a "quasi" steady-state condition, and allow for 

comparisons on the same footing as the equilibrium-based model. 
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4.3 Congener-Specific PBPK Modelling of Test Organisms 

Once characterized and corrected (for problems such as low-dose instability), the prototype 

PBPK model was used to evaluate the compartment-specific disposition pattern of each of the 

assessed PCDD/F congeners (i.e., TCDD, TCDF, 1-PeCDF, and 4-PeCDF) for the two primary 

test organisms. The Sprague-Dawley rat was selected due to its use as the primary test species 

for the original development of the PBPK, and its common use in laboratory studies on which 

many of the PCDD/F TEQ values were derived. The Gapper's red-backed vole was selected to 

detennine whether it is an adequate sentinel species for use in long-term environmental 

monitoring programs, and if a PBPK model can be designed to approximate the pharmacokinetic 

and phannacod)namic properties controlling PCDD/F disposition within such a sentinel species. 

4.3.J Time-Series Modelling of Congener-Specific Deposition Patterns 

As the current PBPK model is designed to assess PCDD/F disposition and elimination patterns 

based upon a single acute dose, it is most important to evaluate the various congener-specific 

pharmacokinetic and phannacod)namic impacts at early time points following administration. 

For this reason, all PBPK modelling specifically focused on the first 96 hours (i.e., 4 days) 

fol lowing administration. 

To evaluate the dose-dependent impacts of congener-specific PCDD/F administration, time­

series modelling was conducted for the Sprague-Dawley rat and the Gapper's red-backed vole for 

a multiple dose levels (i.e., 0.001, 0.01, 0.1, l, 10, 100 µg/kg bodyweight). This allows for an 

evaluation of the potential impacts of ligand-specific CYP 1 A2 sequestration within the liver on 

overall compartment-specific depositional patterns, for a wide range of potential doses. Research 

has indicated that the lower dose levels (i.e., 0.001 to 0.1 µglkg bodyweight), more typical of 

those observed in the environment, are unlikely to result in significant CYP l A2 induction and 

ligand-specific sequestration within the liver, while the higher doses (i.e., 1 to 100 µg/kg 

bodyweight) represent elevated ambient concentrations which would likely stimulate 

considerable induction and sequestration, in those congeners which demonstrate a high affinity to 

CYP1A2. 
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To evaluate the congener-specific impacts on each test species (i.e., Sprague-Dawley rat and red­

backed vole), the following congener-specific parameters were estimated for each dose level at 1, 

24, 48, 72, and 96 hours following administration for TCDD, TCDF, 1-PeCDF, 4-PeCDF, and 

the TCDD-TEQ group: 

• Mass (pmoles) in the liver, adipose tissue, and whole body; 

• Concentration (pmoles/gram wet weight) in the liver, adipose tissue, and whole body; 

• Percent of administered dose/gram in the liver and adipose tissue; 

• Percentage of overall Ah and CYP 1 A2 receptor occupancy; 

• CYP I A2 fold induction, and; 

• Percentage of administered dose excreted. 

The overall time-series curve data for both whole body concentration and liver-to-fat ratio was 

also gathered for each congener at the various assessed dose levels. This data allows for an 

indication of dose-dependency in the overall body burden and deposition patterns in each of the 

congeners, over time. 

The same process was then repeated for the red-backed vole using administered doses 

corresponding to the maximum plant concentration measured as part of the SHTC monitoring 

program at site 107 following the incident (i.e., Winter 1996). This data was then used to 

calculate vole-to-plant BAF values for each of the congeners, for comparison with the vole-to­

plant BAF values calculated based upon environmental sampling data. 
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5.0 RESULTS 

5.1 Summary or Field-Monitoring Results 

5.1.1 Temporal Congener-Specific Biota Concentrations 

Temporal data for each of the biological species were grouped into five discrete seasonal sets: i) 

Summer 1996 (prior to incident); ii) Fall 1996 {prior to incident); iii) Winter 1996 (after the 

incident); iv) Summer 1997 (after the incident), and; v) Fall 1997 (after the incident). Tables 5.1 

through S.3 provide the results of the biological sampling conducted during these specified 

temporal periods for sites 11, 107, and 114, respectively. 

Of particular interest when evaluating the potential impacts of pharmacokinetics on the 

disposition of the PCDD/Fs within living organisms is the congener-specific pattern of 

concentrations (i.e., congener .. fingerprint"). Figures 5.1 through 5.6 provide graphs depicting 

the congener-specific fingerprint breakdown for each of the sampled biological organisms (i.e., 

red-backed voles, Labrador tea, and moss) sampled prior to and following the October 1996 

release incident, for sites 11, 107, and 114, respectively. The data demonstrate that the 

congener-specific fingerprint in all sampled biota, before and after the release incident, is 

dominated by TCDF and the two PeCDF congeners, with the HxCDF congeners providing a 

smaller but significant portion of the profile. 

A congener-specific breakdown of the PCDD/F mass and TEF-adjusted concentrations, as well 

as their relative overall percentages, for both vole and Labrador tea samples taken at each key 

monitoring site (i.e., sites 11, 107, and 114) during summer and winter 1996 (i.e., immediately 

pre- and post-incident) are provided in Table S.4 and Figures 5.7 and 5.8. 
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Table 5.1 PCDD/F Congener Concentrations (ppt) in Various Environmental Media at Monitoring Site I I. 

PCDD/F 

Co■1e■en 

2378•TCDD 
12378-PECDD 
123478-HXCDD 
123678-HXCDD 
123 789-HXCDD 
1234678·HPCDD 
OCDD 

2378•TCDF 
I 2378•PECDF 
23478•PECDF 
123478-HXCDF 
l23678•HXCDF 
234678-HXCDF 
123789-HXCDf 
1234678-HPCDF 
1234789-HPCDF 
OCDF 

TCDDTl:Q 

Summer 1996 l Fall 1996 

Vole II Tea j Vole Tea Mou 

0.4 
1.6 
nd 
1.8 
0.7 
6.4 
5.1 

97 
29 

820 
88 
59 
nd 
130 
22 
2.6 
2.) 

nd bi 
I 

nd l 
I 

nd l 
nd ! 
nd i 

! 
1.2 i 

:·: ~ 
u 
4.8 
1.2 
0.5 
0.6 
nd 
0.9 
nd 
I 

5.J 

0.4 
1.2 
0.9 

I.J 
0.4 
2.9 
2.6 

120 
34 

460 
93 
59 

I IO 
3.7 
18 
2.1 
2.1 

272 

nd 
nd 
nd 
nd 
nd 
0.5 
2.1 

93 
11 
18 
J.5 
1.3 
1.7 
nd 
1.9 
nd 
0.6 

IU 

nd 
nd 
nd 
1.2 
0.8 
14 
80 

8.3 
2.9 
5.1 
4.7 
l.4 

2.1 
nd 
8.7 
nd 
12 

• Wlllole body wt1-wel1h1 coaccalra1lo■1. 

• ad • Ha-detect 

-l 

Vole 

4.3 
nd 
nd 
10 
1.7 
28 
nd 

640 
290 

33000 
2500 

1700 

23 
2700 
220 
31 
nd 

17279 

nd 
IS 

9.1 
nd 
nd 
17 
23 

870 
380 

24000 
2100 

1400 
nd 

2300 
280 
34 
10 

12705 

Winier 1996 

nd 
0.6 
nd 
nd 
nd 
1.4 
7.4 

450 
51 
180 
30 
9.9 

16 
1.3 
5.6 

nd 
l.b 

nd 
0.6 
nd 
nd 
nd 
0.9 
4.6 

330 
3'J 
130 
27 
8.6 

13 
I 

4.7 
nd 
I 

106 

Mou 

nd 
nd 
03 
0.6 
0.7 
13 
85 

36 
s.s 
16 
5.6 
2.4 
2.9 

nd 
5.7 
0.6 
8.5 

Jl.J 

nd 
nd 
nd 
nd 
nd 
0.4 
4.2 

170 
17 
39 
5.2 
1.7 
1.7 

nd 
1.5 
nd 
I 

Jl.2 

0.8 
5.1 

4.6 
3.8 

1.3 
12 

5.6 

270 
140 

12000 

llOO 

sso 
9.1 

1500 

160 

18 
4.2 

6359 

nd 
I 

1.1 
l.l 
nd 
3.b 
4.1 

34 
13 

3100 
380 
280 
nd 

640 
30 
4.3 
2.3 

1616 

Fall 1997 

Tea Mou Browae Bcrrln 

nd 
nd 
nd 
nd 
nd 
2 
IS 

20 
2 

5.8 
nd 
nd 
nd 
nd 
I.I 
nd 
nd 

5 

nd 
nd 
nd 
nd 
nd 
13 
71 

27 
6.1 
12 
5.2 
1.5 
2.9 

nd 
8.6 
1.3 
9.7 

10.2 

nd 
nd 
nd 
nd 
nd 
I.I 
II 

6.9 
nd 
1.5 
nd 
nd 
0.7 
nd 
nd 
nd 
nd 

1.5 

nd 
nd 
nd 
nd 
nd 
4 
nd 

nd 
nd 
6.J 
4.8 
3.7 
3.8 
nd 
II 
3.1 
).3 
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Table 5.2 PCDD/F Congener Concentrations (ppt) in Various Environmental Media at Monitoring Site 107. 

PCDD/F S1111UMr 199' Fall 199' Wiater 1996 Summer 1997 ! Fall 1997 
• Vale• Tea Tea Vale Tea Mou Browac Vole i Vale Tea Mou Browac 

2378-TCDD 4.S I nd b 45 57 I.I 0.5 0.6 nd 6.6 1.2 nd nd nd 
12378-PECDD 14 l.2 1.4 110 98 2.1 I 4.2 nd 17 S.2 nd 2.6 nd 
123478-HXCOO S.8 I nd SO 47 l 0.6 7.2 nd 5.1 S.1 nd 5 nd 
123678-HXCDD 9.3 1.5 nd 43 52 I.I 0.6 16 0.3 5.4 6.2 nd 12 nd 
123789-HXCDD 3.4 l.6 nd t,- 13 12 l.S 0.S 18 nd 2.1 2.4 nd 13 nd 
1234678-HPCDD 25 18 8.3 ~ 90 120 16 8.8 320 S.2 14 40 2.4 250 14 
OCDD 24 100 54 9 72 91 100 52 2300 40 IS 39 18 1500 29 

(.I 

2378-TCDF 270 850 560 ~ 2600 4600 I 500 970 440 380 580 190 43 350 18 
12378-PECDF 220 120 64 ~ 1400 1800 190 I IO 80 33 350 120 nd 69 nd 
23478-PECDF 7600 290 170 ~ 100000 100000 540 290 230 68 8200 3900 8.6 170 5.8 
123478-HXCDF 670 93 44 1;! 6400 7100 100 53 97 9.9 480 380 3.2 77 1.1 
123678-HXCDF 520 33 14 SSOO 4500 37 21 JS 3.9 290 230 nd 29 1.2 
123789-HXCDF 14 0.8 0.8 120 120 l.9 nd 1.9 nd 12 4 nd 2.4 nd 
234678-HXCDF 1200 SS 24 7800 6700 60 30 45 5.5 780 380 nd 37 nd 
1234678-HPCDF 130 33 19 840 890 27 15 120 6.6 65 96 4.8 110 3.5 
1234789-HPCDF 13 2.5 1.4 120 140 2.8 l.3 14 I 7.8 11 nd 16 nd 
OCDF 9.7 IS 19 40 49 24 7.9 260 7.9 S.5 10 3 180 nd 

TCDP..TEQ 4100 257 154 52418 52570 453 260 195 76 4357 2084 9 141 5.1 

• Wlllole body we1-wt11h1 ca■rentratloaa. 

~ ■d • ■aa-clcttd 



Table5.3 PCDD/F Co■1ener Concentrations (ppt) In Various Environmental Media at Monitoring Site 114. 

PCDD/F S■-1"6 I , .. 1996 Wiater l"6 i Summer 1997 Fall 1997 
I 

■ 
vote• Tu ; Vole Tn Men Vole Tn Mon Browae! Vole Vole Ta Bro- Liner 

2378-TCDD 1.5 0.3 
I nd nd nd s 4.4 nd nd nd nd nd 0.6 nd nd nd nd I 

12378-PECDD 3.3 0.4 E 0.2 nd nd 13 9.5 8.8 0.3 nd nd nd 2 0.3 nd nd nd 

123478-HXCDD 2.8 0.3 i nd nd 0.7 nd S.4 nd nd nd 0.7 nd 1.3 o.s nd nd nd 
123678-HXCDD ).2 0.4 

I 
nd nd 1.2 nd 5.9 nd 0.4 nd 1.4 nd 2 0.4 nd nd 1 

123789-HXCDD o.s 0.5 nd nd 1.6 
"" 

nd nd 1.3 nd nd 2 nd 0.6 0.5 nd nd 1.6 

1234678-HPCDD 9.9 4.9 I nd 28 25 18 18 I.S I.I JO 0.9 17 2 1.3 1.3 21 

OCDD 8.9 25 i 1.6 8 u,o 19 18 21 6.8 6.1 160 7 16 2.6 10 II 110 ; 

-0 
I.A 

2378-TCDF 110 200 I I) 120 41 S90 890 1100 2110 160 66 140 160 24 16 2.9 76 
12378-PECDF 52 32 I 4 II 6.11 270 220 190 JI 18 14 18 69 9.4 1.6 nd 20 
23478-PECDF 6100 48 ! JOO 24 14 M 8200 8300 9300 69 36 28 JI 1500 350 2.2 nd 26 
123478-HXCDF 600 IS 

I 
42 2.6 5.4 920 790 820 13 7.4 9.2 5.4 soo 81 0.6 nd 10 

123678-HXCDF 370 5.2 ! 37 I 2 580 680 500 S.2 3.1 3.1 2 300 32 nd nd J.J 

123789-HXCDF ndb 0.2 I nd nd 0.2 II nd nd 0.2 nd 0.5 nd nd nd nd nd nd 
234678-HXCDF 660 6.7 ! 180 2.3 3.1 910 790 780 7.3 2.3 4.6 2.2 590 65 0.5 0.7 5.7 
1234678-HPCDF 89 0.8 

I 
7.3 1.2 7.1 120 ISO 110 3.6 nd 8.6 nd 7.S II nd 0.6 17 

1234789-HPCDF 9.3 6.4 0.6 nd I 18 14 22 nd 4.7 1.3 2.S nd nd nd nd 3.2 

OCDF 5.5 4.7 0.7 0.6 16 8.7 nd nd 2 1.4 18 1.6 nd I 0.9 nd 28 

TCDDTEQ 3233 49.3 
. 

178 25.2 13.2 4434 4493 4990 67 36.2 23.9 31.4 912 196 2.9 0.4 24.2 

• Wllole body Wd•Wel&ln CHCt■tratlollL 

- lld • H-■ddcct 



Figure 5.1 SHTC Congener-Specific PCDD/F Disposition Pattern in Biological Samples 
from Fall 1996 at Site 11 
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Figure 5.2 SHTC Congener-Specific PCDD/F Disposition Pattern in Biological Samples 
from Wiater 1996 at Site 11 
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Figure 5.3 SHTC Congener-Specific PCDD/F Disposition Pattern in Biological Samples 
from Summer 1996 at Site 107 
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Figure S.4 SHTC Congener-Specific PCDD/F Disposition Pattern in Biological Samples 
from Winter 1996 at Site 107 
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Figure 5.5 SHTC Congener-Specific PCDD/F Disposition Pattern in Biological Samples 
from Fall 1996 at Site 114 
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Figure 5.6 SHTC Congener-Specific PCDD/F Disposition Pattern in Biological Samples 
from Winter 1996 at Site 114 
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Table 5.4 Congener-Specific PCDD/F Mass and TEF-Adjusted• Concentrations (ppt) and their Relative Overall Percentages for the 

Vole and Labrador Tea Samples taken at each Key Monitoring Site during Summer and Winter 1996. 

Summer 1996 (pre-Incident) Winter 1996 (post•lacldent) 

Vole Labrador Tea Vole Labrador Ta 

Con1ener Mau TEQ-Eq Mau TEQ-Eq l\lus TEQ-Eq Mau TEQ-Eq 

Cone. Percent Cone. Percent Cone. Percent Cone. Percent Cone. Percent Cone. Percent Cone. Percent Cone. Percent 

(ppt) (ppt) (ppt) (ppl) (ppt) (ppl) (ppt) (ppt) 

Sile 11 
2,3, 7,8-TctraCDD 0.4 0.032% 0.4 0.089% nd -0% nd ·-0% 2.15 0.00592% 2.15 0.014% nd -0% nd ~0% 

l ,2,3,7,8-PentaCDD 1.6 0.126% 1.6 0.354% nd -0% nd -0% 7.5 0.0207% 7 . .5 0.05% 0.6 0.091% 0.6 0.480% 

l ,2,3,4, 7,8-HeHCDD nd • 0% nd -0% nd -0% nd --0% 4.5.5 0.0125% 0.45.5 0.003% nd -0% nd -0% 

1,2,3,6, 7,8-HexaCDD l.8 0.142% 0.18 0.04% nd -0% nd -0% .5 0.0138% 0 . .5 0.003% nd -0% nd -0% 

1,2,3,7 ,8,9-HexaCDD 0.7 0.055% 0.07 0.016% nd -0% nd -0% 0.85 0.00234% 0.085 0.001% nd -0% nd -0% 

1,2,3.4,6, 7 ,8-HeptaCDD 6.4 0.506% 0.064 0.014% 1.2 2.59% 0.012 0.227% 22 . .5 0.0620% 0.22.5 0.002% I.IS 0.174% O.OIIS 0.009% - OctaCDD S.I 0.403% 0 -0% 8.7 18.8% 0.001 0.016% 11.5 0.0317% 0.001 ~0% 6 0.908% 0.001 -0% 
0 

2,3, 7,8-TetraCDf 97 7.66% 9.7 2.15% 25 53.9% 2 . .5 47.4% 7.5.5 2.08% 1S.S 0 . .504% 390 59.0% 39 31.2% '° 
1,2,3, 7,8-PentaCDF 29 2.29% 1.4.5 0.321% 2.S .5.39% 0.125 2.37% 335 0.923% 16.8 0.112% 48 7.27% 2.4 1.92% 

2,J,4, 7,8-PentaCDF 820 64.8% 4IO 90.8% 4.8 l0.3% 2.4 45.5% 28500 78.5% 14250 95.1% 155 23.5% 77.5 62.0% 

I ,2,3,4, 7,8-HexaCOF 88 6.95% 8.8 1.95% 1.2 2.59% 0.12 2.27% 2300 6.34% 230 1.53% 28.5 4.31% 2.85 2.28% 

1,2,3,6, 7 ,8-HexaCDF 59 4.66% 5.9 1.31% o.s 1.08% o.os 0.948% 1550 4.27% 155 1.03% 9.2.5 1.40% 0.925 0.741% 

1,2,3, 7,8,9-HexaCDF nd 0% nd -0% 0.6 1.29% 0.06 1.14% 11.5 0.0317% I.IS 0.008% 14.5 2.20% 1.45 1.16% 

2,3.4,6, 7,8-HexaCDf 130 10.3% 13 2.88% nd -0% nd --0% 2500 6.89% 250 1.67% I.IS 0.174% 0.115 0.092% 

1,2,3,4,6, 7,8-HeptaCDF 22 1.74% 0.22 0.049% 0.9 1.94% 0.009 0.171% 250 0.689% 2.S 0.017% 5.15 0.780% 0.051.5 0.041% 

1,2,).4,7,8,9-HeplaCDF 2.6 0.20.5% 0.026 0.006% nd -0% nd --0% 32.5 0.0896% 0.325 0.002% nd --0% nd -0% 

OctaCDF 2.3 0.182% 0 ·-0% I 2.16% 0 0.002% 5 0.0138% 0.001 -0% 1.3 0.197% 0 ~0% 



Table 5.4 Congener-Specific PCDD/F Mass and TEF-Adjusted• Concentrations (ppt) and their Relative Overall Percentages for the 

Vole and Labrador Tea Samples taken at each Key Monitoring Site during Summer and Winter 1996. 

Summer 1996 (pre-Incident) Wln•er 1996 (pos•-lnddea•) 
Vole LabndorTea Vole LabndorTea 

Con1ener Mass TEQ-Eq Mau TEQ-Eq Mau TEQ-Eq Mau TEQ-Eq 

Cone. Percent Cone. Percent Cone. Percent Cone. Percent Cone. Pertent Cone. Percent Cone. Percent Cone. Percent 

(ppt) (ppl) (ppt) (ppt) (ppl) (ppt) (ppl) (ppt) 

Site 107 
2,3, 7,8-TetraCDD 4.S 0.0419% 4.5 0.11% I 0.0619% I 0.389% SI 0.041% SI 0.097% 0.8 0.0384% 0.8 0.224% 

1,2,3, 7 ,8-PentaCDD 14 0.130% 14 0.341% 1.2 0.0742% 1.2 0.466% 104 0.083% 104 0.198% 1.55 0.0744% 1.55 0.435% 

1,2,3,4, 7,8-HexaCDD 5.8 0.054% 0.58 0.014% 0.0619% 0.1 0.039% 48.5 0.039% 4.85 0.009% 0.8 0.0384% 0.08 0.022% 

1,2,3,6, 7,8-HexaCDD 9.3 0.0867% 0.93 0.023% l.S 0.0928% 0.15 0.058% 47.S 0.038% 4.15 0.009% 0.85 0.0408% 0.085 0.024% 

1,2,3, 7,8,9-HexaCDD 3.4 0.0317% 0.34 0.008% 1.6 0.099% 0.16 0.062% 12.5 0.010% 1.25 0.002% 0.0480% 0.1 0.028% 

1,2,3,4,6, 7,8-HeplaCDD 25 0.233% 0.25 0.006% 18 1.11% 0.18 0.070% 105 0.083°/o I.OS 0.002% 12.4 0.595%, 0.124 0.035% 

- OctaCDD 24 0.224% 0.002 -0% 100 6.19% 0.01 0.004% 81.S 0.065% 0.0082 -0% 76 3.65% 0.008 0.002% -0 2,3, 7 ,8-TetraCDF 270 2.52% 27 0.658%, 850 52.8% 85 33.0% 3600 2.86% 360 0.685% 1235 59.3% 123.5 34.6% 

1,2,3,7,8-PentaCDf 220 2.05% II 0.268% 120 7.42% 6 2.33% 1600 1.27% 80 0.152% ISO 7.20% 7.5 2.10% 

2,3,4, 7 ,8-PentaCDF 7600 70.8% 3800 92.7% 290 17.9% 145 56.3% 100000 79.5% 50000 95.2% 4lS 19.9% 207.5 58.2% 

I ,2,3,4, 7,8-HexaCOF 670 6.24% 67 1.63% 93 5.75% 9.3 3.61% 6750 5.37% 675 1.29% 76.5 3.67% 7.65 2.15% 

1,2,3,6, 7,8-HexaCDF 520 4.85% 52 1.27% 33 2.04% 3.3 1.28% 5000 3.97% 500 0.952% 29 1.39% 2.9 0.813% 

1,2,3, 7,8,9-HexaCOF 14 0.130% 1.4 0.034% 0.8 0.0495% 0.08 0.031% 120 0.095% 12 0.023% 0.95 0.0456% 0.095 0.027% 

2,3,4,6, 7 ,8-HexaCOF 1200 11.2% 120 2.93% 55 3.40% 6 2.14% 7250 5.76% 125 1.38% 45 2.16% 4.5 1.26% 

1,2,3,4,6, 7,8-HeptaCDF 130 1.21% 1.3 0.032% 33 2.04% 0.33 0.128% 865 0.688% 8.65 0.016% 21 1.01% 0.21 0.059% 

1,2,3,4, 7 ,8, 9-HeptaCDF 13 0.121% 0.13 0.003% 2.5 0.155% 0.025 0.0IO% 130 0.I03% 1.3 0.002% 2.05 0.0984% 0.021 0.006% 

OccaCDF 9.7 0.0904% 0 -0% I.S 0.928% 0.001.S 0.001% 44.5 0.03.5% 0.0045 -0% IS.95 0.765% 0.002 -0% 



Table 5.4 Congener-Specific PCDD/F Mass and TEF-Adjusted• Concentrations (ppt) and their Relative Overall Percentages r or the 

Vole and Labrador Tea Samples taken at each Key Monitoring Site during Summer and Winter 1996. 

Summer 1996 (pre-laddeal) Winier 1996 (posl-laddent) 
Vole Labrador Tra Vole Labrador Ta 

Con1raer Mus TEQ-Eq Mus TEQ-Eq Mass TEQ-Eq Mass TEQ-Eq 

Cone. Percent Cone. Percent Cone. Percent Cone. Percent Cone. Percenl Cone. Percent Cone. Percent Cone. Percent 

(ppt) (ppl) (ppt) (ppt) (ppl) (ppl) (ppt) (ppt) 

Site 114 
2,3, 7,8-TetraCDD I.S 0.019% 1.5 0.046% 0.3 0.0855% 0.3 0.609% 2.2 0.0178% 2.2 0.046% nd -0% nd -0% 

l ,2,3, 7,8-PentaCDD 3.3 0.041% 3.3 0.102% 0.4 0.114% 0.4 0.812% 9.15 0.0739% 9.IS 0.193% 0.15 0.045% O.IS 0.291% 

1,2,J,4, 7 ,8-HexaCDD 2.8 0.035% 0.28 0.009% O.J 0.0855% 0.03 0.061% 2.7 0.0218% 0.27 0.006% nd -0% nd -0% 

1,2,3,6, 7,8-HexaCDD 3.2 0.040% 0.32 O.OIO% 0.4 0.114% 0.04 0.081% 2.95 0.0238% 0.295 0.006% 0.2 0.061% 0.02 0.039% 

1,2,3, 7,8,9-HexaCDD o.s 0.006% 0.05 0.002% 0.5 0.143% 0.05 0.102% 0.65 0.0052% 0.065 0.001% nd -0% nd ··0% 
1,2,3,4,6, 7 ,8-HeptaCDD 9.9 0.123% 0.099 0.003% 4.9 1.40% 0.049 0.099% 18 0.145% 0.18 0.004% 1.3 0.394% 0.013 0.025% - OctaCDD 8.9 0.111% 0 -0% 25 7.13% 0.0025 0.005% 19.5 0.158% 0.002 -0% 6.45 1.95% 0.001 0.001% -- 2,3,7,8-TetraCDF 110 1.37% II 0.340% 200 57.0%, 20 40.6% 995 8.04% 99.5 2.IO% 220 66.6% 22 42.6% 

1,2,3, 7 ,8-PentaCDF 52 0.648% 2.6 0.080% 32 9.12% 1.6 3.25% 205 1.66% 10.25 0.216% 24.S 7.42% 1.23 2.37% 

2,3,4, 7 ,8-PentaCDF 6100 76.0% 3050 94.3% 48 13.7% 24 48.7% 8800 71.1% 4400 92.8% 52.S 15.9% 26.3 50.8% 

1,2,3,4, 7,8-HexaCDF 600 7.48% 60 1.86% 15 4.28% 1.5 3.05% 805 6.50% 80.5 1.70% 10.2 3.09% 1.02 1.98% 

1,2,3,6, 7 ,8-HexaCDF 370 4.61% 37 1.14% 5.2 1.48% 0.52 1.06% 590 4.76% 59 1.24% 4.15 1.26% o.415 0.804% 
1,2,3, 7 ,8,9-HexaCDF nd -0% nd -0% 0.2 0.057% 0.02 0.041% nd -0% nd -0% 0.1 0.030% O.OI 0.019% 

2,3,4,6, 7,8-HexaCDF 660 8.22% 66 2.04% 6.7 1.91% 0.67 1.36% 785 6.34% 78.5 1.66% 4.8 1.45% 0.48 0.930% 

1,2,3 ,4,6, 7 ,8-HeptaCDF 89 I.II% 0.89 0.028% 0.8 0.228% 0.008 0.016% 130 I.OS% 1.3 0.027% 1.8 0.545% 0.018 0.035% 

1,2,3,4,7,8,9~HeptaCDF 9.3 0.116% 0.093 0.003% 6.4 1.82% 0.064 0.130% 18 0.145% 0.18 0.004% 2.35 0.712% 0.0235 0.046% 

OctaCDF 5.5 0.069% 0 -0% 4.7 1.34% 0 0.001 nd -0% nd -0% 1.7 0.515% 0 -0% 

Congener-specific mass concentrations were multiplied by their respective TEF value (Van den Berg et al., 1998) to obtain a TCDD-TEQ concentration. 
b nd = non detect 
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Plant-to-Vole bioaccumulation factors (BAFs) were also calculated for each of the PCDD/F 

congeners at each temporal sampling period (i.e., Summer 1996, Fall 1996, Winter 1996, 

Summer 1997, and Fall 1997, where sampling data were available). Tables 5.5 through 5.7 

provide the congener-specific BAF values representing sites 11, 107, and 114, respectively. 

Interestingly, this data demonstrates that, in addition to having the highest environmental 

concentrations, the highest plant-to-vole BAF values are observed in the PeCDF and HxCDF 

congeners. 

Table 5.5 Calculated Vole-to-Plant Bioaccumulation Facton (BAFs) for Site 11. 

Congener 
Summer 1996 Fall 1996 Winter 1996 Fall 1997 

Vole:Tea Vole:Tea Vole:Moss Jl'ole:Tea Vole:Moss Vole:Tea Jl'ole:Moss 

2378-TCDD 0 0 
12378-PECDD 12.50 
123478-HXCDD 0 30.33 
123678-HXCDD 1.08 16.67 
123789-HXCDD 0.50 2.43 0 0 
1234678-HPCDD 5.33 5.8 0.21 19.S7 3.36 1.80 0.28 
OCDD 0.59 1.24 O.o3 1.92 0.26 0.27 0.06 

2378-TCDF 3.88 1.29 14.46 1.94 7.33 1.70 1.26 
123 78-PECDF 11.60 3.09 11.72 6.98 29.78 6.50 2.13 
23478-PECDF 170.83 25.56 80.7 183.87 1036.36 S34.48 258.33 
123478-HXCDF 73.33 26.57 19.79 80.7 425.93 73.08 
123678-HXCDF 118.00 45.38 42.14 167.57 756.1 186.67 
234678-HXCDF 0 64.71 S2.38 0.79 5.00 0 0 
123789-HXCDF 2173.91 
1234678-HPCDF 24.44 9.47 2.07 48.54 69.44 27.27 3.49 
1234789-HPCDF 108.33 3.31 
OCDF 2.3 3.5 0.18 3.85 I.OS 0.24 ........................................................ ············-·······················-··--···--······························· ............................................ 
TCOD-TEQ 105.8 26.9 54 348 645.9 268 155.4 
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Table S.6 

Con1enen 

2378-TCDD 
12378-PECDD 
1234 78-HXCDD 
123678-HXCDD 
123789-HXCDD 
1234678-HPCDD 
OCDD 

2378-TCDF 
123 78-PECDF 
23478-PECDF 
123478-HXCDF 
123678-HXCDF 
234678-HXCDF 

Calculated Vole-to-Plant Bioaccumulation Facton (BAFs) for Site 107. 

Summer 1996 
Vole:Teo 

4.50 
11.67 
5.80 
6.20 
2.13 
1.39 
0.24 

0.32 
1.83 

26.21 
7.20 
15.76 
17.50 

Winter 1996 

63.75 
67.10 
60.63 
55.88 
12.50 
8.47 
1.07 

2.91 
10.67 

240.96 
88.24 
172.41 
126.32 

Vole:Moss 

8S.00 
24.76 
6.74 
2.97 
0.69 
0.33 
0.04 

8.18 
20.00 

434.78 
69.59 
142.86 
63.16 

Fall 1997 
Va/e:Tea 

16.67 
2.17 

4.42 

453.49 
118.75 

Vole:Moss 

2.00 
1.14 

0.52 
0.18 
0.16 
0.03 

0.54 
1.74 

22.94 
4.94 
7.93 
1.67 

123 789-HXCDF 21.82 161.1 I 161.l I 10.27 
1234678-HPCDF 3.94 41.19 7.21 20.00 0.87 
1234789-HPCDF 5.20 63.4 l 9.29 0.69 
OCDF 0.65 2. 79 0.17 3 .33 0.06 ................................................................................................................................................................................................................................................................................................ 
TCDD-TEQ 37 .1 321 373.8 239.4 16.3 
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Table 5.7 Calculated Vole-to-Plant Bioaccumulation Facton (BAFs) for Site 114. 

Congenen 

2378-TCDD 
123 78-PECDD 
1234 78-HXCDD 
123678-HXCDD 
123789-HXCDD 
1234678-HPCDD 
OCDD 

Summer 1996 
Vole:Tea 

5.00 
8.25 
9.33 
8.00 

I 
2.02 
0.36 

Fall 1996 
Vole:Tea 

0 

0 

0 
0 

0.20 

Va/e:Mass 

0 

0 
0 
0 

0.04 
0.01 

Winter 1996 
Vole:Tea 

61.00 

14.75 

13.85 
3.02 

Vole:Mass 

3.86 
2.11 
0.33 
0.60 
0.12 

Fall 1997 
Vole:Tea 

0 

1.54 
0.26 

2378-TCDF 0.55 0.11 0.32 4.52 15.08 I.SO 
12378-PECDF 1.63 0.36 0.59 8.37 14.64 S.88 
23478-PECDF 127.08 12.5 21.43 167.62 314.29 159.09 
123478-HXCDF 40.00 16.15 7.78 78.92 87.SO 135.00 
123678-HXCDF 71.15 37 18.50 142.17 190.32 
234678-HXCDF O O O O O 0 
123789-HXCDF 98.51 78.26 58.06 163.54 170.65 130.00 
1234678-HPCDF 111.25 6.08 1.03 72.22 15.12 
1234789-HPCDF 1.45 0.60 7.66 13.85 0 
OCDF 1.17 1.17 0.04 0 0 I. II ................................................................................................................................................................................................................ 
TCDD-TEQ 100.9 19.5 19.2 186.6 205.2 106.5 

It is important to note the significant differences in BAF values prior to and after the accidental 

release incident in October 1996. 

5.1.1 Esti111ated Congener-Specific Consu111ption Rates for Red-Backed Voles 

Given their typical diet of the red•backed vole and the absorptive nature of the sampled plants 

(i.e., Labrador tea and moss)t detected concentrations of PCDD/Fs on sampled plant material can 

be viewed as a suitable surrogate for the calculation dietary intakes for the vole sentinel species. 

Based upon a typical daily consumption rate of 0.31 g/gld for Gapper's red-backed voles 

(McManus, 1974), estimated daily intakes were calculated for each of the key assessed congeners 

for monitoring sites 11, 107, and 114. Table 5.8 provides a summary of the highest biota 

concentrations measured during Winter 1996 and the related estimated daily intakes. The Winter 

1996 sampling set was selected due to the elevated ambient PCDD/F concentrations arising from 

the October 1996 SHTC facility release incident and short-tenn acute nature of the ambient 

increase in PCDD/F concentrations. 
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Table 5.8 Summary or Highest Biota Concentrations Measured during Winter 1996 
for the Key Congenen, and Related Estimated Daily Intakes. • 

Site 11 Site 107 Site 114 

Estimated Estimated Estimated 

Concener Plant Vole Daily Plant Vole Daily Plant Vole Dally 
(P&/1) (P&/1) Intake (P&/1) (PIii) Intake (PIii) (pe/&) Intake 

(P&'I) (pg/&) (pell) 

TCDD ndb 4.3 nd 0.6 57 0.186 nd 5 nd 

TCDF 170 870 52.7 440 4600 136.4 280 1100 86.8 

1-PeCDF 17 380 5.27 80 [800 24.8 31 270 9.61 

4-PeCDF 39 33000 12.1 230 100000 71.3 69 9300 21.4 

TCDD-TEQ 38.2 17279 11.8 195 52570 60.5 67 4990 20.8 

I Estimated daily intake calculations were based upon a daily food consumption rate of 0.31 g/g/d for Gapper's red-backed 
voles (McManus, 1974). 

b nd = non-detect 

5.2 Validation of Prototype Steady-State PBPK Model 

Following construction of the prototype steady-state PBPK model, it was essential to validate the 

model against both the graphical output presented in the Wang et al. ( 1997) source paper, as well 

as the actual time course tissue distribution data presented in the Wang et al. ( 1997) paper. This 

step ensures an accurate replication of the Wang et al. methodology was used in the development 

of the base steady-state PBPK model used in this research project. 

5.2.1 Comparison of Modelled Results versus Wang et aL (1997) Graphs 

The initial TCDD PBPK model described by Wang et al. (1997) was developed with the time 

course tissue distribution data obtained following a single oral dose of l O µg [3H]TCDD/kg to 

female Sprague-Dawley rats. Various time points were selected by the authors to demonstrate 

the importance of early time points in accurately assigning unique parameter values such as 

permeability (Wang et al., 1997). Based upon these time points, the authors provided graphs of 

experimental results compared to the results predicted in their model simulations, for the key 

accumulative and non-accumulative compartmental tissue groups (Figures 5.9 and 5.10). This 

experimental design was duplicated using the current prototype steady-state model to 

demonstrate consistency between the results depicted in Wang et al. ( 1997) and the reproduced 

model, based upon the Wang et al. (1997) methodology. Figures 5.11 and 5.12 provide graphical 
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comparisons of experimental data versus the predicted TCDD time series tissue concentrations in 

accumulative and non-accumulate tissue compartments, respectively, using the reproduced 

model. Visual comparisons of the two sets of model outputs indicate that the current prototype 

steady-state model appears to have accurately duplicated the results described in Wang et al. 

(1997). 

Tissue disposition at early time points (i.e., within the first 24 hours) following the TCDD dose 

administration is of particular importance when evaluating the ability of the current 

developmental model to reproduce the results presented in Wang et al. (1997). Figures 5.13 and 

5.14 provide the early time point results presented in the Wang et al. ( 1997) paper, and Figures 

5.1 S and 5.16 provide the corresponding results produced by the current development model. 

Again, visual comparisons of the two sets of model outputs indicate that the current prototype 

steady-state model appears to have accurately duplicated the results described in Wang et al. 

(1997). 

117 



Figure 5.9 Experimentally-derived TCDD concentrations in rats compared to 
curves describing model simulation results in accumulative dssue 
compartments (Wang et al .• 1991). 
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Figure 5.10 Comparison of experimental (Wang et al., 1997) versus predicted 
(with reproduced model) TCDD dmeseries tissue concentrations in 
various accumuladve tissue compartments. 

0.1 

E 
l! 
~ a 0.01 
a 
~ 
• 0.001 • I 
C: 

O.(Xl)1 

0.(DX)'I 

0 100 200 400 500 

Elapled 11ml (holn) 1--LMr(ltkaled) ■ LMr(ExpMll1 ... 
~ Adlfw (Explltmlnlal) -+- Sldn (Mod1l1d) 

118 

• 

fJX) 700 

-6-Adlpoea(ltadlllad) 

• Skin {Experfn....., 

9l) 

9 



Figure 5.11 Experimentally-derived TCDD concentrations in rats compared to 
curves describing model simulation results in non-accumulative tissue 
compartments (Wang et al., 1997). 
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Figure 5.13 Experimentally-derived TCDD concentrations in rats compared to 
curves describing model simulation results in accumulative tissue 
compartments, at early time points (Wang et al., 1997). 
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Figure S.14 Comparison of experimental (Wang et al., 1997) versus predicted 
(with reproduced model) TCDD timeseries tissue concentrations in 
various accumulative tissue compartments, at early time points. 
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Fipre 5.15 Experimentally-derived TCDD concentrations in rats compared to 
curves describing model simulation results in non-accumulative tissue 
compartments, at early time points (Wang et al., 1997). 
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Figure 5.16 Comparison of experimental (Wang et al., 1997) versus modelled 
TCDD timeseries tissue concentrations in various non-accumulative 
tissue compartments, at early time points. 
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5.2.2 Comparison of Experimental vers"s Modelled Disposition Res,,lts 

Comparative evaluations were conducted to determine if the developed steady-state PBPK model 

accurately reflected the results of experimental studies conducted with Sprague-Dawley rats 

(Wang et aJ., 1997) and C57BU6J mice (Diliberto et al., 1999). 

Sprague.Dawley Rat 

The experimental results (Wang et aJ .. 1997) of the time course ofTCDD distribution in all 

relevant tissue compartments (i.e., the blood, liver, lungs, kidneys, spleen, skin, muscle, and 

adipose tissues) after an oral administration of 10 µg [3H]TCDD/kg to Sprague-Dawley rats, and 

similar compartment-specific estimates calculated by the steady-state PBPK model, are provided 

in Table 5.9. 

Table 5.9 Comparison of experimental • and modelled compartment-specific time course 
distribution ofTCDD (% administered dose/g) after oral administration to 
Sprague-Dawley rats. 

Timearter Blood L■np Spirea Ratartlle Body 
doliDI 

£:1perimen1al Modelled E1perime■tal !llo•nt Modeled bperimental Modelled E.1pertnatal Modelled 

0.5 0.001 ± 0.000 0.004 0.004 ± 0.001 0.019 0.016 ± 0.025 0.02 0.003 ± 0.002 0.001 

I 0.003 ± 0.002 0.008 0.016 ± 0.005 0.036 0.016 ± 0.008 0.041 0.004 ± 0.002 0.003 

3 0.012 ± 0.002 0.017 0.094 ± 0.019 0.075 0.073 ± 0.025 0.091 0.013± 0.005 0.016 

8 0.012 ± 0.002 0.018 0.077 ± 0.012 0.077 0.037 ± 0.008 0.094 0.022 ± 0.002 0.027 
24 0.009 * 0.004 0.008 0.053±0.015 O.o35 0.023 :1: 0.004 0.042 O.Ol 8 * 0.005 0.012 

72 0.005 ± 0.001 0.006 0.024 ± 0.003 0.027 0.013 * 0.001 0.032 0.007 ± 0.002 0 009 

168 0.006 ± 0.002 0.005 0.022 :1; 0.007 0.022 0.011 ± 0.002 0.026 0.007 ± 0.002 0.007 

336 0.004 ± 0.002 0.003 0.013 ±0.003 0.016 0.010 ± 0.004 0.019 0.003 ± 0.001 0.005 

840 0.00 I ± 0.000 0.001 0.003 ± 0.00 I 0.006 0.002 ± 0.003 0.007 0.002 ± 0.00 l 0.002 

Adipaw Tiuue Kidneys Liver Sldn 

E.1perimtatal Modelled £Jperimental Modetled £.wperlmental Mocldled £:1pertmen1al Modelled 
0.5 0.006 * 0.005 0.002 0.007 * 0.003 0.004 0.032 ±0.012 0.028 0.005 ± 0.003 0.001 

I 0.010 ± 0.007 0.008 0.010:1:0.004 0.015 0.108 ±0.042 0.11 0.003 ± 0.002 0.003 

3 0.041 :1:0.010 0.062 0.050 :1; 0.012 0.063 0.958 ± 0.184 0.76 0.021 •0.005 0.02 

8 0.206 ± 0.034 0.237 0.072±0.014 0.084 3.321 ± 0.376 2.715 0.075 e 0.021 0.068 
24 0.435 :I: 0.225 0.472 0.049 :1:0.013 0,038 4.046 ± 1.416 4.443 0.093 ± 0.025 0.092 

72 0.626:1:0.137 0.553 0.023:0.004 0.028 3.502 :1; 0.541 4.014 0.061 ±0.014 0.062 

168 0.547 ± 0.209 0.498 0.040 * 0.024 0.023 2.824 ± 0.852 3.19 0.056 ± 0.008 0.049 

336 0.204 ± 0.083 0.36 0.017 ± 0.004 0.017 1.461 ± 0.277 2.175 0.036 •0.006 0.035 
840 0.091 ±0.017 0.127 0.003 * 0.000 0.007 0.288 * 0.091 0.61 0.002 ± 0.000 0.012 

Time course tissue distnbution of TCDD after oral administration of IO 1'8 ['H)TCDD/kg to Spnguc-Dawley rats; mean :1: standard 
devi•lion (n = 3-5 anil'llllls/group) (Wang et al., 1997). 
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To assess whether the compartment-specific TCDD concentrations provide an accurate surrogate 

for experimentally-derived concentrations reported in Wang et al. (1997), modelled 

concentrations were evaluated as to whether they fall within the 95% confidence intervals 

(represented by 2.575-tirnes the standard deviation for 5 observations) of the experimental 

results. Table 5.10, below, provides the results ohbis analyses, and indicates that the modelled 

concentrations fell within the 95% confidence interval approximately 80% of the time with most 

of the excw-sions occurring at later time points (i.e.,> 14 days following exposure). 

Furthennore, the vast majority of the excursions were observed in the lung and spleen 

compartments, with the important disposition compartments (i.e., the skin, liver, and adipose 

tissue) demonstrating a high degree of correlation between experimental and modelled data 

(falling within the 95% confidence interval approximately 89% of the time). 

Figure 5.17 provides a snapshot comparison of the experimental data, including the 95% 

confidence intervaJs, and the modelled TCDD concentrations in the liver and adipose tissue 

compartments over time. As indicated in Table 5.10, the figure demonstrates the high degree of 

consistency between the experimental results and modelled TCDD compartmental concentration 

predictions. 
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Table 5.10 Evaluation of Time Coune Compartment-Specific Concentration 
(% Administered Dose/Gram) for Modelled versus Experimental Data. 

Time Experiment • SD 
95%CI 5%CI 95%CI Modelled Match II Dlfferance Dlff vs. 

(hrs) bound Exp 

Blood 
0.5 0.001 0 0.0005 0.0005 0.0015 0.004 0.00250 250% 
1 0.003 0.002 0.00515 0.0001 0.00815 0.008 ✓ 
3 0.012 0.002 0.00515 0.00685 0.0172 0.017 ✓ 
8 0.012 0.002 0.00515 0.00685 0.0172 0.018 0.000850 7% 
24 0.009 0.004 0.0103 0.0001 0.0193 0.008 ✓ 
72 0.005 0.001 0.00258 0.00243 0.00758 0.006 ✓ 

168 0.006 0.002 0.00515 0.00085 0.0112 0.005 ✓ 
336 0.004 0.002 0.00515 0.0001 0.00915 0.003 ✓ 
840 0.001 0 0.0005 0.0005 0.0015 0.001 ✓ 

77.1% 

Lungs 
0.5 0.004 0.001 0.00258 0.00143 0.00658 0.019 0.0124 311% 
1 0.016 0.005 0.0129 0.00313 0.0289 0.036 0.00713 45% 
3 0.094 0.019 0.0489 0.0451 0.143 0.075 ✓ 
8 0.077 0.012 0.0309 0.0461 0.108 0.0777 ✓ 
24 0.053 0.015 0.0386 0.0144 0.0916 0.035 ✓ 
72 0.024 0.003 0.00773 0.0163 0.0317 0.027 ✓ 
168 0.022 0.007 0.0180 0.00398 0.0400 0.022 ✓ 
336 0.013 0.003 0.00773 0.00528 0.0207 0.016 ✓ 
840 0.003 0.001 0.00258 0.000425 0.00558 0.006 0.000425 14% 

66.7% 

SplNn 
0.5 0.016 0.025 0.0644 0.0001 0.0804 0.02 ✓ 
1 0.016 0.008 0.0206 0.0001 0.0366 0.041 0.00440 28% 
3 0.073 0.025 0.0644 0.00862 0.137 0.091 ✓ 
8 0.037 0.008 0.0206 0.0164 0.0576 0.094 0.0364 98% 
24 0.023 0.004 0.0103 0.0127 0.0333 0.042 0.00870 38% 
72 0.013 0.001 0.00258 0.0104 0.0156 0.032 0.0164 126% 
168 0.011 0.002 0.00515 0.00585 0.0162 0.026 0.00985 90% 
336 0.01 0.004 0.0103 0.0001 0.0203 0.019 ✓ 
840 0.002 0.003 0.00773 0.0001 0.00973 0.007 ✓ 

"·'" 
Rest of th• Body 

0.5 0.003 0.002 0.00515 0.0001 0.00815 0.001 ✓ 
1 0.004 0.002 0.00515 0.0001 0.00915 0.003 ✓ 
3 0.013 0.005 0.0129 0.000125 0.0259 0.016 ✓ 
8 0.022 0.002 0.00515 0.0169 0.0272 0.027 ✓ 
24 0.018 0.005 0.0129 0.00513 0.0309 0.012 ✓ 
72 0.007 0.002 0.00515 0.00185 0.0122 0.009 ✓ 
168 0.007 0.002 0.00515 0.00185 0.0122 0.007 ✓ 
336 0.003 0.001 0.00258 0.000425 0.00558 0.005 ✓ 
840 0.002 0.001 0.00258 0.0001 0.00458 0.002 ✓ 

100.0% 
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Table 5.10 Evaluation of Time Coune Compartment-Specific Concentration 
(% Administered Dose/Gram) for Modelled versus Experimental Data. 

Time 
Experiment• so 95%CI 

5%CI 95%CI Modelled Match b Difference Dlff vs. 
(hrs) bound Exp 

Fat 
0.5 0.006 0.005 0.0129 0.0001 0.0189 0.002 ✓ 
1 0.01 0.007 0.0180 0.0001 0.0280 0.008 ✓ 
3 0.041 0.01 0.0258 0.0153 0.0668 0.062 ✓ 
8 0.206 0.034 0.0876 0.118 0.294 0.237 ✓ 

24 0.435 0.225 0.579 0.0001 1.01 0.472 ✓ 
72 0.626 0.137 0.353 0.273 0.979 0.553 ✓ 
168 0.547 0.209 0.538 0.00882 1.09 0.498 ✓ 
336 0.204 0.083 0.214 0.0001 0.418 0.36 ✓ 
840 0.091 O.D17 0.0438 0.0472 0.135 0.127 ✓ 

100.0% 

Kidneys 
0.5 0.007 0.003 0.00773 0.0001 0.0147 0.004 ✓ 
1 0.01 0.004 0.0103 0.0001 0.0203 0.015 ✓ 
3 0.05 0.012 0.0309 0.0191 0.0809 0.063 ✓ 
8 0.072 0.014 0.0361 0.0360 0.108 0.084 ✓ 
24 0.049 0.013 0.0335 0.0155 0.0825 0.038 ✓ 
72 0.023 0.004 0.0103 0.0127 0.0333 0.028 ✓ 
168 0.04 0.024 0.0618 0.0001 0.102 0.023 ✓ 
336 0.017 0.004 0.0103 0.0067 0.0273 0.017 ✓ 
840 0.003 0 0.0005 0.0025 0.0035 0.007 0.00350 117% 

88.9% 

Uver 
0.5 0.032 0.012 0.0309 0.0011 0.0629 0.028 ✓ 
1 0.108 0.042 0.106 0.0001 0.216 0.11 ✓ 
3 0.958 0.184 0.474 0.484 1.43 0.76 ✓ 
6 3.321 0.376 0.968 2.35 4.29 2.715 ✓ 
24 4.046 1.416 3.65 0.400 7.69 4.443 ✓ 
72 3.502 0.541 1.39 2.11 4.90 4.014 ✓ 
168 2.824 0.852 2.19 0.630 5.02 3.19 ✓ 
336 1.461 0.277 0.713 0.748 2.17 2.175 •C 0.000725 0.0496% 
840 0.288 0.091 0.234 0.0537 0.522 0.61 0.0677 30.4% 

77.8% 

Skin 
0.5 0.005 0.003 0.00773 0.0001 0.0127 0.001 ✓ 
1 0.003 0.002 0.00515 0.0001 0.00815 0.003 ✓ 
3 0.021 0.005 0.0129 0.00813 0.0339 0.02 ✓ 
8 0.075 0.021 0.0541 0.0209 0.129 0.068 ✓ 
24 0.093 0.025 0.0644 0.0286 0.157 0.092 ✓ 
72 0.061 0.014 0.0361 0.0250 0.0971 0.062 ✓ 
168 0.056 0.008 0.0206 0.0354 0.0766 0.049 ✓ 
336 0.036 0.006 0.0155 0.0206 0.0515 0.035 ✓ 
840 0.002 0 0.0005 0.0015 0.0025 0.012 0.00950 475% 

11.9% 

OVERALL 80.6% 0.014 116% 

• Time course tissue distribution of TCDO after oral administration (Wang et al., 1997) . 
b Does modelled results fall within lhe 95% confidence interval (2.575x SD for 5 observations)? 
C Predicted value was marginally outside of the 95% confidence interval, with only a 0.05% difference between 

the predicted value and the upper Cl limit value. 
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Figure 5.17 Comparison of experimental (with 95°/4 confidence intervals) versus 
modelled liver and adipose tissue compartmental TCDD distribution. 
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A statistical analysis of the sums of squares variance between the experimental and modelled 

disposition results was also conducted, based upon the percentage of administered dose per gram 

tissue in each compartment and time point. The sums of squares was 51.9 and 60.2 for the 

experimental and modelled mean values, respectively. This results in a residual Sums of Squares 

of 1.66, indicating that the modelled data effectively represented the experimental data 96.8% of 

the time, based upon its residual sums of squares error. 

Based upon the above evaluations, it was concluded that the Sprague-Dawley TCDD PBPK 

model appears to accurately duplicate the output of the model presented in Wang er al. ( 1997). 

Furthennore, it also appears to accurately represent the experimentally-derived data presented in 

Wang et al. ( 1997). 
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C57BU6J Mice 

The experimental results (Diliberto et al., 1999) of the time course ofTCDD distribution in all 

relevant tissue compartments (i.e., the blood, liver, lungs, kidneys, spleen, skin, muscle, and 

adipose tissues) after an oral administration of25 µg [3H]TCDD/kg to C57BU6J mice, and 

similar compartment-specific estimates calculated by the steady-state PBPK model are provided 

in Table 5.11. Unfortunately, experimental results were only provided at 4 days post-treatment, 

and as such it is difficult to determine whether the model accurately reflects the experimental 

results at differing time points. 

Table 5.11 

Panmeter 

Lungs 

Kidneys 

Spleen 

Skin 

Liver 

Adipose Tissue 

Liver/Fat Ratio 

Comparison of experimental • and modelled compartment-specific time 
course distribution ofTCDD (o/'a administered dose/g) after oral 
administration to C57BL/6.J mice, 4-days Post-treatment. 

E1perlmental Modelled 

0.27±0,07 0.144 

0.17 ±0.02 0.213 

0.14±0.02 0.178 

0.89•0.19 0.79 

16.52 :1:: 2.58 18.27 

4.67 ±0.70 4.91 

3.55 ±0.41 3.72 

• Time course tissue distribution (expressed as means± SD) ofTCDD after oral administration of 25 µg {JH]TCDD/kg to 
CS7BU6J mice, 4-days post-lreatment (Dilibeno et al., 1999). 

While the modelled results slightly overestimated disposition in most of the assessed 

compartments, they were generally within one standard deviation of the experimental mean 

concentration (see Figure 5.18), and well within the 95% confidence interval of the experimental 

results. Given the agreement between experimental and modelled results in most compartments, 

as well as with the liver-to-fat ratios, it was concluded (based upon the minimal experimental 

data available) that the modified model provided a reasonable estimation ofTCDD disposition, 

based upon the Diliberto et al. (1999) data. 

127 



Figure 5.18 Comparison of ex:perimental and modelled compartment-specific TCDD 
concentrations (% administered dose/gram) after oral administration of 
25 1,Lg/kg to C57BL/6J mice, 4-days post-treatment. 
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Diliberto et al. ( 1999) also conducted a time course study of 4-PeCDF distribution in all relevant 

compartments after an oral administration of 300 µg [3H]4-PeCDF/kg to C57BU6J mice. Table 

S .12, below, provides the results of this study compared to the similar compartment-specific 

estimates calculated by the research steady-state model, after 4-days of exposure. 

Table 5.12 Comparison of experimental • ud modelled compartment-specific time 
coune distribution of 4-PeCDF (% administered dose/g) after oral 
administration to C57BL/6J mic~ 4-days Post-treatment. 

Parameter 

Lungs 
Kidneys 

Spleen 
Skin 

Liver 

Adipose Tissue 

Experimmtal 

0.09•0.03 

0.028 ± 0.002 

0.06 ±0.01 

0.22±0.09 

25.44± 2.13 

1.38 ± 0.14 

Modelled 

0.093 

O.o7 
0.06 

0.233 

24.6 

1.43 
...................................................................... ·-----···-····················------·························· .. ····· .. ··········· 

Liver/Fat Ratio 18.68 ± 2.96 17.2 

• Time course tissue distribution ( expressed as means ± SD) of 4-PeCDF after oral administration of 300 Ilg (3H]4-
PeCDF/kg to CS7BIJ6J mice, 4-days post•rreatmc:nt (Diliberto et al., 1999). 
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While the modelled results slightly overestimated disposition in most of the assessed 

compartments, the modelled results were generally within one standard deviation of the 

experimental mean concentration (see Figure 5.19), and well within the 95% confidence interval 

of the experimental results. Given the agreement between experimental and modelled results in 

most compartments, as well as with the liver-to-fat ratios, it was concluded (based upon the 

minimal experimental data available) that the modified model provided a reasonable estimation 

of 4-PeCDF disposition, based upon the Diliberto et al. ( 1999) data. 

Figure 5.19 Comparison of experimental and modelled compartment-specific 4-PeCDF 
concentrations (% administered dose/gram) after oral administration of 300 
~g/kg to C57BL/6J mice, 4-days post-treatment. 
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Given the low % administered dose/gram found in the lungs, kidneys, spleen, and skin 

compartments, Figure 5.20, below, provides a closer evaluation of these particular 

compartmental tissue groups. 
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Figure 5.20 Comparison of experimental and modelled compartment-specific 4-
PeCDF concentrations (% administered dose/gram) after oral 
administration of 300 11g/kg to C57BL/6J mice, 4-days post-treatment 
( only lungs, kidneys, spleen, and skin). 
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5.2.J Sensitivity Analysis of Prototype Steady-State PBPK Model 

A sensitivity/uncertainty analysis was conducted on the steady-state PBPK model based upon 

5,000 Monte Carlo iterations, to detennine which variables pose the largest influence on the 

ultimate outcome of the model (i.e., overall body sequestration ofTCDD). Table 5.13 provides 

the contribution to variance (by percentage) of each parameter group, over a range of 

administered dose levels, at 8--, 2~, and 48-hours after exposure, for the Sprague-Dawley rat. A 

complete breakdown of the contribution to variance of each individual parameter is provided in 

Table 8-1.0 of Appendix B. 
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TableS.13 Sensitivity Analysis of Co■tributio■ to Variuce betwee■ TCDD PBPK 
Model Variables ud Seqaestntio■ Outcome for Specific Panmeter 
Groups• the Sprague-Dawley Rat. 

Panmeter Groups 
Admlaulered Dose or TCDD (Niki) 

0.1 0.316 l 3.16 10 

8-Boun after Ell)IOSure 
General Physiological Panmelers 19.6% 2.7% 2.2% 1.6% 4.3% 
Equilibrium Distribution Ratio 26.3% 9.1% 12.3% 25.0% 13.2% 
Permeability 7.0% 10.6% 10.8% 13.9% 25.4% 
Compartment Volumes 13.1% 13.1% 15.0% 27.00/4 II.I% 
Absorption and Elimination 18.S% 12.7% 14.6% 5.4% 26.1% 
Ah Receptor Pharmacodynamics 4.2% 18.8% 3S.1% 9.6% 5.6% 
CYP l A2 Receptor Phannacodynamics 11.3% 33.1% 9.4% 17.5% 14.4% 

24-Boun after Esposure 
General Physiological Parameters 17.6% 1.6% 5.7% 1.8% 3.4% 
Equilibrium Distribution Ratio 21.9% 8.2% 11.0% 22.3% 13.3% 
Penneability 7.3% 12.2% 16.2% 14.5% 27.2% 
Compartment Volumes 12.5% 17.0% 14.1% 29.4% 12.8% 
Absorption and Elimination 19.6% 18.1% 11.5% S.5% 23.5% 
Ah Receptor Pharmacodynamics S.4% 9.8% 32.3% 10.6% 6.2% 
CYP l A2 Receptor Pharmacodynamics IS.6% 33.1% 9.2% 16.0% 13.6% 

72-Roun after EIJIOsure 
General Physiological Parameters 9.1% 3.7% 6.1% 2.3% 2.4% 
Equilibrium Distribution Ratio 16.8% 11.2% 14.4% 20.S% 13.4% 
Penneability 7.2% 19.7% 10.4% 14.8% 26.0% 
Compartment Volumes 19.0% IS.0% 14.7% 29.9% 14.5% 
Absorption and Elimination 22.1% 11.6% 14.S% 6.1% 20.2% 
Ah Receptor Phannacodynamics 4.6% 11.0% 27.6% 12.0% 8.9% 
CYP l A2 Receptor Phannacodynamics 21.2% 27.7% 12.3% 14.4% 14.S% 

• Applicable parameters were added to produce an overall total contribution to variance percentage for each 
parameter group. A detailed list of the specific panmeters combined to form each group can be found in Table 
e.2.0 of Appendix B. 

Graphical comparisons of the contribution of variance for each of the parameter groups at various 

administered dose levels are presented in Figure S.21 through S.23 at 8-, 24-, and 48-hours 

following exposure, respectively. 
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Figure 5.21 
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Figure 5.23 
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Results of the sensitivity analysis indicate that while individual parameters within the set 

parameter groups do vary as to their relative impacts on overall contribution to variance, there 

appears to be very little difference in overall group variance patterns between the three exposure 

times (i.e., 8-, 24-, and 48-hours following dose exposure). 

Unlike the relative lack of variance at differing time points after exposure, results of the 

sensitivity analyses indicates a definite dose-dependancy in those variable groups showing the 

highest contribution of variance. In addition to the overall parameter group evaluations, Table 

5.14 provides the top 15 individual parameters demonstrating the largest contribution to variance 

in TCDD disposition for each dose level, 24-hours following initial exposure. 

At low administered doses (i.e., below the 0.1 µg/kg bodyweight level), the compartment-

specific equilibrium ratios and general physiological parameters dominated the contribution to 

variance in TCDD disposition kinetics (i.e., > 45% ), with ligand-receptor pharmacod)llamics 

typically playing a very minor role. The receptor body weight, biliary excretion rate, and 

equih"brium ratio of skin tissue to blood concenttation appear to be the key leverage parameters at 
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this particular dose level. However, as the exposure dose increases, these roles become reversed 

with pharmacodynamic impacts dominating the overall contribution to variance. 

For example, at the 0.316 µg/kg bodyweight dose, CYP1A2 binding kinetic parameters 

(primarily the concentration resulting in half maximum induction folds) have the largest 

contribution to variance, with Ah receptor related parameters playing a lesser (though still 

elevated) role. However, at the 1 µg/kg bodyweight dose, the contribution of Ah receptor 

binding parameters (primarily the Ah receptor binding capacity in the large compartments such 

as the skin and lungs) to overall variance in TCDD disposition is elevated, with CYP1A2-related 

parameters having a greatly reduced role. 

It is interesting to note that the oral bioavailability ofTCDD appears to be a significant leverage 

variable at the 0.316 µg/kg bodyweight dose level, while playing a very minor role at the l µg/kg 

bodyweight level. Conversely, the compartmental penneability of the liver is important at the 

higher dose rate, while not even in the top 1 S list of parameters at lower dose exposures. 

As the administered dose increases beyond the 3 .16 µg/kg bodyweight level, the contribution to 

variance from ligand-receptor parameters return to the levels observed at the very low doses (i.e., 

~0.1 µg/kg bodyweight), while parameters related to compartmental permeability, as well as 

TCDD absorption and elimination, play key roles in the ultimate disposition of the contaminant. 

At the 3.16 µg/kg bodyweight dose level, the equilibrium ratio ofliver tissue to blood 

concentration and the rest of the body volume as a percentage of body weight appear to be the 

dominant parameters, while at the higher l O µg/kg bodyweight dose, the compartmental 

permeability of the adipose tissue and liver compartments contribute more than 20% of the 

overall variance in TCDD disposition. 
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Table 5.14 Top 15 Physiological Parameten by Contribudon to Variance to TCDD 
Disposition, 24-Hours at each Administered Dose Level. 

Physiological Parameter 

0.1 I« TCDD/lg Dose 
Body weight of the receptor 
Biliary excretion rate 
Equilibrium ratio of skin tissue to blood concentration 
Allometric parameter for cardiac output from bodyweight 
Absorption rate constant from GI tract to blood 
Equilibrium ratio of kidney tissue to blood concentration 
Lung volume as a percentage of body weight 
Basal level of CYP I A2 within the liver 
Companmental permeability of the skin 
Urinary excretion rate 
Dissociation constant of CYP I A2 binding 
Equilibrium ratio of spleen tissue to blood concentration 
Equilibrium ratio of tissue in the rest of the body to blood concentration 
Hill coefficient 
CYP l A2 physiological delay time 

o.J 16 I« TCDDAg Dose 
Concentration to cause half of the maximum induction folds 
Oral bioavailability ofTCDD 
Maximum induction folds over the basal induction rate 
Compartmental permeability of the skin 
Equilibrium ratio of adipose tissue to blood concentration 
CYP 1 A2 physiological delay time 
Skin volume as a percentage of body weight 
Hill coefficient 
Compartmental permeability of the rest of the body 
Kidney volume as a percentage of body weight 
Venous blood volume as a percentage of body weight 
Ah receptor binding capacity in the liver 
Ah receptor binding capacity in the spleen 
First-order degradation rate constant of CYP I A2 binding 
Ah receptor binding capacity in the skin 

I I« TCDDAg Dose 
Ah receptor binding capacity in the skin 
Compartmental permeability of the liver 
Ah receptor binding capacity in the lungs 
Equilibrium ratio of adipose tissue to blood concentration 
Urinary excretion rate 
Allometric parameter for cardiac output from bodyweight 
Compartmental permeability of the adipose tissue 
Lung volume as a percentage of body weight 
Kidney volume as a percentage of body weight 
Skin volume as a percentage of body weight 
Oral bioavailability of TCDD 
Basal level of CYP 1 A2 within the liver 
Dissociation constant of Ah receptor binding 
Hill coefficient 
Ah receptor binding capacity in the spleen 

J.16,c TCDDAgDos~ 

13S 

Contribution to Variance 

11.6% 
8.6% 
7.8% 
6.1% 
5.5% 
5.4% 
4.8% 
4.4% 
3.9% 
3.8% 
3.7% 
3.6% 
3.3% 
2.9% 
2.8% 

15.7% 
12.3% 
7.1% 
6.2% 
5.5% 
5.3% 
5.1% 
4.6% 
4.4% 
4.1% 
3.0% 
2.8% 
2.7% 
2.5% 
2.3% 

19.4% 
11.2% 
7.1% 
7.0% 
6.2% 
4.4% 
4.0% 
3.8% 
3.7% 
3.6% 
2.9% 
2.6% 
2.6% 
2.6% 
2.3% 



Table 5.14 Top 15 Physiological Parameten by Contribution to Variance to TCDD 
Disposition, 24-Houn at each Administered Dose Level. 

Pbysioloatcal Parameter 
Equilibrium ratio of liver tissue to blood concentration 
Rest of the body volume as a percentage of body weight 
Maximum induction folds over the basal induction rate 
Compartmental permeability of the skin 
Kidney volume as a percentage of body weight 
Compartmental permeability of the kidneys 
Basal level of CYP I A2 within the liver 
Ah receptor binding capacity in the skin 
Ah receptor binding capacity in the liver 
Spleen volume as a percentage of body weight 
Equilibrium ratio of kidney tissue 10 blood concentration 
Lung volume as a percentage of body weight 
Adipose tissue volume as a percentage of body weight 
Urinary exc:rc:tion rate 
Equilibrium ratio of lung tissue to blood concentration 

10 Ill TCDD/ltg Dos~ 
Compartmental permeability of the adipose tissue 
Compartmental permeability of the liver 
First-order degradation rate constant of CYP I A2 binding 
Absorption rate constant from GI tract to blood 
Maximum induction folds over the basal induction rate 
Equilibrium ratio of tissue in the rest of the body to blood concentration 
Concentration to cause half of the maximum induction folds 
Equilibrium ratio ofliver tissue to blood concentration 
Biliary excretion rate 
Compartmental permeability of the kidneys 
Skin volume as a percentage of body weight 
Dissociation constant of Ah receptor binding 
Kidney volume as a percentage of body weight 
Lung volume as a percentage of body weight 
Equilibrium ratio of adipose tissue to blood concentration 

S.3 Validation of Prototype Equilibrium-based Model 

Contribution to Variance 
13.0% 
12.5% 
7.5% 
7.1% 
6.4% 
5.6% 
5.2% 
4.6% 
4.3% 
3.8% 
3.0% 
2.9% 
2.4% 
2.3% 
1.8% 

11.6% 
9.7% 
8.3% 
8.1% 
7.4% 
5.7% 
4.5% 
4.3% 
4.1% 
4.0% 
3.9% 
3.8% 
2.7% 
2.7% 
2.1% 

Following construction of the prototype equilibrium-based model, it is useful to validate the 

model against both the graphical output presented in the Evans and Andersen (2000) source 

paper. This step ensures that an accurate duplication of the Evans and Andersen methodology 

was used in the development of the base equilibrium-based model used in this research project. 
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5.2.1 Comparison of Modelled Res11lts ven11s Evans and Andersen (2000) Graph 

Evans and Andersen (2000) conducted an analysis of liver fraction (FH) fluctuations with respect 

to changing average body concentrations, and presented a plot of the resulting curve (see the 

default FH curve in Figure 5.24, below). To demonstrate an accurate reproduction of the 

published Evans and Andersen (2000) results, the equilibrium-based methodology and described 

analysis was recreated in an Excel spreadsheet. The resulting curve is provided in Figure 5.25. 

Based upon a visual comparison of the two figures, it appears that the based equilibrium model 

correctly reproduces the results presented by Evans and Andersen. 

A similar analysis was conducted using the corrected version of the Evans and Andersen (2000) 

methodology, and the resulting curve is plotted along with the previous curve in Figure 5 .26. As 

outlined in the methodology section, the mis-specification in the Evans and Andersen (2000) 

model results in a lower ceiling value for the liver fraction due to the IO-fold restriction in the 

maximum CYP 1 A2 induction fold increase. As noted previously, this impact is not immediately 

evident at lower exposure doses (i.e.,< 0.01 ng/kg), and only becomes apparent when Ah 

receptor occupancy is sufficient to result in an induction fold increase in microsomal CYP1A2 

levels. 
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Figure 5.24 Simulation results for the liver fraction (FH) presented in Evans and 
Andenen (2000). 
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Figure 5.25 Reproduction of dose-dependency curve based on original Evans and 
Andenen (2000) methodology. 
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Figure 5.26 Reproduction or dose-dependency curves using both the original and 
corrected Evans and Andenen (2000) methodology. 
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5.2.2 Comparison of Steady-State versus Equilibrium-based Model 

A comparison of the three assessed model methodologies (i.e., steady-state PBPK model, 

original equilibrium-based model, and corrected equilibrium-based model) was conducted to 

determine if a two-compartment equilibrium-based model could adequately estimate the 

disposition pattern of TCDD in the Sprague-Dawley rat. This would allow one to determine 

whether the more complex, steady-state PBPK model is over-parameterized in its simulation of 

the physiological process involved. 

To achieve this comparison, the excretion pathway was eliminated from the Wang et al. model to 

allow compartmental concentrations to reach a "pseudo" steady-state. As indicated in Figure 

5.27, this pseudo steady-state level appeared to occur 24-hours following exposure to an 

administered dose of 10 µg/kg bodyweight. As such, comparisons with the equilibrium-based 

models were conducted using the data estimated at 24-hours following exposure. Interestingly 

enou~ pseudo steady-state was not achieved until the 96•hour point at dose exposures less than 

0.01 µglkg bodyweight (see Figure 5.28) as a further physiological delay was required while 

initial liver and fat compartmental concentrations equilibrated. As such, comparisons with the 

139 



equilibrium-based models were conducted using the data estimated at 96-hours following 

exposure, for doses at and below 0.01 µg/kg bodyweight. 

Figure 5.27 Graphical plot of time-series chemical concentrations in the 
liver and fat compartments following a 10 Jig/kg bodyweight 
dose, using the steady-state PBPK model with excretion 
eliminated. 
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Figure 5.28 Graphical plot of time-series chemical concentrations in the 
liver and fat compartments following a 0.01 Jig/kg bodyweight 
dose, using the steady-state PBPK model with excretion 
eliminated. 
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Table 5.15 provides the dose-specific liver-to-fat ratios, Ah and CYPIA2 receptor occupancy, 

and CYP1A2 fold induction estimates for the steady-state PBPK model (model A), the original 

equilibrium-based model (model B), and the corrected equilibrium-based model (model C). 

Table 5.15 Compariso■ of steady-state results of the three assessed models of TCDD 
disposition in t•e Sprague-Dawley rat. 

Receptor Occupucy 
CYPIAl Fold lad■dion Dose Liver-to-Fat Ratio 

(nlfkl) All CYPIAl 
A" e• c• A B C A B C A B C 

0.001 o.s 0.86 0.86 0.0002% 0.008o/• 0.008% O"I. 0% 0% 0.002 0.022 

0.01 0.5 0.86 0.94 0.002% 0.08% 0.08% 0% 0% 0% 0.02 0.21 

O.l 0.6 0.94 1.51 0.018% 1% 1% 0-1. 0% 0% 1.1 0.2 l.63 

I 0.7 1.45 4.31 0.2% 7% 7% 0.001% 0.0001% 0.001% 1.4 1.41 7.9 

10 1.2 2.99 12.18 1.5% 44% 44% 0.005% 0.008% 0.002% 2.4 4.84 25.8 

100 4.9 4.2 26.12 11.5% 89% 89% 0.043% 0.060% 0.012% 5.3 7.7 57.7 

1000 7.9 4.31 35.42 43.8% 99"/4 99% 0.259% 0.58% 0.092% 10.5 8.34 79.3 

10000 9.8 3.95 37.24 85.4% 100% 100% 1.91% 5.88% 0.8% IS.I 8.41 83.7 

I Model results at pseudo steady-state from Wang et al. ( 1997) PBPK model with excretion eliminated. 
b Model results from equilibrium-based model derived from ori&inal Evans and Andersen (2000) methodology. 
C Model results from equilibrium-based model derived from corrected Evans and Andersen (2000) methodology. 

Results of the comparison indicate that neither the original nor corrected equilibrium-based 

model adequately reflected the results estimated by the modified steady-state PBPK model. 

While the original equilibrium-based model (model B) provided an accurate reflection of the 

steady-state results (model A) at moderate to low dose levels (i.e., s 1.0 ng/kg), due to the mis­

specification in the CYPIA2 indiction and binding calculations it failed to adequately predict 

potentially elevated exposure doses. Unfortunately, as some of the parameters specified by 

Evans and Andersen (2000) appear to have been selected to ensure the modelled outcome 

accurately reflect the desired dose-dependency curves of compartmental disposition, correction 

of the mis-specification (model C) produces even less-accurate results at elevated exposures 

doses. 
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In an attempt to correct this over-specification in the selected receptor-ligand parameters, the 

following three parameters (Table 5.16) were systematically adjusted until the corrected 

equilibrium-based model provided a reasonably accurate prediction of the results produced by the 

steady-state model (model A) at all dose levels. 

Table 5.16 Revised parameten used in the updated equilibrium-based model. 

Pbysloloelcal Panmeter Abbreviation Original Value Revised Value 

Ah receptor binding constant KBI 0.04 nM 5nM 

Ah receptor/DNA receptor binding constant Kd 0.05 nM 0.00S nM 

CYP I A2 induction fold increase BM2i 85 fold 16fold 

A comparison of steady-state results to those predicted using the updated version of the 

equilibrium-based model (Model 0) are presented in Table 5.17. Using these revised receptor­

ligand based parameters, the updated model appears to adequately reflect the results estimated by 

the steady-state PBPK model. 

Table 5.17 Comparison of steady--state results with an updated venion of the 
equilibrium-hued model ofTCDD disposition in the Sprague-Dawley rat. 

Dose 
Receptor Occupancy 

CYPI Al Fold Induction Liver-t~Fat Ratio 
(olfk&) Ab CYPlAl 

A' oi A D A D A 

0 o.s 0.46 0.0002% 0.0001% 0% 0% 

0.01 o.s 0.46 0.002% 0.0006% 0% 0% 

0.1 0.6 0.48 0.018% 0.006% 00/a 0% l.l 
I 0.7 0.62 0.2% 0.062% 0.001% 0.002% 1.4 

10 1.2 1.45 1.5% 0.62% 0.00S% 0.012% 2.4 

100 4.9 3.9 11.5% 5.8% 0.043% 0.063% 5.3 

1000 7.9 6.43 43.8% 38.3% 0.259% 0.4% 10.5 

10000 9.8 7.1 85.4% 86.1% 1.91% 3.8% IS.I 

• Model results at pseudo steady-state from Wang et al. ( 1997) PBPK model with excretion eliminated. 
d Model results from equilibrium-based model derived from the updated corrected Evans and Andersen (2000) 

methodology. 

D 

0.0004 

0.004 
O.Q38 

0.352 

2.2 

7.6 

13.7 

15.7 

While this updated version of the equilibrium-based model appears to provide a reasonable 

representation of the results produced by the steady-state PBPK model, the biological validity of 

the updated values for the parameters selected to "correct" model outcomes (particularly the KB 1 

value which represents the K0 for Ah receptor binding) is questionable. 
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5.3 Dose-Dependent AppUcation of PBPK Model 

A range of administered doses (i.e., 0.001, 0.01, 0.1, 1, 10, and 100 µg/kg bodyweight) was used 

to model a time-series of chemical disposition for each of the assessed PCDD/Fs (i.e., TCDD, 

TCDF, 1-PeCDF, and 4-PeCDF) for both the Sprague-Dawley rat and the Gapper's red•backed 

vole. The results of these simulations are presented in Tables 5.18 through 5.21 and Tables 5.22 

through 5 .25 for the Sprague-Dawley rat and red-backed vole, respectively. Based upon the 

estimated daily dietary intake of PCDD/Fs (see Table 5.8), the time-series deposition of each 

assessed congener was also modelled for the Gapper's red-backed vole at site 107 and presented 

in Table 5.26. 

To provide a better reflection of the overall deposition patterns predicted for the red-backed voles 

over time, whole body concentration and liver-to-fat ratio curves are presented in Figures 5.29 

through 5.40 for each of the administered dose levels {i.e., 0.001, 0.01, 0.1, 1, 10, and 100 µg/kg 

bodyweight, respectively). Results of the time-series modelling indicates that the highest whole 

body concentration appears to occur near the 15 hour mark for the lower doses, yet shifts towards 

the 24 hour mark as the dose levels increase. Liver-to-fat ratios are demonstrated to start high 

(approximately 8-fold) regardless of the dose level, but drops rapidly as the model begins to 

equilibrate based upon the overall lipophilicity of each of the tissue compartments. The impacts 

of ligand binding to CYP1A2, in both whole body concentrations and liver-to-fat ratios, begin to 

become evident at administered doses of 1 µglkg and higher (see Figures 5.35 through 5.40). 

Based upon an overview of each modelled dose level, maximal impacts appear to be in full effect 

at 24-hours following initial administration. This delay is likely due to the time required for 

CYP 1 A2 induction to occur. These impacts can be better viewed, on an administered dose basis, 

in comparisons of congener-specific liver-to-fat ratios presented in Figures 5.41 and 5.42 for the 

Sprague-Dawley rat and red-backed vole, respectively. Results of the analyses indicate that 

while liver-to-fat ratios follow a similar inter-congener pattern at each of the dose levels, liver-to­

fat ratios for the Sprague-Dawley rat are typically nearly 2-fold higher than those in the red­

backed vole. While this pattern is due to species-specific differences in ligand binding to 

CYP1A2 within the liver, there are also significant inter-congener differences between the two 
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modelled species. As indicated in Table 5.27, a comparison ofTCDF: TCDD and 1-PeCDF: 

TCDD liver-to-fat ratios indicates a similar pattern between the two modelled species. However, 

a comparison 4-PeCDF : TCDD indicates that the 4-PeCDF liver-to-fat ratios tend to be 1.5 to 2-

fold higher than TCDD liver-to-fat ratios in the Sprague-Dawley rat, and 2.2 to 2.9-fold higher 

for the red-backed vole. This indicates, when compared against the TCDD benchmark, that the 

red-backed vole appears to sequester more 4-PeCDF in the liver than the Sprague-Dawley rat 

(based upon the chemical-specific assumptions outlined in Tables 4.8 through 4.11 ). 

These differences would likely have large implications on the apparent toxicity of 4-PeCDF 

when comparing the red-backed vole to the Sprague-Dawley rat. Studies have indicated that the 

relative potency of 4-PeCDF is dramatically different when determined based on administered 

dose or tissue dose. For example, in a mouse study conducted by De Vito et al. ( 1998), the 

relative potency of 4-PeCDF for inducing skin EROD activity based on administered dose was 

0.08, similar to that noted for hepatic EROD induction. However, when estimated based upon 

tissue dose, the relative potency of 4-PeCDF to induce skin EROD activity increased to 1.25, 

while the relative potency to induce hepatic EROD activity decreased to 0.04 when estimated 

based upon tissue dose. The authors concluded that for some compounds, the difference in 

hepatic sequestration (as reflected in liver-to-fat ratio) compared to TCDD may impact their 

relative potencies depending on which dose metric is used to estimate the relative potency 

(De Vito et al., 1998), as is inherent in the selection of model parameters for the current study. 

These differences in congener-specific sequestration in the liver are also apparent in the 

congener-specific difference in CYP1A2 fold induction between the two species (see Figures 

5.43 and 5.44). As expected, minimal CYP1A2 induction was viewed at the low administered 

doses for each of the evaluated congeners. However, as the administered dose increased beyond 

the 1 µg/kg bodyweight level, the difference in TCDD and 4-PeCDF CYP1A2 induction, when 

compared to the comparable induction rates for TCDF and 1-PeCDF, is much greater in the red­

backed vole than observed in the Sprague-Dawley rat. Again, these differences in congener­

specific CYP 1 A2 induction between the two modelled species, would have significant 

implications in the overall sequestration of each congener in the liver, and species-specific 

apparent toxicity. These implications will be discussed in depth in Section 6.0. 
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Table 5.18 Time-Series Dose-Dependent Modelled Disposition of TCDD for the Sprague-Dawley Rat. 

Elapsed Mass of TCDD (pmoles) Concentration ofTCDD (pmoles/g) 
Percent of Administered 

Receptor Occupancy CYPIA2 
Percent of 

Dose/Gram LiveNo-Fat Administere 
Time 

Adipose Whole Adipose Whole Adipose Ratio 
Fold 

dDose (hours) Liver 
Tissue Body Liver 

Tissue Body Li\'er 
Tissue 

Ah CYPIA2 Induction Excreted 

0.001 PC TCDD/lg bo,lywlgl,t (0.000776 ••Illa) 
I 0.0075 I 0.00107 0.00859 0.0008 <0.0001 0.0009 0.107% 0.008% 13.4 0.0165% 0.00005% I 0.260% 

24 0.116 0.152 0.152 0.0128 0.00879 0.0216 1.65% 1.13% 1.46 0.192% 0.00064% 1.39 17.1% 

48 0.0656 0.185 0.251 0.00724 0.0107 0.0179 0.933% 1.38% 0.678 0.114% 0.00038% 1.33 25.9% 

72 0.0484 0.178 0.226 0.00535 0.0103 0.0156 0.689% 1.32% 0.521 0.0873% 0.00029% 1.27 32.0% 
96 0.0392 0.161 0.2 0.00433 0.00929 0.0136 0.558% 1.20% 0.466 0.0724% 0.00024% 1.24 36.9% 

0.0I I« TCDD/lg IHHlywlgl,t (0.00776 ••olu) 
I 0.0751 0.0I07 0.0859 0.0083 0.0006 0.00893 0.107% 0.008% 13.S 0.164% 0.00055% I 0.700% 

24 l.62 1.31 2.93 0.179 0.0758 0.254 2.30% 0.976% 2.36 1.63% 0.00551% 2.38 16.3% 
48 I.OS 1.65 2.7 0.116 0.0956 0.211 1.49% 1.23% 1.21 1.12% 0.00376% 2.25 28.7% 

72 0.77 1.66 2.43 0.0851 0.0958 0.181 1.10% 1.23% 0.889 0.887% 0.00298% 2.07 38.1% - 96 0.61 I.SS 2.16 0.0674 0.0893 0.157 0.868% 1.15% 0.755 0.743% 0.00250% 1.95 45.8% .Si,. 
u-

0.1 ,c TCDD/lg IH,,ly,Hlgl,t (0.0776 ••ola) 

I 0.752 0.107 0.86 0.0831 0.0062 0.0894 0.l07% 0.008% 13.4 1.60% 0.00542% 1.02 0.731% 

24 23.2 9.94 33.2 2.56 0.575 3.14 3.29% 0.740% 4.45 I0.3% 0.0384% 5.09 11.2% 

48 18.6 12.6 31.2 2.06 0.728 2.79 2.65% 0.937% 2.83 8.52% 0.0310% 5.07 20.6% 

72 15.3 13.2 28.5 1.69 0.765 2.45 2.17% 0.984% 2.2 7.48% 0.0270% 4.76 28.8% 

96 12.8 13 25.8 1.41 0.75 2.16 1.82% 0.965% 1.88 6.68% 0.0239% 4.5 36.0% 

1.0 ,c TCDD/lg bodyw~lgl,t (0. 776 ••ola) 
I 7.57 1.08 865 0.837 0.0622 0.9 0.108% 0.008% 13.S 13.5% 0.0521% 1.08 0.717% 

24 289 74.1 363 31.9 4.28 36.2 4.11% 0.551% 7.45 42.0% 0.241% 10.3 7.04% 

48 266 88.6 354 29.4 5.12 34.5 3.78% 0.659% 5.73 38.58% 0.211% I0.8 13.2% 

72 240 93 334 26.6 5.38 31.9 3.42% 0.692% 4.94 37.0% 0.195% 10.6 19.0% 

96 219 93.1 312 24.2 5.38 29.6 3.11% 0.693% 4.5 35.4% 0.182% I0.3 24.3% 



Table 5.18 Time-Series Dose-Dependent Modelled Disposition of TCDD for the Sprague-Dawley Rat. 

Elapsed Mass ofTCDD (pmoles) Concentration of TCDD (pmoles/g) 
Percent of Administered 

Receptor Occupancy CYPIA2 
Percent of 

Dose/Gram Liver-10-Fal Administere 
Time 

Adipose Whole Adipose Whole Adipose Ratio Fold dDose (hours) Liver 
Tissue Body 

Liver 
Tissue Body Liver 

Tissue Ah CYPIA2 Induction 
Excreted 

10 JC TCDD/lg 6",lywelglll (1. 1, ••oln) 
I 76.6 I0.8 87.S 8.47 0.624 9.1 0.109% 0.00806% 13.6 58.5% 0.468% 1.27 0.698% 

24 3127 63.S 3762 346 36.7 382 4.45% 0.473% 9.41 84.6% 1.80% IS 5.29% 

48 3006 72.4 3730 332 41.8 374 4.28% 0.539% 7.94 83.0% 1.60% 16.3 10.0% 

72 2824 74.4 3569 312 43 355 4.02% 0.554% 7.26 82.1% 1.50% 16.3 14.5% 

96 2659 73.9 3398 294 42.7 337 3.78% 0.550% 6.88 81.2% 1.42% 16.2 18.6% 

JOO IC TCDDAa botlyw,lgl,1 (77.6 ••oln) 
I 773 10.8 881 85.4 6.22 91.7 0.110% 0.00801% 13.7 92.5% 3.97% 1.56 0.661% 

24 30920 6506 37430 3417 376 3793 4.40% 0.484% 9.08 98.3% 16.4% 16.4 5.52% 

48 29580 7482 37070 3268 433 3701 4.21% 0.557% 7.56 98.1% 14.4% 17.9 10.5% 

72 27780 7664 3S440 3069 443 3512 3.95% 0.570% 6.93 97.9% 13.4% 18 15.0% -8: 96 26180 7560 33740 2893 437 3330 3.72% 0.563% 6.62 97.7% 12.6% 17.8 19.3% 



Table S.19 Tim~Series Dos~Dependent Modelled Disposition of TCDF for the Sprague-Dawley Rat. 

Elapsed Mass ofTCDF (pmoles) Concentration of TCDF (pmoles/g) Percent of Administered Receptor Occupancy CY p I Al Per~e~t of 
Dose/Gram Liver-to-Fat Fold Adm1mstcrc Time 

Adipose Whole Adipose Whole Adipose Ratio I d • d Dose (hours) Liver 
Tissue Body 

Liver Tissue Body 
li\'er Tissue Ah CYPIA2 n uctaon Excreted 

0.001 ,c TCDF/lg bo,lywelgl,t (0.fJ0077i, 11•0/n) 

I 0.00332 0.00136 0.00469 0.0004 <0.000001 0.0004 0.0472% 0.0IOI% 4.66 0.00927% 0.0000228% 32.1% 

24 0.00118 0.024 0.02S2 0.0001 0.00139 0.00152 0.0168% 0.179% 0.0937 0.00317% 0.0000078% l.06 93.9% 

48 0 0.00347 0.00356 <0. 00000 I 0.0002 0.0002 0.00128% 0.02S8% 0.0496 0.00025% 0.0000006% 1.02 98.9% 

12 0.0001 0.0004 0.0005 <0.000001 <0.000001 <0.000001 0.000152% 0.00327% 0.0465 0. 00003 % 0.0000001% 99.So/o 

96 <0.000000 I <0.000000 I <0.000000 I <0. 00000 I <0.000001 <0.000001 0.0000190% 0.000410% 0.0462 0.000004% <0.000000 I% 99.7% 

0.01 IC TCDFAg botlywelgllt (0.00776 ••oles) 

I 0.0333 0.0136 0.0469 0.00368 0.0008 0.00447 0.0473% 0.0IOlo/o 4.67 0.0925% 0.000227% 32.1% 

24 0.0135 0.241 0.254 0.00149 0.0139 0.0154 0.0192% 0.179% 0.107 0.0319% 0.0000784% 1.24 93.9% 

48 0.0009 0.0348 0.0357 0.0001 0.00201 0.00211 0.00134% 0.0259% 0.0517 0.00251% 0. 0000062% 1.07 98.9% 

72 0.0001 0.0044 0.00451 <0.000001 0.0003 0.0003 0.000265% 0.00328% 0.047 0.000301% 0.0000007% 1.02 99.5% - 96 <0.000001 0.0006 0.0006 <0.000001 <0.000001 <0.00000 I 0.0000191 % 0.000412% 0.0463 0.000038% 0.0000001 % 1.01 99.6% .,:a. 
...... 

o.J IC TCDFA1 bollywelgl,t (0.0776 11•ola) 

I 0.335 0.136 0.471 0.037 0.00786 0.0449 0.0476% 0.0101% 4.7 0.914% 0.00226% 1.02 32.0% 

24 0.206 2.42 2.62 0.0228 0.14 0.163 0.0290% 0.180% 0.161 0.328% 0.000807% 1.94 93.7% 

48 0.0111 0.351 0.362 0.00122 0.0203 0.0215 0.00157% 0.0261% 0.0601 0.0255% 0.0000625% 1.28 98.9% 

72 0.00114 0.0445 0.0456 0.0001 0.00257 0.0027 0.000162% 0.00331% 0.0491 0.00304% 0.0000075% 1.07 99.5% 

96 0.0001 0.00558 0.00571 <0.000001 0.0003 0.0003 0.0000195% 0.()()0415% 0.0469 0.000379% 0. 0000009% 1.02 99.6% 

l.O ,c TCDF/16 bodywelglrt (0. 776 ••oln) 

I 3.42 1.37 4.79 0.378 0.079 0.458 0.0486% 0.0102% 4.77 8.33% 0.0223% 1.07 32.0% 

24 S.18 24.5 29.7 0.573 1.42 1.99 0.0737% 0.182% 0.404 3.60% 0.00916% 4.69 92.8% 

48 0.184 3.63 3.82 0.0203 0.21 0.23 0.00261% 0.0270% 0.0966 0.272% 0.000670% 2.13 98.9% 

72 0.0141 0.462 0.476 0.00155 0.0267 0.0283 0.000200% 0.00344% 0.0581 0.0319% 0.0000783% 1.31 99.5% 

96 0.0015 0.058 0.0595 0.0002 0.00336 0.00352 0.0000213% 0.000433% 0.0493 0.00396% 0.0000097% 1.09 99.6% 



Table S.19 Time-Series Dose-Dependent Modelled Disposition of TCDF for the Sprague-Dawley Rat. 

Elapsed Mass ofTCDF (pmoles) Concentration of TCDF (pmoJe$1g) 
Percent of Administered 

Receptor Occupancy CYPIA2 Per~~• of 
Dose/Gram Liver-to-Fat 

Time 
Adipose Whole Adipose Whole Adipose Ratio 

Fold Admm1stere 

(hours) Liver Liver Liver Ah CYPIA2 I d . d Dose 
Tissue Body Tissue Body Tissue n ucuon Excreted 

10 PB TCDFlls bodyw~lgl,1 (7. 76 11•0/n) 

I 36 13.7 49.8 3.98 0.793 4.78 0.0513% 0.0103% 5 46.3% 0.211% 1.25 31.5% 

24 J48 248 396 16.J 14.4 30.7 0.2IO% 0.185% 1.14 31.6% 0.113% 11.2 90.4% 

48 5.32 39.4 44.7 0.588 2.28 2.86 0.00757% 0.0293% 0.258 3.26% 0.00827% 5.37 98.7% 

72 0.261 5.1 5.36 0.0288 0.295 0.324 0.000371% 0.00380% 0.0975 0.364% 0.000896% 2.28 99.5% 

96 0.0202 0.643 0.664 0.00224 0.0372 0.0394 0.0000288% 0.000480% 0.06 0.0443% 0.0000 I 09% 1.36 99.6% 

/00 I« TCDFII• botlyw~lgl,t (77.t, 11•0/n) 

I 386 136 522 42.6 7.88 50.6 0.0549% 0.0I01% 5.41 88.9% 1.92% 1.55 30.3% 

24 21 IO 2480 4590 233 143 377 0.300% 0.184% 1.63 82.8% 1.17% 15.6 89.0% 

48 155 413 568 17.1 23.9 41 0.0221% 0.0307% 0.718 30.5% 0.l07% 12.4 98.4% 

72 7.92 56.J 64.2 0.875 3.25 4.13 0.00113% 0.00419% 0.269 4.41% 0.0113% 5.87 99.5% -~ 96 0.408 7.24 7.65 0.0451 0.419 0.464 0.0000580% 0.000540% 0.107 0.519% 0.00128% 2.53 99.6% 
00 



Table 5.20 Time-Serits Dose-Dependent Modelled Disposition of 1-PeCDF for the Sprague-Dawley Rat. 

Elapsed Mass of 1-PeCDF (pmoles) 
Concentration of 1-PeCDF Percent of Administered 

Receptor Occupancy CYP I Al Per~e~t of 

Time 
(pmoles/g) Dose/Grwn Liver-to-Fat Fold Admamstere 

(hours) Liver 
Adipose Whole Liver 

Adipose Whole Liver 
Adipose Ratio 

Ah CYPIA2 I d • d Dose 
Tissue Body Tissue Body Tissue n uc11on Excreted 

0.(J(J/ IC 1-PeCDF/lg bollyweigi,t (0.(J(J(J776 111110/a) 

1 0.00429 0.00128 0.00557 0.0005 <0.000001 0.0005 0.0610% 0.00958% 6.37 0.00544% 0.0000202% 17.9% 

24 0.00286 0.0818 0.0847 0.0003 0.00473 0.00505 0.0407% 0.608% 0.0669 0.003.55% 0.0000132% 1.06 74.8% 

48 0.0009 0.062 0.0629 0 0.00359 0.00368 0.0125% 0.461% 0.0272 0.00111% 0. 0000041 % 1.03 85.1% 

72 0.0005 0.0431 0.0436 0 0.00249 0.00254 0.00705% 0.320% 0.022 0.000628% 0.0000023% 1.02 90.3% 

96 0.0003 0.0293 0.0296 0 0.00169 0.00173 0.00442% 0.218% 0.0203 0.000395% 0.0000015% 1.01 93.4% 

0.01 I« 1-Pd:DF/lg bodytttlgllt (0.00716 111110l0) 

I 0.0429 0.0128 0.0557 0.00474 0.0007 0.00549 0.0610% 0.00960% 6.36 0.0543% 0.000201% 19.9% 

24 0.0314 0.818 0,85 0.00346 0.0473 0.0508 0.0448% 0.608% 0.0733 0.0357% 0.000133% 1.22 74.8% 

48 0.0092 0.621 0.63 0.00102 0.0359 0.0369 0.0131% 0.461% 0.0284 0.0111% 0.0000413% I.I 85.1% 

72 0.00509 0.431 0.436 0.0006 0.0249 0.0255 0.00723% 0.320% 0.0226 0.00629% 0.0000233% 1.06 90.3% - 96 0.00317 0.293 0.296 0.0004 0.0169 0.0173 0.00450% 0.218% 0.0207 0.00395% 0.0000147% 1.04 93.4% ~ 
\0 

o.J IC 1-PeCDFAtt botlywelgllt (0.0776 ••oles) 
I 0.43 0.128 0.559 0.0475 0.0074 0.055 0.0612% 0.00960% 6.38 0.539% 0.00201% 1.01 17.9% 

24 0.427 8.17 8.598 0.0472 0.472 0.519 0.0607% 0.607% 0.1 0.367% 0.00136% 1.89 74.5% 

48 0.107 6.21 6.32 0.0119 0.359 0.371 0.0152% 0.462% 0.033 0.112% 0.000417% 1.4 85.0% 

72 0.0561 4.31 4.37 0.0062 0.249 0.256 0.00797% 0.321% 0.0249 0.0632% 0.000234% 1.25 90.3% 

96 0.0341 2.94 2.97 0.00377 0.17 0.174 0.00484% 0.218% 0.0222 0.0397% 0.000147% 1.18 93.4% 

1.0 IC 1-PeCDFA• botlrffi•llt (0. 776 ••ola) 

I 4.35 1.29 S.64 0.48 0.0743 0.556 0.0618% 0.00958% 6.46 5.10% 0.0199% 1.05 17.7% 

24 9.IS 81.1 90.3 1.01 4.69 5.1 0.130% 0.603% 0.216 3.93% 0.0152% 4.44 73.3% 

48 1.71 62.4 64.1 0.189 3.61 3.8 0.0244% 0.464% 0.0S2S I.IS% 0.00432% 2.63 84.8% 

72 0.777 43.4 44.2 0.0858 2.51 2.6 0.0110% 0.323% 0.0342 0.641% 0.00239% 2 90.2% 

96 0.438 29.6 30 0.0484 1.71 1.76 0.00622% 0.220% 0.0283 0.401% 0.00149% 1.72 93.3% 



Table 5.20 Time-Series Dose-Dependent Modelled Disposition of 1--PeCDF for the Sprague--Dawley Rat. 

Elapsed Mass of 1-PeCDF (pmoles) Concentration of 1-PeCDF Percent of Administered Receptor Occupancy CYP I Al Per~e~t of 
Time 

(pmoJes/g) Dose/Gram Liver-to-Fat Fold Adnumstere 

(hours) Liver Adipose Whole Liver Adipose Whole Liver Adipose Ratio 
Ah CYPIA2 I d • d Dose 

Tissue Body Tissue Body Tissue n uct1on Excreted 

10 JC 1-PeCDFIAg botlywelgl,1 (7. 761111111/a) 

I 44.S 12.9 S1.S 4.92 0.746 5.67 0.0633% 0.00961% 6.59 34.2% 0.192% 1.18 17.6% 

24 239 79.J 1032 26.4 4S.8 72.2 0.339% 0.S90% 0.575 32.7% 0.180% 10.8 70.1% 

48 43.3 62.8 672 4.79 36.3 41.1 0.0616% 0.467% 0.132 11.S% 0.0480% 7.05 84.0% 

72 16.7 44 4S7 l.8S 25.S 27.3 0.0238% 0.328% 0.0726 6.40% 0.0254% 4.92 89.8% 

96 8.4 30.1 309 0.928 17.4 18.3 0.0119% 0.224% 0.0533 4.04% 0.0156% 3.86 93.1% 

100 JC 1-Pd:DF/lg bollywelg,1 (77.ti 111110/a) 

I 461 128 590 509 7.41 58.S 0.0656% 0.00955% 6.87 82.4% 1.76% 1.46 16.9% 

24 3385 780S 1120 374 451 825 0.482% 0.581% 0.829 83.3% 1.82% 15.S 68.0% 

48 905 6263 7169 100 362 462 0.129% 0.466% 0.276 58.4% 0.517% 14.5 82.8% 

72 407 4424 4832 45 256 301 0.0579% 0.329% 0.176 42.5% 0.273% 12.2 89.1% ..... 
V. 96 213 3041 3254 23.5 176 l99 0.0303% 0.226% 0.134 31.1% 0.167% 10.3 92.7% 
0 



Table 5.21 Time-Series Dose-Dependent Modelled Disposition of 4-PeCDF r or the Sprague.Dawley Rat. 

Elapsed Mass of 4-PeCDF (pmoles) 
Concentration of 4-PeCDF Percent of Administered Receptor Occupancy CYP I A2 Per~e~t of 

(pmoles/g) Dose/Gram Liver-to-Fat fold Admm1stere Time 
Adipose Whole Adipose Whole Adipose Ratio 

I d 
. d Dose 

(hours) Liver Liver Liver Ah CYPIA2 n ucuon E tcd Tissue Body Tissue Body Tissue xcre 

0.001 IC 4-PeCDFAg ~lgltt (0.000776 ••oles) 
I 0.00806 0.00105 0.00911 0.0009 0.0001 0.001 0.115% 0.00782% 14.7 0.00S99% 0.0000666% 0.638% 

24 0.192 0.104 0.297 0.0212 0.00604 0.0273 2.73% 0.777% 2.41 0.115% 0.00128% 1.27 22.2% 

48 0.127 0.11 0.237 0.014 0.006.38 0.0204 1.80% 0.821% 2.2 0.0766% 0.000852% 1.25 41.1% 

72 0.0905 0.00924 0.183 0.01 0.00534 0.0153 1.29% 0.687% 1.87 0.0566% 0.000629% 1.21 54.8% 

96 0.0669 0.0731 0.14 0.00739 0.00423 0.0116 0.951% 0.544% 1.75 0.0429% 0.000477% 1.18 65.0% 

O.DJ I« 4-P~DFAg boll~igllt (0.00776 ••oles) 

0.0806 0.0105 0.0911 0.00891 0.0006 0.00952 0.0115% 0.000782% 14.7 0.00599% 0.0000666% l 0.638% 

24 2.31 0.89 3.2 0.256 0.0514 0.307 0.273% 0.0777% 3.52 0.115% 0.00128% 1.27 22.2% 

48 1.74 0.944 2.68 0.192 0.0546 0.247 0.180% 0.0821% 2.2 0.0766% 0.000852% 1.25 41.1% 

72 1.32 0.836 2.16 0.146 0.0483 0.194 0.129% 0.0687% l.87 0.0466% 0.000629% 1.21 54.8% - 96 1.01 0.704 1.72 0.112 0.0407 0.153 0.0951% 0.0544% 1.75 0.0429% 0.000477% 1.18 65.0% Ul - O.l IC 4-PeCDFAg bollytfflgllt (0.0776 ••oles) 
I 0.807 0.105 0.912 0.0891 0.00606 0.0953 0.115% 0.00781% 14.7 0.590% 0.006.59% 1.01 0.626% 

24 28.8 6.68 3.S.4 3.18 0.386 3.56 4.09% 0.497% 8.23 .S.59% 0.0658% 3.77 12.0% 

48 2.S.3 6.75 32 2.79 0.39 3.18 3.59% 0 . .502% 7.16 4.84% 0.0565% 3.86 23.1% 

72 21.6 6.24 27.8 2.38 0.361 2.74 3.07% 0.464% 6.61 4.34% 0.0504% 3.7 33.0% 

96 18.4 5.65 24 2.03 0.327 2.35 2.61% 0.420% 6.21 3.88% 0.0449% 3.53 41.9% 

1.0 JC 4-PeCDFAg botlywelgllt (0. 776 11•olaJ 

I 8.11 I.OS 9.16 0.896 0.0608 0.957 0.115% 0.00783% 14.7 5.47% 0.0642% I.OS 0.623% 

24 333 49 382 36.8 2.83 39.6 4.74% 0.364'1/o 13 25.1% 0.371% 7.8 7.04% 

48 322 43.8 366 35.6 2.53 38.1 4.58% 0.326% 14 23.5% 0.339% 8.25 13.5% 

72 299 39 . .S 339 3J.I 2.28 3.S.4 4.26% 0.294% 14 . .S 22.5% 0.321% 8.11 19.7% 

96 277 36.6 .113 20.6 2.11 32.7 3.94% 0.0272% 14.5 21.5% 0.303% 7.93 25.5% 



Table 5.21 Time-Series Dose-Dependent Modelled Disposition of 4-PeCDF for the Sprague-Dawley Rat. 

Elapsed Mass of 4•PeCDF (pmoles) 
Concentration of 4-PeCDF Percent of Administered 

Receptor Occupancy CYPIA2 Per~e~t of 

Time 
(prTN>les/g) Dose/Gram Liver-to-Fat Fold Admamstere 

(hours) Liver 
Adipose Whole 

Liver 
Adipose Whole 

Liver 
Adipose Ratio 

Ah CYPIA2 I d 
. d Dose 

n ucuon E led Tissue Body Tissue Body Tissue xcre 

10 I« 4-PeCDF/lg bollyw~lgl,1 (7. 76 ••oln) 
I 81.8 10.6 92.4 9.04 0.612 9.66 0.116% 0.00788% 14.8 34.7% 0.586% 1.17 0.615% 

24 3554 404 3958 393 23.3 416 S.05% 0.300% 16.8 68.2% 2.33% 13.3 4.60% 

48 3566 320 3886 394 18.5 413 5.07% 0.238% 21.3 66.5% 216% 14.4 8.77% 

72 3435 272 3706 380 15.7 395 4.88% 0.202% 24.2 65.6% 2.08% 14.4 12.8% 

96 3287 247 3534 363 14.3 378 4.67% 0.184% 25.4 64.8% 2.00% 14.3 16.7% 

100 ,c 4-PeCDFAg botlyw~igJ,t (77.6 11•ola) 

J 823 106 929 90.9 6.11 97.1 0.117% 0.00787% 14.9 82.2% 4.87% 1.43 0.591% 

24 35610 4012 39630 3935 232 4167 5.07% 0.299% 17 95.6% 19.3% 16.1 4.50% 

48 35770 3171 38940 3952 183 4136 5.09% 0.236% 21.6 95.1% 17.8% 17.6 8.64% 

72 34530 2669 37190 3815 154 3969 4.91% 0.199% 24.7 94.9% 17.0% 17.7 12.6% -VI 96 334l0 2399 35540 3661 139 3800 4.71% 0.179% 26.4 94.6% 16.4% 17.7 16.3% 
N 



Table 5.22 Time-Series Dose-Dependent Modelled Disposition of TCDD for the Gapper's Red-Backed Vole. 

Elapsed Mass of TCDD (pmoles) Concentration of TCDD (pmoles.lg) 
Percent of Administered 

Receptor Occupancy CYPIA2 Per~e~t of 
Dose/Gram Liver-to-Fat fold Admm1stere Time 

Adipose Whole Adipose Whole Adipose Ratio 
I d 

. d Dose 
(hours) Liver Liver Liver Ah CYPJA2 n ucuon E tcd Tissue Body Tissue Body Tissue xcre 

0.001 ,c TCDDAg bollyw,lgllt (0.0000115 111110/a) 

I 0.0008 0.0002 0.00IOI 0.0007 0.0001 0.0008 0.697% 0.122% S.69 0.0149% 0. 0000425 % I 3.24% 

24 0.00547 0.0189 0.0244 0.00438 0.00976 0.0142 4.94% 11.0% 0.449 0.0861% 0.000246% 1.27 36.8% 

48 0.0003 0.0161 0.0188 0.00218 0.00931 0.0IOS 2.46% 9.37% 0.262 0.0450% 0.000129% 1.2 S4.1% 

72 0.00191 0.0121 0.0141 0.00153 0.00626 0.00779 1.15% 7.07% 0.244 0.0326% 0. 00009 3 2% 1.15 65.7% 

96 0.00138 0.00905 0.0104 0.00111 0.00467 0.00578 1.25°/o 5.27% 0.237 0.0241% 0. 0000689% 1.13 74.2% 

0.01 ,c TCDDAg ~igllt (0.000115 111110/a) 

I 0.00821 0.00192 0.0101 0.00658 0.001 0.00757 0.738% 0.114% 6.49 0.156% 0.00044S% 2.36% 

24 0.0816 0.178 0.26 0.0654 0.092 0.157 7.38% 10.4% 0.711 0.847% 0.00244% 2.03 34.1% 

48 0.0403 0.158 0.199 0.0323 0.0816 0.114 3.64% 9.21% 0.395 0.467% 0.00134% 1.8 52.0% 

72 0.0266 0.122 0.149 0.0213 0.0629 0.0842 2.40% 7.IO% 0.338 0.337% 0.000966% 1.63 64.0% - 96 0.0186 0.0921 O.J JI 0.0149 0.0475 0.0624 1.68% S.36% 0.313 0.251% 0.000718% 1.52 72.8% c.,A 
w 

0.1 PC TCDDAg bollyw,igl,t (0.0011511•ola) 

I 0.0821 0.0192 0.101 0.0658 0.00992 0.0758 0.758% 0.112% 6.77 1.57% 0.00457% 2.27% 

24 1.49 I.SI 3 1.19 0.781 1.97 13.5% 8.82% 1.53 7.03% 0.0216% 4.43 27.4% 

48 0.981 1.45 2.34 0.714 0.746 1.46 8.0S% 8.42°/4 0.9S7 4.70% 0.0141% 4.04 45.1% 

72 0.587 1.19 1.78 0.47 0.615 1.09 S.30% 6.93% 0.76S 3.56% 0.0105% 3.54 57.9% 

96 0.404 0.946 I.JS 0.323 0.488 0.812 J.6S% 5.51% 0.662 2.74% 0.00805% 3.16 67.9% 

1.01W TCDD/lg IHHlyw1iglll (0.0685 111110/a) 

l 0.823 0.193 l.02 0.66 0.0995 0.76 0.746% 0.113% 6.62 13.6% 0.0449% 1.01 2.28% 

24 23.2 11.9 35.1 18.6 6.14 24.7 21.0% 6.93% 3.03 3S.9% 0.160% 9.61 19.3% 

48 18.1 11.6 29.6 14.S S.96 20.4 16.3% 6.74% 2.42 30.2% 0.123% 9.7 33.6% 

12 14 I0.2 24.2 11.2 5.25 16.S 12.7% 5.93% 2.14 26.4% 0.102% 9.06 45.5% 

96 10.9 8.72 19.7 8.75 4.S 13.3 9.89% 5.08% 1.94 23.0% 0.0854% 8.44 55.3% 



Table S.22 Time-Series Dose-Dependent Modelled Disposition of TCDD for the Gapper's Red-Backed Vole. 

Elapsed Mass of TCDD (pmoles) Concentration of TCDD (pmoles/g) Percent of Adminis1ercd Receptor Occupancy CYP I Al Per~e~t of 
Dose/Gram Liver-to-Fat 

Time 
Adipose Whole Adipose Whole Adipose Ratio 

Fold Adnumslere 
(hours) Liver Liver Liver Ah CYPIA2 I d 

. d Dose 
n ucuon E ted Tissue Body Tissue Body Tissue xcre 

10 IC TCDDAs bo,Jyw~,.,, (0.IIS IIMola) 

I 8.26 l.9S 10.2 6.62 1.01 7.63 0.748% 0.114% 6.59 61.4% 0.453% 1.04 2.32% 

24 275 I02 377 220 52.8 273 24.9% 5.96% 4.19 81.7% 1.26% 14.6 IS.I% 

48 239 96.6 335 191 49.9 241 21.6% 5.63% 3.83 78.1% 1.01% 15.9 26.7% 

72 204 85.3 289 163 44 207 18.4% 4.97% 3.71 75.4% 0.870% 15.7 36.7% 

96 174 74.6 249 140 38.S 178 15.8% 4.3S% 3.62 72.8% 0.757% 15.4 45.3% 

JOO JC TCDD/lg botlyw~iglll (I.IS ••ola) 

I 82.5 19.6 l02 66.1 IO.I 76.3 0.747% 0.114% 6.54 94.2% 4.40% I.I 2.39% 

24 273 1031 3765 2190 532 2722 24.7% 6.01% 4.12 97.8% 11.4% 16.l 15.3% 

48 2391 964 3355 1915 497 2413 21.6% 5.62% 3.85 97.2% 9.01% 17.8 26.8% 

72 2076 838 2915 1663 433 2096 18.8% 4.88% 3.84 96.7% 7.78% 17.9 36.4% -V. 96 1805 724 2530 1446 374 1820 16.3% 4.22% 3.87 96.2% 6.78% 17.8 44.6% 
~ 



Table S.23 Time-Series Dose-Dependent Modelled Disposition ofTCDF for the Gapper's Red-Backed Vole. 

Elapsed Mass ofTCDF (pmoles) Concentration ofTCDF (pmolcs/g) 
Percent of Administered 

Receptor Occupancy CYPIA2 Per~c~t of 
Dose/Gram Liver.to• Time 

Adipose Whole Adipose Whole Adipose fat Ratio 
Fold Admmastere 

(hours) Liver Liver Liver Ah CYPIA2 I d . d Dose 
Tissue Body Tissue Body Tissue n ucuon Excreted 

0.001 JC TCDF/lg htlywelgl,t (0.tHHJOIIS ••ola) 

I 0.0002 0.0002 0.0004 0.000 I 0.0001 0.0002 0.150% 0.125% 1.21 0.00389% 0.0000082% I 51.5% 

24 0 0.00119 0.00123 0.0003 0.0006 0.0006 0.0323% 0.695% 0.0464 0.000823% 0. 00000 I 7% 1.03 96.8% 

48 9. (J X (0·7 <0.0000001 9.}4 X )0·7 7.) I X 10'7 <0.0000001 7.32 X 1Q·7 0.000826% 0.0278% 0.0297 0.0000214% 0.00000045% 1.01 99.6% 

72 2.37 x I0'1 1.40 X 10_. 1.4) X I0-0 l.90x to·• 7.23 X to·7 7.42 X 10'7 0.0000214% 0.000817% 0.0263 0.0000006% <0.000000 I% 99.7% 

96 6.20 ,t 10' 10 3.81 X I0'1 3.87 X 10·1 4.97 X to·IO 1.96 X to·• 2.01 X 10·1 0.0000006% 0.000022% 0.0253 <0.000000 I% <0.000000 I% 99.7% 

O.OJ ,c TCDF/lg bo,lywlgllt (0.000aaS ••ola) 

I 0.00166 0.00212 0.00378 0.00133 0.00109 0.00243 0.150% 0.124% 1.22 0.0389% 0.0000819% 51.5% 

24 0.0004 0.0119 0.0123 0.0003 0.00616 0.00646 0.0345% 0.695% 0.0496 0.00824% 0.0000173% 1.12 96.8% 

48 9.28 X 10-6 0.0005 0.0005 7.43 X J0-0 0.0002 0.()()()J 0.000840% 0.0278% 0.0302 0.000214% 0.000004S I% 1.03 99.6% 

72 2.38" l0'7 <0.0000001 2.39 X to·7 1.90 X I0'7 7.23 X 10-0 7.42 x IO .. 0.0000215% 0.000817% 0.0263 0.0000056% 0.00000012% I 99.7% - 96 6.21 X 10'9 3.81 X (0·7 3.87 X 1Q·7 4.97" rn-9 1.97 X I0'7 2.02 X I0'7 0.0000006% 0.000022% 0.0253 0.00000015% <0.0000001% 99.7% VI 
VI 

0.1 ,c TCDF/lg botlyw~lgl,t (0.00115 ••ola) 

I 0.0166 0.0212 0.0379 0.0133 0.0109 0.0243 0.1S0% 0.124% 1.22 0.388% 0.000820% I SI.S% 

24 0.00478 0.119 0.124 0.00383 0.0616 0.0655 0.0433% 0.696% 0.0622 0.0828% 0.000174% 1.49 96.8°/4 

48 0.0001 0.00478 0.00488 0.0007 0.00247 0.00255 0.000895% 0.0279% 0.0321 0.00215% 0.0000045% 1.12 99.6% 

72 2.41 x IO .. 0.0001 0.0001 1.93 X to·6 0.0001 2.93 X IO.s 0.0000218% 0.000818% 0.0266 0.0000S6% 0.00000012% 1.02 99.7% 

96 6.23 X to·• 3.82 X to·• 3.88 x 10-0 4.99 X IQ·• 1.97 X l0-6 2.02 X I0-6 0.0000006% 0.000022% 0.02SJ 0.00000147% <0.0000001% 1 99.7% 

J.O IC TCDF/lg bodywelgl,t (0.0115 1J111ola) 

I 0.167 0.213 0.38 0.134 0.11 0.244 0.151% 0.1224% 1.22 3.75% 0.00821% 1.01 51.7% 

24 0.0866 1.2 l.29 0.0694 0.618 0.688 0.0784% 0.698% 0.112 0.839% 0.00178% 2.93 96.7% 

48 0.00123 0.0481 0.00494 0.001 0.0248 0.0258 0.00112% 0.0280% 0.0398 0.0217% 0.0000457% 1.46 99.6% 

72 0 0.00141 0.00144 0 0.0007 0.0007 0.0000228% 0.000823% 0.0277 0.000564% 0.00000187% 1.07 99.7% 

96 6.)0 X l0'7 0 0 S.OS X J0·1 0 0 0.0000006% 0.000022% 0.0255 0.0000148% <0.000000 I% 1.01 99.7% 



Table 5.23 Time-Series Dose-Dependent Modelled Disposition of TCDF for the Gapper's Red-Backed Vole. 

Elapsed Mass ofTCDF (pmoles) Concentration ofTCDF (pmoleslg) 
Percent of Administered 

Receptor Occupancy CYP I A2 Per~e~t of 
Dose/Gram Liver-to-

Time 
Adipose Whole Adipose Whole Adipose fat Ratio 

Fold Admm1stere 

(hours) Liver Liver Liver Ah CYPIA2 I d • d Dose 
Tissue Body Tissue Body Tissue n ucuon Excreted 

JO I« TCDF/11 ~l1111 (0.115 11•0/a) 

I l.66 2.14 3.81 1.33 I.II 2.44 0.151% 0.125% 1.21 28.1% 0.0821 I.OJ 52.0% 

24 2.18 12.1 14.3 1.15 6.23 7.98 0.197% 0.704% 0.28 8.25% 0.0189 7.45 96.5% 

48 0.0217 0.489 O.SII 0.0174 0.253 0.27 0.00196% 0.0285% 0.0689 0.224% 0.000473 2.74 99.6% 

72 0.()003 0.0144 0.0147 0.0002 0.00742 0.00765 0.0000267% 0.000838% 0.0319 0.00575% 0.00001 1.29 99.7% 

96 6.SS x 10·• 0.0004 0.0004 5.25 X 10 6 0.0002 0.0002 0.0000006% 0.000023% 0.0261 0.000150% <0.0000001 1.04 99.7% 

100 IC TCDF/11 6o~i1l,1 (I.IS 11•0/a) 

I 16.4 21.5 38 13.2 1 I.I 24.3 0.149% 0.125% 1.19 79.5% 0.811% 1.09 52.3% 

24 41.3 122 163 33.1 62.7 95.9 0.374% 0.709% 0.528 48.8% 0.200% 13.7 96.0% 

48 0.509 5.02 5.54 0.408 2.59 3 0.00460% 0.0293% 0.157 2.37% 0.00510% 6.39 99.6% 

72 0.00443 0.148 0.153 0.00355 0.0764 0.08 0.000040 I% 0.000863% 0.0465 0.0598% 0.000126% 2.02 99.7% -V. 96 0 0.00402 0.0041 0 0.00208 0.00214 0.0000007% 0.000023% 0.0281 0.00155% 0.00000326% I.IS 99.7% 
0\ 



Table S.24 Time-Series Dose-Dependent Modelled Disposition of 1-PeCDF for the Gapper's Red-Backed Vole. 

Elapsed Mass of 1-PeCDF (pmoles) Concentration of 1-PeCDF Percent of Administered 
Receptor Occupancy CYPIA2 Per~e~t of 

Time 
(pmoles/g) Dose/Gram Liver-to- Fold Admmastere 

(hours) Liver Adipose Whole 
Liver 

Adipose Whole Liver Adipose fat Ratio 
Ah CYPIA2 I d • d Dose 

Tissue Body Tissue Body Tissue n ucuon Excreted 

0.001 IC 1-PeCDFAg IHnlywelglll (0.0000115 ••ola) 

I 0.0003 0.0002 o.ooos 0.0002 0.0001 0.0003 0.2S2% 0.125% 2.02 0.00285% 0.00000905% 35.2% 

24 0.0001 0.00748 0.00759 0 0.00386 0.00394 0.0930% 4.36% 0.0213 0.00104% 0. 000003 J I % 1.03 81.0% 

48 0 0.00399 0.00403 0 0.00206 0.00209 0.0280% 2.33% 0.012 0.000316% 0.00000101% 1.01 90.6% 

72 0 0.00202 0.00203 0 .. 00001 0.00104 0.OOIOS 0.0136% 1.18% 0.0116 0.000154% 0.00000049% 1.01 95.2% 
96 7.39 X JO·• 0.00IOI 0.00102 5.92 x to"' o.ooos 0.0005 0.00668% 0.589% 0.0113 0.0000757% 0.00000024% I 91.5% 

0.01 IC 1-PeCDFAg blHlywelg/11 (0.tHHJll5 ••ola) 
I 0.00279 0.00214 0.00493 0.00223 0.0011 0.00334 0.252°/o 0.125% 2.02 0.0285% 0.0000905% I 35.2% 

24 0.00I07 0.0748 0.0759 0.0009 0.0386 0.0395 0.0969% 4.36% 0.0222 0.0104% 0.0000331% 1.12 81.0% 

48 0.0003 0.04 0.0403 0.0003 0.0206 0.0209 0.0285% 1022% 0.0123 0.00316% 0.0000101% I.OS 90.6% 

72 0.0002 0.0202 0.0203 0.0001 0.0104 0.0I0S 0.0137% 1.18% 0.0117 0.00154% 0.00000489% I.OJ 95.2% - 96 0 .. 00001 O.OJOI O.OIOI 0 0.00522 0.00528 0.00673% 0.589% 0.0114 0.000758% 0.00000241% 1.02 97.5% 'A --.a 
41 IC 1-PeCDFAg hllytfflgllt (0.00115 11•ola) 

I 0.0279 0.0214 0.0493 0.0223 0.01 I 0.0334 0.252% 0.125% 2.02 0.284% 0.000905% 35.2% 

24 0.0125 0.748 0.761 0.00999 0.386 0.396 0.113% 4.36% 0.0259 0.105% 0.000333% 1.46 80.9% 

48 0.00338 0.4 0.403 0.00271 0.206 0.209 0.0306% 2.33% 0.0131 0.0317% 0.00010 I% 1.2 90.6% 

72 0.00158 0.202 0.203 0.00127 0.104 0.105 0.0143% 1.18% 0.0122 0.0154% 0. 0000489% I.I I 95.2% 

96 0.0008 0.101 0.102 0.0006 0.0522 0.0528 0.00691% 0.589% 0.0117 0.00758% 0.0000241 % 1.07 97.5% 

J.O IC 1-PeCDFAg botlyw,lgl,t (0.0815 11•0/a) 

l 0.279 0.215 0.495 0.224 0.111 0.335 0.253% 0.125% 2.02 2.77% 0.00906% 1.01 35.3% 

24 0.195 7.48 7.68 0.156 3.86 4.02 0.176% 4.36% 0.0404 1.05% 0.00338% 2.82 80.8% 

48 0.0429 4 4.05 0.0344 2.06 2.1 0.0388% 2.33% 0.0167 0.317% 0.00101% 1.8 90.6% 

72 0.0183 2.02 2.04 0.0147 1.04 1.06 0.0166% 1.18% O.Ol41 0.154% 0.000491% 1.46 95.2% 

96 0.00844 1.01 1.02 0.00676 0.553 0.529 0.00764% 0.590% 0.0129 0.0759% 0.000241% 1.29 91.5% 



Table 5.24 Time-Series Dose-Dependent Modelled Disposition of 1-PeCDF for the Gapper's Red-Backed Vole. 

Elapsed Mass of 1-PeCDF (pmoles) Concentration of 1-PeCDF Percent of Administered 
Receptor Occupancy CYP I Al Per~e~t of 

Time 
(pmoles/g) Dose/Gram Liver-to- Fold Admmastere 

(hours) Liver Adipose Whole 
Liver 

Adipose Whole 
Liver 

Adipose Fat Ratio 
Ah CYPIA2 I d . d Dose 

Tissue Body Tissue Body Tissue n ucuon Excreted 

10 ,c 1-P.CDF/lg bodyw,igl,t (0.115 ••oles) 

I 2.8 2.16 s 2.24 I.I I 3.36 0.254% 0.126% 2.02 22.2% 0.0906% 1.02 35.5% 
24 4.36 74.8 79.2 3.S 38.6 42.1 0.395% 4.36% 0.0906 10.1% 0.0357% 7.21 80.3% 

48 0.779 40.1 40.9 0.624 20.7 21.3 0.0705% 2.34% 0.0301 3.14% 0.0103% 4.05 90.5% 

72 0.284 20.3 20.6 0.228 10.S 10.7 0.0257% 1.18% 0.0217 1.54% 0.00496% 2.8 95.2% 

96 0.117 10.2 10.3 0.0933 5.25 S.35 0.0105% 0.593% 0.0178 0.761% 0.00244% 2.16 97.4% 

100 ,c 1-PeCDF/lg bollyweigl,t (1.15 ••ala) 

I 27.9 21.6 49.6 22.4 11.2 33.6 0.253% 0.126% 2 74.0% 0.895% 1.07 35.6% 

24 80.S 746 827 64.S 385 449 0.728% 4.35% 0.168 54.1% 0.373% 13.6 79.5% 

48 17.7 403 421 14.2 208 222 0.160% 2.35% 0.0681 25.1% 0.106% I0.2 90.2% 

72 6.35 204 211 S.09 105 110 0.0575% 1.19% 0.0483 13.8% 0.0509% 7.38 95.1% -V. 96 2.38 103 I05 1.91 52.9 54.8 0.0215% 0.598% 0.036 7.27% 0.0249% 5.4 97.4% 
00 



Table S.25 Time-Series Dose-Dependent Modelled Disposition of 4-PeCDF for the Gapper's Red-Backed Vole. 

Elapsed Mass of 4-PcCDF (pmoles) 
Concenrration of 4-PcCDf Percent of Administered Receptor Occupancy CYPIA2 Percent of 

(pmoles/g) Dose/Gram Liver-to-Fat Administere 
Time 

Adipose Whole Adipose Whole Adipose Ratio Fold dDose 
(hours) Liver Tissue Body Liver Tissue Body Liver Tissue Ah CYPIA2 Induction Excreted 

0.fHJl ,c 4-PeCDF/lg bollywelgllt (0.(J(J(J(JIIS 11Moln) 

I 0.0009 0,0002 0.00108 0.0007 0.0001 0.0008 0.813% O.l07% 7.63 0.00597% 0.0000569% 1.95% 

24 0.0102 0.0122 0.0224 0.00816 0.0063 0.0145 9.21% 7.12% 1.29 0.0574% 0.000547% 1.2 46.6% 

48 0.00448 0.0075 0.012 0.00359 0.00387 0.00746 4.06% 4.37% 0.928 0.0263% 0.000250% 1.15 71.8% 

72 0.00224 0.00404 0.00628 0.0018 0.00208 0.00388 2.03% 2.35% 0.862 0.0137% 0.000130% I.I 84.7% 

96 0.00114 0.00214 0.00328 0.0009 0.0011 0.00202 I.OJ% 1.24% 0.829 0.00717% 0.0000683% 1.07 91.5% 

0.01 ,c 4-PeCDFAg bo,lywelgl,1(0.fHHJll5111110/n) 
I 0.009 0.00183 O.OI08 0.0072 0.0009 0.00815 0.813% 0.107% 7.63 0.0597% 0.000569% 1.95% 

24 0.137 0.112 0.249 0.109 0.0579 0.167 12.4% 6.54°/4 1.89 0.536% 0.00513% 1.74 41.9% 

48 0.0665 0.0742 0.141 0.0533 0.0383 0.0916 6.02% 4.32% 1.39 0.283% 0.00270% 1.61 67.5% 

72 0.033 0.0431 0.0762 0.0265 0.0223 0.0487 2.99% 2.Slo/o 1.19 0.157% 0.00150% 1.43 81.8% - 96 0.0164 0.0242 0.0406 0.0132 0.0125 0.0257 1.49% 1.41% 1.06 0.0856% 0.000816% 1.3 89.8% VI 
\0 

O.J IC 4-PeCDFIAg botlywdgl,1(0.0011511•oln) 

I 0.0899 0.0183 0.108 0.072 0.00944 0.0815 0.814% 0.107% 7.63 0.593% 0.00568% I 1.95% 

24 2.11 0.913 3.02 1.69 0.471 2.16 19.1% 5.32% 3.59 4.13% 0.04IO% 3.42 32.0% 

48 1.36 0.662 2.02 1.09 0.341 1.43 12.3% 3.86% 3.18 2.84% 0.0278% 3.24 SS.2% 

72 0.804 0.457 1.26 0.644 0.236 0.88 7.27% 2.66% 2.73 1.94% 0.0189% 2.82 71.5% 

96 0.452 0.306 0.758 0.362 0.158 0.52 4.09% 1.79% 2.29 1.27% 0.0123% 2.43 82.3% 

1.0 IC 4•PeCDFAg botlywelglll (0.0115 ••ala) 
I 0.901 0.183 I.OCJ 0.722 0.0946 0.817 0.816% 0.107% 7.63 5.63% 0.0567% 1.01 1.95% 

24 29.6 6.78 36.4 23.7 3.S 27.2 26.8% 3.95% 6.77 22.1% 0.269% 7.39 20.8% 

48 24.S 4.86 29.4 19.6 2.51 22.1 22.2% 2.83% 7.82 18.7% 0.218% 1.52 37.4% 

72 18.8 3.82 22.6 15.1 1.97 17 17.0% 2.22°/4 7.66 15.9% 0.180% 7 51.4% 

96 14 3.08 17.1 11.3 1.59 12.8 12.7% 1.80% 7.07 13.3% 0.146°/4 6.43 62.8% 



Table 5.25 Time-Series Dose-Dependent Modelled Disposition of 4-PeCDF for the Gapper's Red-Backed Vole. 

Elapsed Mass of 4-PeCDF (pmoles) 
Concentration of 4-PeCDF Percent of Administered 

Receptor Occupancy CYPIA2 Percent of 

Time 
(pmoles/g) Dose/Gram Liver-to-Fat 

Fold 
Administere 

(hours) Liver Adipose Whole 
Liver 

Adipose Whole 
Liver 

Adipose Ratio 
Ah CYPIA2 Induction 

dDose 
Tissue Body Tissue Body Tissue Excreted 

10 JC 4-P~DFA1 bffytHlgl,t (0.18S •••la) 
I 9.06 l.85 I0.9 7.26 0.952 8.22 0.820% 0.I08% 7.62 37.3% 0.564% 1.03 1.97% 

24 346 54.3 400 277 28 305 31.3% 3.17% 9.87 65.7% 1.79% 13 14.2% 

48 319 35.S 355 256 18.3 274 28.9% 2.07% 13.9 62.1% 1.54% 14 25.7% 

72 277 28.2 305 222 14.S 236 25.0% 1.64% 15.2 59.1% 1.36% 13.7 36.0% 

96 237 24.1 261 190 12.4 202 21.4% 1.41% IS.2 55.9% 1.19% 13.4 45.0% 

JOO JC 4-P~DFAg botly,fflglll (I.IS ••ola) 
I 90.7 18.5 l09 72.6 9.57 82.3 0.821% 0.I08% 1.59 85.8% 5.45% 1.07 2.03% 

24 3495 534 4029 2799 276 3075 31.6% 3.11% I0.2 94.9% 14.9% 15.8 13.6% 

48 3269 339 3609 2619 175 2794 29.6% 1.98% IS 93.8% 12.7% 17.4 24.5% 

72 2891 261 3152 2316 135 2451 26.2% 1.52% 17.2 92.9% 11.1% 17.5 34.0% -°' 96 2534 220 2754 2030 113 2143 22.9% 1.28% 17.9 92.0% 9.82% 17.4 42.2% 
0 



Table 5.26 Time-Series Modelled Disposition of each Assessed PCDD/F Congener for the Gapper's Red-Backed Vole, 
based upon Intake Rates at Site l 07 following Emission Incident. • 

El11pscd Mass of Assessed PCDD/F {pmoles) 
Concentration of Assessed PCDD/f Percent of Administered 

Receptor Occupancy CYPIA2 
Percent of 

Time 
(prnoles/g) Dose/Gram Liver-to-

Fold 
Administere 

(hours) Liver 
Adipose Whole Liver 

Adipose Whole Liver Adipose Fat Ra1io 
Ah CYPIA2 Induction 

d Dose 
Tissue Body Tissue Body Tissue Excreted 

0.000116 ,c TCDD/lg IHHlytfflglll (0.0000165 ••oln) 

I 0.0002 <0.000001 0.0002 0.0001 <0.000001 0.0001 0.743% 0.112% 6.63 0.00292% 0.0000083% 2.26% 

24 0.0009 0.00357 0.00447 0.0007 0.00184 0.00256 4.36% 11.2% 0.39 0.0160% 0.0000456% I.I 37.5% 

48 0.0005 0.003 0.00346 0.0004 0.00155 0.00192 2.22% 9.41% 0.236 0.00830% 0.000023 7% 1.07 54.6% 

72 0.0003 0.00225 0.00258 0.0003 0.00116 0.00143 1.59% 7.06% 0.225 0.00602% 0.0000172% 1.06 66.1% 

96 0.0002 0.00168 0.00192 0.0002 0.0009 0.00106 1.17% 5.25% 0.222 0.00445% 0.0000127% 1.05 74.5% 

0.136 ,c TCDF/lg bo4ywelgllt (0.0110 tt•oln) 
I 0.0226 0.0288 0.0515 0.0181 0.0149 0.0331 0.150% 0124% 1.22 0.527% 0.00111% 51.5% 

24 0.00687 0.162 0.169 0.0055 0.0838 0.0893 0.0457% 0.696% 0.0656 0.113% 0.000237% 1.59 96.8% 

48 0.0001 0.00651 0.00665 0.0001 0.00336 0.0347 0.0009!0% 0.0279% 0.0326 0.00293% 0.000006% 1.14 99.6% - 72 <0.000001 0.0002 0.0002 2.63 X 10-o 0.0001 0.0001 0.000022% 0.000819% 0.0267 0.0000762% <0.000001% 1.02 99.7% 0'I - 96 8.48 X JO·' 5.19 X to·• 5.28x io-o 6.79 X 10·1 2.68 X 10.o 2.75 X 10" <0.000001% 0.000022% 0.0254 <0.000001% <0.000001% 99.7% 

0.01411111 1-Pd.'DFAg bodywelgllt (0.00110 tt•ola) 

I 0.00691 0.00531 0.0122 0.00553 0.00274 0.00829 0.252% 0.125% 2.02 0.0706% 0.000224% I 35.2% 

24 0.00276 0.186 0.188 0.00221 0,0957 0.098 0.101% 4.36% 0.0231 0.0259% 0.000082% 1.2 81.0% 

48 0.0008 0.0991 0.0999 0.0006 0.051 I 0,0518 0.0290% 2.33% 0.0125 0.00785% 0.000025% 1.09 90.6% 

72 0.0004 0.05 0.0504 0.0003 0.0258 0.0261 0.0139% 1.18% 0.0118 0.00381% 0.000012% 1.05 95.2% 

96 0.0002 0.0251 0.0253 0.0001 0.0129 0.0131 0.00677% 0.589% 0.01 IS 0.00188% 0.000006% 1.03 97.5% 

0.07/J ,c 4-PeCDFAg bo4yweigl11 (0.00631 ttlffoles) 

I 0.0641 0.013 0.0772 0.0514 0.00673 0.0581 0.814% 0.107% 7.63 0.424% 0.00405% 1.95% 

24 1.41 0.677 2.09 1.13 0.349 1.48 19.9% 5.53% 3.24 3.12% 0.0307% 3.05 33.8% 

48 0.867 0.486 1.35 0.695 0.251 0.945 11.0% J.97o/a 2.77 2.06% 0.0200% 2.87 57.6% 

72 0.493 0.326 0.82 0.395 0.168 0.564 6.26% 2.67% 2.35 1.36% 0.0131% 2.49 73.7% 

96 0.267 0.212 0.479 0.214 0.109 0.323 3.39% 1.739/o 1.96 0.853% 0.00820% 2.14 84.1% 



-°' N 

Table 5.26 Time-Series Modelled Disposition of each Assessed PCDD/F Congener for the Gapper's Red-Backed Vole, 
based upon Intake Rates at Site 107 following Emission Incident.• 

Elapsed Mass of Assessed PCDD/f' (pmoles) 
Concentration of Assessed PCDD/F Percent of Administered 

Receptor Occupancy CVPIA2 
Percent of 

Time 
(pmoles/g) Dose/Gram Liver-to-

Fold 
Administere 

(hours) Liver 
Adipose Whole 

Liver 
Adipose Whole Liver Adipose Fat Ratio 

Ah CVPIA2 Induction 
dDose 

Tissue Body Tissue Body Tissue Excreted 

0.0'85 IC TCDD TEtJ-ett•lv.Ag IJollywelgl,1(0.0051611•0/a) 

I 0.0497 0.0116 0.0613 0.0398 0.006 0.0458 0.743% 0.112% 6.63 0.939% 0.00271% I 2.26% 

24 0.791 0.96 1.75 0.634 0.495 1.13 11.8% 9.2S% 1.28 4.51% 0.0137% 3.69 29.2% 

48 0.445 0.902 I.JS 0.357 0.466 0.823 6.66% 8.70% 0.766 2.90% 0.00852% 3.31 47.1% 

72 0.288 0.73 1.02 0.231 0.377 0.607 4.31% 7.03% 0.613 2.14% 0.00626% 2.89 59.9% 

96 0.197 0.571 0.768 0.158 0.294 0.452 2.94% 5.50% 0.535 1.63% 0.00473% 2.59 69.4% 

• Administered doses were calculated based upon ambient congener.specific concentrations measured on sampled Labrador tea at site I 07 in winter 1996 (post-incident), and 
the typical daily food consumption rate for Gapper's red-backed voles of0.31 gig/day (McManus, 1979). 



Figure 5.29 ModeUed red-backed vole time-series whole body concentration 
results for each assessed PCOO/F congener for an administered dose 
or 0.001 µg/kg. 
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Figure 5.30 Modelled red-backed vole time-series liver-to-fat ratios for each 
assessed PCOD/F congener for an administered dose of 0.001 µg/kg. 
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Figure 5.31 Modelled red-backed vole time-series whole body concentration 
results for each assessed PCDD/F congener for an administered dose 
of 0.01 l,Llkg. 
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Figure S.32 Modelled red-backed vole time-series liver-to-fat ratios for each 
assessed PCDD/F congener for an administered dose of 0.01 ~g/kg . 
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Figure 5.33 Modelled red-backed vole time-series whole body concentration 
results for each assessed PCDD/F congener for an administered dose 
of 0.1 1,1g/kg 
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Figure 5.34 Modelled red-backed vole time-series liver-to-fat ratios r or each 
assessed PCDD/F congener for an administered dose of 0.1 t,Lg/kg. 

12 

.-10 
• • !! 
C 8 :a -0 = • 6 m: .. • Ito 

4 

' ~ 1 
2 _, 

0 
0 10 Z) ~ ~ ~ m ro ~ oo 100 

Baplad 11ml tallCM'lng Mn11111tiallc.1 (tan) 

165 

110 

110 



Figure 5.35 Modelled red-backed vole time-series whole body concentration 
results for each assessed PCDD/F congener for an administered dose 
oft 11glkg. 
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Figure 5.36 Modelled red-backed vole time-series liver-to-fat ratios for each 
assessed PCDD/F congener for an administered dose of 1 1,Lg/kg. 
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Figure 5.37 Modelled red-backed vole time-series whole body concentration 
results for each assessed PCDD/F congener for an administered dose 
or 10 l'g/kg. 
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Figure 5.38 Modelled red-backed vole time-series liver-t~fat ratios for each 
assessed PCDD/F congener for an administered dose of 1 O Jig/kg. 
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Figure 5.39 Modelled red-backed vole time-series whole body concentration 
results for each assessed PCDD/F congener for an administered dose 
of 100 pg/kg. 
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Figure 5.40 ModeUed red-backed vole time-series liver-to-fat ratios for each 
assessed PCDD/F congener for an administered dose of 100 pg/kg. 

20 

2 

0 

----------~ 
/ 

/ 
/ 

~~ 
\____=:nm 

1~ 
~ TaF 

0 10 20 ~ ~ ~ m ro ~ oo 100 

Bapledllmafallawlng Alln1illtialk.1 {haln) 

168 

110 

110 



Figure 5.41 Congener-specific liver-to-fat ratios for various administered doses (l'g/kg 
bodyweight) for the Sprague-Dawley rat after 24 houn. 
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Figure S.42 Congener-specific liver-to-fat ratios for various administered doses (l,lg/kg 
bodyweight) for the red-backed vole after 24 boun. 
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Figure 5.43 Congener-Specific CYP1A2 fold induction for various administered doses 
(1,1g/kg bodyweight) for the Sprague-Dawley rat after 24 boun. 
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Figure S.44 Congener-Specific CYPt Al fold induction for various administered doses 
(1,Lg/kg bodyweight) for the red-backed vole after 24 boun. 
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Table 5.27 Comparison or Liver-To-Fat Ratios between TCDF, 1-PeCDF, and 4-
PeCDF to that or TCDD for the Sprague-Dawley Rat and Gapper's Red­
Backed Vole. 

TCDF : TCDD Ratio 1-PeCDF : TCDD Ratio 4-PeCDF : TCDD Ratio 
Administered 
Dose (51g/kg) Sprague- Red-Backed Sprague- Red-Backed Sprague- Red-Backed 

Dawley Rat Vole Dawley Rat Vole Dawley Rat Vole 

0.001 0.064 0.103 0.046 0.047 1.65 2.87 

0.01 0.045 0.07 0.031 0.031 1.49 2.66 

0.1 0.036 0.041 0.022 0.017 1.85 2.35 

I 0.054 0.037 0.029 0.013 1.75 2.23 

10 0.121 0.067 0.061 0.022 1.79 2.36 

100 0.18 0.128 0.091 0.041 1.87 2.48 

Note: The TCDF:TCDD, 1-PeCDF:TCDD, and 4-PeCDF:TCDD ratio values were calculated by dividing the Liver-to-Fat 
ratio value for each of the congeners by that ofTCOD, for each dose group. 

Based upon the predicted red-backed vole whole body concentrations, congener-specific vole-to­

plant BAF values can be calculated and compared to similar values observed in the actual 

environmental data (see the calculated vole-to-plant BAF values for site 107 provided in Table 

5.6). A dose-specific comparison of the modelled versus measured vole-to-plant BAF values for 

each assessed PCDD/F congener and the TCDD-TEQ is provided in Table 5.28. Results of this 

comparison indicate that the modelled results under-estimate the vole-to-plant BAF for all 

congeners, when compared to the comparable BAFs calculated based upon environmental 

sampling data. However, given the current PBPK model is designed to only simulate the 

congener .. specific deposition based upon a single acute dose, rather than chronic exposures, 

whole body concentrations arising from bioaccumulation of specific congeners over time would 

be greatly underestimated ( development of a chronic administration submodule was attempted 

but could not be effectively integrated into the existing model methodology). Accordingly, it 

would likely be useful to observe the BAF values of various congeners to that ofTCDD to 

determine whether similar congener-specific patterns are evident between modelled and 

measured BAF data. As indicated in Table 5.29, the congener•specific BAF pattern observed in 

the modelled data closely approximates that observed in the environmentally sampled data for 

the TCDF and 1-PeCDF congeners. However, this similarity breaks down when one compares 

the congener .. specific BAF patterns for the 4-PeCDF congener and the TCDD-TEQ group. 

Again, this is not unexpected, given the acute dosing nature of the PBPK model, which would 

ultimately result in underestimation of chronic whole body concentrations for the more 
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bioaccumulative PCDD/F congeners (i.e., 4-PeCDF and the TCDD-TEQ group) over an 

extended period of time. 

Table 5.28 Dose-Specific Comparison of Modelled versus Measured Vole-to-Plant RAF 
values for each Assessed PCDD/F Congener. 

Vole Whole Body Conce■tntlon 
Plant 

Elapsed Time Conce■tndon Modelled Vole-to. Measured Vole-to. 
(houn) Plant BAF Plant BAF 

pmoles/1nm ppt ppt 

0.000186 µg TCDD/kg bodyweight (0.0000165 111110/es) 
0.000141 0.0454 0.244 

24 0.00256 0.824 4.43 

48 0.00192 0.618 0.186 3.32 63.75 

72 0.00143 0.46 2.48 

96 0.00106 0.341 1.84 

0.136 pg TCDFAg bodyweigl,t (0.0120 11•oles) 

I 0.0331 10.1 0.0743 

24 0.0893 27.3 0.2 

48 0.0347 10.6 136.4 0.0778 2.91 

72 0.000101 0.0309 0.000227 

96 0.000003 0.000842 0.000006 

0.0248 µg 1-PeCDFAg botlyweigl,t (0.00220 111110/es) 

0.00829 2.82 0.114 

24 0.098 33.4 1.35 

48 0.0518 17.6 24.8 0.711 10.67 

72 0.0261 8.88 0.358 

96 0.0131 4.46 0.18 

0.0713 µg 4•PtCDFAg bollyweigl,t (0.00631 IIMoles) 

0.0581 19.8 0.277 

24 1.48 504 7.07 

48 0.945 322 71.3 4.51 240.96 

72 O.S64 192 2.69 

96 0.323 110 1.54 

0.0605 pg TCDD TEQ-e911i~.Ag bollyweigl,t (0.00536 ••oles) 

0.458 14.7 0.244 

24 1.13 364 6.01 

48 0.823 26S 60.5 4.38 320.99 

72 0.607 19S 3.23 

96 0.452 146 2.41 
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Table 5.29 Comparison of Congener-Specific to TCDD BAF values in based on 
Modelled and Environmental Data. 

Coaaeaer 
Modelled Data Environmental Data 

Vole-t•Plaat BAF Ratio to TCDD • Vole-t•Plant BAF Ratio to TCDD 

TCDD 4.43 63.75 

TCDF 0.2 0.0451 2.91 0.0456 

1-PeCDF 1.35 0.305 10.67 0.167 
4-PeCDF 7.07 1.6 240.96 3.78 

TCDD-TEQ 6.01 1.36 320.99 5.04 

1 BAF ratios for each congeners to TCDD (i.e., TCDF-to-TCDD, t-PeCDF-to-TCDD, 4-PcCDF-to-TCDD, and TCDD-TEQ­
to-TCDD). 
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6.0 DISCUSSION 

The principal objectives of the current research involved: (l) the empirical characterization and 

preliminary validation of computer-based models used for exposure and toxicological (i.e., 

PBPK modeling) assessment; (2) characterization of the potential health consequences related to 

environmental exposure to bioaccumulative chemicals; and (3) improved scientific support for 

risk management decisions concerning industrial activities, such as incineration. 

As indicated in the methodological overview, there were three key research aims and questions 

stressed, which follow a chronological order of implementation: a) modelling issues; b) empirical 

issues, and; c) application issues. 

6.1 Modelling Issues 

I. Evaluation of relative merits of simple (i.e., two-compartment or equilibrium-based) 

phannacokinetic models versus complex (i.e., multi-compartmental) PBPK models/or the 

assessment of health risks related to environmental exposures to dioxins and furans. 

Detailed multi-compartmental PBPK models, such as the prototype steady-state model used in 

this research, provide an excellent framework by which to estimate the effects of absorption, 

disposition, metabolism, and excretion on the tissue-specific distribution and ultimate toxicity of 

contaminants. This is particularly the case when non-linear ligand-receptor binding kinetics alter 

the natural lipophilicity-driven tissue disposition of the chemical. For example, TCDD typically 

partitions primarily according to its lipophilic nature at low doses, while higher doses result in 

binding to CYP1A2, leading to preferential accumulation in the liver. However, extension of the 

model to very high doses predicts that, as specific hepatic binding sites become saturated, TCDD 

concentrations in liver will plateau, and TCDD will again preferentially accumulate in adipose 

tissue. 

While these multi-compartmental models appear to adequately reflect the disposition of POPs, 

such as the PCDD/Fs, across a wide variety of exposure doses, there is always some concern that 

these large, complex models may be over-parameterized. This becomes pertinent as the inherent 
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uncertainty within the model invariably increases with incorporation of each additional variable 

into its framework, especially given the inherent difficulty in quantifying many of these 

parameters. As such, there is considerable interest in determining whether less complex models, 

such as the equilibrium-•based model proposed by Evans and Andersen (2000), can adequately 

simulate the disposition kinetics of TCDD, using far fewer model parameters. 

To evaluate the significance of this concern, the steady-state PBPK model was adjusted to 

approximate the equilibrium-based conditions of the Evans and Andersen model, by disabling 

both urinary and biliary/fecal excretion. With the two models being evaluated on an "even 

playing field", if the two-compartment equilibrium-based model could accurately duplicate the 

key indicator variables (i.e., liver-to-fat ratio, receptor occupancy, and CYPIA2 induction fold), 

then the more complex, steady-state model may be deemed as "over-parameterized". 

This investigation indicated that the TCDD disposition following a variety of exposure doses did 

not result in close agreement between the equilibrium-based model and the prototype PBPK 

model. Results were even more divergent after the equilibrium-based model was corrected for a 

mis-specification in its methodology (i.e., incorrect calculation of CYPIA2 fold induction). As 

with the more complex steady-state PBPK model, many of the parameters used in the 

equilibrium-based model were "fitted" to allow the model outcome to correctly duplicate a set of 

experimental data While this allows for the accurate prediction ofTCDD disposition under 

these particular exposure conditions, the use of fitted parameters to represent biological functions 

makes it very difficult to generalize model predictions outside of a particular set of exposure 

scenarios (i.e., impacts of high versus low exposure doses). 

This is particularly the case when parameters were fitted to a mis-specified model methodology, 

as viewed in the biologically impossible results predicted by the "corrected" Evans and Andersen 

model using the originally defined parameters. For example, the Hcorrected" model predicted a 

CYP1A2 induction increase exceeding 80-fold, when research studies have indicated that the 

maximum induction fold increase, at high TCDD exposure doses, is approximately 20-fold in 

rats (Xu et al., 2000). Given the amount of leverage the CYP1A2 induction fold parameter has 

on the ultimate outcome (see results of the sensitivity analysis in Section 5.2.3), a four-fold 
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difference in this parameter would have serious implications on the empirical validity of the 

model results. 

The equilibrium-based model was able to closely duplicate the results predicted by the more 

complex PBPK model with the adjustment of the Ah receptor binding constant {KBl) to 5 nM 

(125-fold higher than the original value of0.04 nM), the Ah receptor/DNA binding constant (Kd) 

to 0.005 nM (10-fold less than the original value of0.05 nM), and the CYPIA2 induction fold 

increase to 16-fold (approximately 5-times less than the original value of 85-fold). While this 

updated version of the equilibrium-based model appeared to provide a reasonable representation 

of the results produced by the steady-state PBPK model, the biological reality of the updated 

values for the parameters selected to "correct" model outcomes is questionable. Many studies 

into TCDD-Ah receptor binding kinetics have indicated that the binding constant (Kd) for 

Sprague-Dawley rats is less than 1 nM, if not 0.1 or 0.01 nM, depending on the particular type of 

study (Sloop and Lucier, 1987; Tukey et al., 1982; Gasiewicz and Rucci, 1984; Safe, 1988). 

Wang et al. (1997) indicated that, as the reported values of the Ah receptor concentration in each 

tissue and the dissociation constant ofTCDD bound to the Ah receptor from different studies 

were different, those values were selected as initial seed values and the final results (e.g., a Kd of 

0.1 nM) were obtained by fitting the model to an experimental TCDD tissue distribution. While 

certainly possible, it is likely that a value of 5 nM would over-estimate the degree of TCDD 

disassociation from the Ah receptor. It is difficult to determine whether the values selected for 

the Ah receptor/DNA binding constant and CYP1A2 induction fold increase are biologically 

unlikely given the considerable amount of uncertainty surrounding these types of 

phannacodynamic parameters. 

While the modified equilibrium-based model may be able to provide a reasonable estimation of 

TCDD disposition, it is likely that the inherent uncertainty in its methodology outweighs any 

benefits gained by its simplicity. Furthermore, this methodology is only appropriate when 

exposure conditions have reached a "quasi" steady-state, and body burden concentrations have 

reached an equilibrium plateau. However, given that the elimination half-life of TCDD, based 

upon a single dose, can range from 10 to 43 days depending on the rodent species being tested, it 

may take some time to reach a steady-state body burden plateau (Delzell et al., 1994 ). Moreover, 
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as the elimination half-life ofTCDD in humans is least S years, it could conceivably take well 

over 15 years to reach 90% of steady state, and over 30 years to reach 99% of steady state levels 

in human populations (U.S. EPA, 1994). As such, it is questionable as to whether an equilibrium­

based model could ever adequately estimate the complex dispositional patterns ofTCDD, arising 

from typical environmental exposure conditions over an extended period of time. Based upon 

these arguments, it is likely that the steady-state PBPK model provides a more appropriate 

methodology to address potentially complex exposure conditions, despite the increased level of 

uncertainty arising from the higher degree of inherent parameterization. However, one must be 

aware that the model assumptions play a dominant role in determining the predicted model 

outcomes, and that any uncertainty associated with these assumptions will ultimately affect the 

overall validity of the predicted PBPK model results. 
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2. Evaluation of the feasibility of using a PBPK model developed using laboratory rodents for 

use with the vole sentinel species (i.e., availability of detailed physiological data for the vole 

receptors or adequate allometric methodologies to produce equivalent data for the 

appropriate biological receptor). 

Results of the application of the PBPK model developed using laboratory rodents for use with the 

vole sentinel species has indicated that this model methodology appears to provide a reasonably 

accurate estimation of chemical-specific disposition and elimination patterns within the vole 

sentinel species. Thus, it appears that the vole is a useful and relevant sentinel species to 

evaluate the pharmacokinetic and pharmacodynamic issues surrounding the environmental 

impacts of PCDD/Fs released as a result of anthropogenic activities. PBPK model systems, such 

as the one developed based upon the Wang et al. (1997) methodology, provide valuable tools for 

use in long-term environmental monitoring programs such as that in place at the Swan Hills 

Treatment Centre. 

Uncertainties surroudning the use of this methodology can be attributed to the lack of species­

specific phannacokinetic and pharmacodynamic parameter information for the vole sentinel 

species. While some tissue-specific physiological dat~ primarily tissue volumes, are available 

from the scientific literature and field researchers, there are still significant data gaps in the 

physiological data available for voles. In this work, allometric equations developed for similar 

rodent species (i.e., the C57BU6J mouse) were used. However, experimental values of the 

parameters related to the ligand-receptor binding (both Ah and CYP1A2) are required to reduce 

the inherent uncertainty present within the model outcomes. A number of research labs which 

work with Gapper's red-backed voles were contacted for such information. Unfortunately, none 

of them performed this type of detailed analyses. Nor was any of the information discovered 

during an extensive review of the scientific literature on the Microtus and Clethrionomys vole 

families. 

While not currently available, it is likely that this type of information could be obtained for future 

expansion of the current research. It would likely require the capture of a number of live red­

backed voles as part of the ongoing monitoring program ( or from other stock sources), and 
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immediate transport of the live specimens or extracted liver tissues (properly packed for 

transport) to a laboratory capable of performing this type of analyses. Obviously, the transport of 

live specimens would be preferable ( especially given the Ah receptor is notoriously unstable), as 

it would allow a more complete characterization of the necessary physiological parameters (e.g., 

tissue weights, fraction of overall tissue volume composed of blood., tissue permeability, etc.), in 

addition to the required phannacodynamic information. 

Unfortunately, research has indicated that the vole species are notoriously difficult to maintain 

long-tenn under laboratory conditions, and tend to react detrimentally to extended contact or 

captivity (D. Skinner, personal communication, 2000). As such, it would be difficult to do an 

extended time-series study of the impacts ofTCDD (or other congeners) on voles, so that the 

current PBPK models may be better calibrated for this use. However, until this type of 

information is obtained, there will still be considerable uncertainty expressed within the outcome 

of any PBPK model-based assessment of PCDD/F environmental exposure. 
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3. Discussion of the relative strengths and weaknesses of the selected PBPK model for dioxins 

and furans. Objective measures of model strength and weakness such as i) robustness, ii) 

sensitivity, iii) parsimony, and iv) explanatory value will be evaluated to provide a better 

indication of the potential uncertainty related to the application of this particular model 

design. 

Various model methodologies used to describe the pharmacokinetics of PCDD/Fs within a 

biological system each have their own relative strengths and weaknesses, depending on the 

exposure scenario. For the current research, a PBPK model and an equilibrium-base model were 

evaluated to determine their relative effectiveness in predicting the disposition of PCDD/Fs. The 

following criteria, provided in Table 6.1, were used to evaluate the overall appropriateness of 

each model in addressing the research objectives. Refer back to Section 3.2.4 for a more detailed 

description of each criterion. 

Table 6.1 Comparison of Prototype Models based upon Several Validity Criteria. 

Criteria 

Generalizability 

Steady-State Model 
(Wan& d 11/~ 1997) 

Equilibrium-Based Model 
(Evans and Andenen, 2000) 

With the modification of a few parameters. this The use of"custom" fitted parameters has greatly 
model is able to accurately predict the disposition reduced the applicability of this model 

of various PCDD/F congeners in a number of methodology outside of the specific scenario it 

---···················· biological test species ................................................... was designed in ........................... . 
Internal diagnostic routines ensure consistency in The lower number of assumed parameters allows 

variables such as totaJ organism-based blood for easier maintenance of internal consistency. 
volumes. The designed shell system also ensure However. the original model methodology had 

consistency for other variables across very few ··consistency" checks, resulting in the 
Internal consistency 

compartments (i.e., consistency in Ah receptor mis-specification not being caught by any 

...................... ·----............ Kd.value between tissue groups) .............. ~-~ .......... QA/(j_(;,.processcs ......................... .. 

Computational 
correctness 

The original Wang et al. ( 1997) model contained 
numerous gaps and inaccuracies in the published 

methodology. These were corrected through 
research into its original source papers and 

The original Evans and Andersen (2000) model 
contained a serious mis-specification in the 

CYP I A2 fold induction calculation. 

___ ............................ logical adjusttnents for biological .vaJ_id_ity_. ---------................................ __ _ 

Once properly developed, the overall model Once the mis-specification in the original 
structure accurately reflected the methodological methodology was corrected. the overall model Model form is correct 

objectives. structure accurately reflected the methodological 
........................................ ____________________ ............. objectives ................................ . 

Robustness 

While the model did initially show significant 
instabilities at low exposure doses, this was 

corrected through reduction of the model time 
step. Once rectified, the model has demonstrated 
considerable robustness across doses, chemicals. 

and species. 
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Table 6.1 Comparison of Prototype Models based upon Several Validity Criteria. 

Criteria 

Sensitivity 

Steady-State Model 
(Wans n •I~ 1997) 

Equlllbrlum-Bued Model 
(Evans and Andersen, 2000) 

Analyses of model results indicate that changes to While appearing to follow the correct induction 
curve pattern (i.e., inflection point). the 

input variables appear to have biologically magnitude of CYP l A2 induction fold is 
appropriate changes to model outcomes. 

----····································································· .. ••••• .. ··················-······················incorrectly.calculated •••••••••••••••••••••••• 

Biological realism and 
relevance 

The multi-compartmental nature of this PBPK This equilibrium.based methodology lacks 
methodology allows for a biologically realistic detailed biological realism (e.g.' only two 

and relevant depiction of PCDD/F compartments, no modelled movement between 
pharmacokinetics. The biological realism docs compartments via the blood, etc). Furthermore. 

not completely extend to detailed the impacts of absorption, metabolism, and 
pharmacodynamic and metabolic processes. excretion are ignored . 

............................................... which are assumed "lumped". in. with excretion.··-·········································---······················· 
Agreement between Considerable amount of manipulation of the fitted parameters within the equilibrium-based model 
different models was required to achieve a reasonable duplication of the disposition outcomes predicted by the 
describing the same steady-state PBPK model. However, it is questionable as to whether these adjusted parameters are 

. process .............................................................................................. biologically realistic ................................................................ . 

Heuristic value 

Capacity to deal with 
dose-dependent 
behaviour 

Absence of numerical 
artifacts 

A full suite of excellent indicator variables is 
available at each significant point in the post­

treatment time series. 

The model is fully capable of estimating 
disposition kinetics under dose-dependent 

conditions. 

While the model did initially show significant 
instabilities at low exposure doses, this was 

corrected through reduction of the model time 
step. 

A full suite of excellent indicator variables is 
available for the one equilibrium state. 

Using the original methodology, this model 
showed a significant lack of capacity to estimate 
disposition outside of the limited dose levels on 
which it was built. However, once .. corrected" 
and modified, this model was able to estimate 

disposition kinetics under dose-dependent 
conditions. 

Due to the more simplistic nature of the model 
(as compared to the full PBPK model), it appears 
to be generally free of numerical artifacts. While 

not necessarily an artifact or error, the 
inefficiencies of using the implicit equation 

solver 10 determine blood concentrations docs 
pose problems (particularly when attempting 

.......................................... ·-··················································································Monte. Carlo. simulations or sensitivity analyses). 

Useful in extrapolation to 
other conditions 

This model can adequately evaluate relative 
absorption, disposition and elimination kinetics 
across a variety of exposure routes. doses, and 
dose-rates, with very minor adjustments to its 
underlying methodology (many of which were 

added during this research project). 

Given the equilibrium-based nature of this 
methodology, it is very limited in its ability to 
extrapolate to conditions outside of those for 

which it was originally designed. As it handles 
dose as an internal dose at equilibrium, external 

calculations would be required 10 allow for 
assessments using alternative exposure routes or 

dose rates. 

Based upon this evaluation of the relative strengths and weaknesses of each model methodology, 

it would appear that the steady-state PBPK model provides the more robust, sensitive, and 

parsimonious methodology for predicting PCDD/F disposition kinetics in a variety of biological 

species. 
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6.2 Empirical Issues 

1. Evaluate the apparent empirical relationship between the octanol-water partitioning 

coefficient (log K0 J and Bioaccumulation Factor (BAF) or Bioconcentration Factor (BCF) 

of dioxins and furans in the vole sentinel receptor. 

The octanol-water partitioning coefficient, also referred to as the Kaw, provides an empirical or 

experimental representation of the distribution of a particular organic chemical between water 

and an organic liquid phase. All organic compounds have an inherent level of lipophilicity, 

which is indicative of their general affinity for lipids (or fats). The more lipophilic (or 

hydrophobic) the compound, the larger the Kaw that would be assigned. Given the large range in 

potential Kaw values (i.e., 0 to > 1 x 108), the lipophilicity of a compound is typically presented as 

the log of the Kaw· Table 6.2, below, provides an overview of the log Kaw values for each of the 

dioxin and furan congener groups. 

Table6.2 

Congener 

Dioxins 
TCDD 
PeCDD 
HxCDD 
HpCDD 
OctaCDD 

Furans 
TCDF 
PeCDF 
HxCDF 
HpCDF 
OctaCDF 

Overview of Log Octanol-Water Partition Coefficient 
Values for the key Dioxin and Foran Congenen. 

LogK.,.• 

6.8 ( 6.1 to 7. l) 
6.64 (6.2 to 7.4) 
7 .8 (6.85 to 7.8) 

8 
8.2 

6.1 (5.6 to 6.79) 
6.5 ( 6.19 to 6.92) 

7 
7.4 
8 

• Summarized in U.S. EPA (2000). 

Physico-chemical properties have demonstrated that the log K.,_ of an organic compound 

increases with the compound's propensity to accumulate within the tissues of biological 

organisms (i.e., due to storage within fats or tissues, the concentrations of the compound within 

the organism are greater than the ambient concentrations found in the environment of the 
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organism). Based upon this behaviour, compounds with log ~w values which exceed 3 are 

generally viewed as "bioaccumulative" in nature. Bioaccumulate compounds, such as the 

PCDD/Fs, are of particular concern as they concentrate the compound within the organism, 

greatly increasing the opportunity for a potentially toxic exposure dose to occur over an extended 

period of time (sometimes well after the initial environmental release). 

As indicated by Table 6.2, as the degree of chlorination increases, the log Kaw and lipophilic 

tendencies of a particular congener also increase (if one ignores the potential impacts of 

solubility and gastric absorption on congener-specific bioavailability). Based upon this pattern, 

one would expect the degree to which a particular congener bioaccumulates within an organism 

would also increase with degree of chlorination (e.g., one would expect the OCDD/Fs to be more 

bioaccumulative than the TCDD/Fs). However, if one evaluates the vole-to-plant 

bioaccumulation factors (BAFs) calculated based upon the SHTC environmental monitoring data 

(refer to Tables 5.4 through 5.6), it becomes quite evident that the PeCDD/Fs and HxCDD/Fs are 

far more bioaccumulative than their HPCDD/F and OCDD/F counterparts. As this behaviour 

would typically be counter-intuitive, obviously there are other factors in addition to the 

lipophilicityofthe compound which impact upon the disposition and rate of elimination of these 

congeners. 

As previously discussed, research has demonstrated that the variable ligand-receptor binding of 

the PCDD/F congeners to CYP 1 A2 results in a significant sequestration/accumulation of the 

compound within the liver. This sequestration temporarily prevents the metabolism (if 

applicable) and excretion of a large portion of the internal congener dose; thus leading to a much 

greater degree ofbioaccumulation within the organism than would be expected through 

lipophilicity partitioning to adipose tissue depots alone. 

Of all the congeners, the PeCDFs and the HxCDFs appear to have the greatest affinity to 

CYP1A2, resulting in a much larger degree of sequestration and accumulation, than their weakly 

binding, higher-chlorinated counterparts. This makes the weaker binding, higher-chlorinated 

congeners relatively more susceptible to metabolic breakdown and/or excretion in mammalian 

systems, typically leading to a much lower degree of bioaccumulation once the congener has 
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been mobilized from adipose tissue stores (i.e., through stress or elevated activity). Other issues, 

such as the gastric bioavailability (or lack thereof) of the higher-chlorinated congeners (i.e., 

OCDD/Fs), also impact upon the degree to which a particular congener will accumulate with a 

particular biological organism. 

As such, the apparent toxicity of compounds such as PCDD/Fs (i.e., a biological endpoint) can 

never be simply related to their inherent lipophilicity as described by its log ~w (a physio­

chemical parameter), but requires a more significant evaluation of the toxicokinetics and 

toxicodynamics of the particular congener being assessed (i.e., through the use of PBPK 

modelling). 
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2. Evaluate whether the Toxic Equivalency Factors (TEFs) for dioxins andfurans provide a 

suitable su"ogate for toxicity in the vole species. considering such parameters as chemical 

bioavailability. pharmacokinetic factors, and toxicodynamic equivalency. 

Based upon the current research, it is likely that pharmacokinetic and phannacodynamic 

differences between the vole and the Sprague-Dawley rate may result in significant implications 

on PCDD/F toxicodynamic equivalency in an environmental setting. For example, a larger 

proportion of the persistent 4-PeCDF congener appears to become sequestered in the liver of the 

vole, than observed in its rat counterpart, when scaled on a species-specific basis to the TCDD 

benchmark (see Table 5.21 ). While the adipose tissue can be viewed as a temporary depot for 

PCDD/F concentrations (easily mobilized under stress or elevated activity), 4-PeCDF appears to 

bind tightly to the CYPIA2 in the liver, causing the liver to serve as a ligand si~ binding and 

effectively removing free 4-PeCDF from the general body circulation until CYP l A2 protein 

turnover and/or slow ligand disassociation occurs. The same pattern is observable with TCDD 

and the other Ah-responsive congeners, though to a lesser extent. 

As noted previously, the overt signs of toxicity in animals from exposures to chlorinated dioxins 

and furans are characterized by a general wasting syndrome, with an overall loss in body weight, 

even though food consumption is normal. These effects are typically accompanied by wide­

ranging impacts upon the functions of the immune, reproductive, adrenocortical, and thyroid 

endocrine systems. These toxic outcomes have been largely traced back to ligand-receptor 

interactions between the PCDD/Fs and the Ah receptor, resulting in a cascade series of systemic 

impacts (e.g ... inhibition of glucocorticoid-regulated enzymes, abnormal impacts on levels of 

growth factor receptors, antiestrogenic impacts mediated through receptor-based "cross-talk", 

etc.). 

As these toxic outcomes appear to be mediated by Ah receptor ligand interactions principally 

within extrahepatic tissues (e.g., thyroid, adrenal cortex, reproductive organs, thymus, spleen, 

etc.), it is likely that a high degree of ligand sequestration within the liver ( as denoted by a high 

liver-to-fat ratio) would result in less Hfree" ligand available in the body circulation to bind to Ah 

receptors in these tissue organs. Accordingly, the lower number of ligand-receptor binding 
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events would result in fewer AhR-mediated toxic outcomes, decreasing the overall apparent 

systemic toxicity of the administered congener dose. 

This variability in inter-species (and even inter-strain) toxicity has been observed in a number of 

toxicity studies. For example, the acute LDso values of PCDDs in guinea pig and various rat 

strains have been shown to follow the typical order (and accordingly, potency) predicted by their 

TEF values. However, in the resistant Hann-Wistar rat strain for example, the order of potency 

for male and female rats was 1,2,3,4, 7,8-hexaCDD > 1,2,3,4,6, 7,8-heptaCDD > 1,2,3, 7,8-

pentaCDD > TCDD. The data from these studies indicate that 1,2,3,4,6, 7 ,8-heptaCDD was 

slightly more acutely toxic than TCDD in Hann-Wistar rats, whereas in other rat strains and the 

guinea pig, TCDD is at least 100 times more toxic than 1,2,3,4,6, 7 ,8-heptaCDD (Safe, 1998b ). 

For example, acute LD50 values for TCDD in guinea pigs, the most sensitive species tested, 

ranged from 0.6 to 2.1 µg/kg bodyweight (Schwetz et al., 1973; McConnell et al., 1978), while 

an LDso value for the hamster, the least sensitive species tested, was determined to be 5000 µ.g/kg 

bodyweight (Olson et al., 1980; Henck et al., 1981 ). In addition to differences in relative 

adiposity, research has demonstrated that differences in ligand-receptor binding affinity to the Ah 

receptor (Poland and Glover, 1990; Poland et al., 1994), as well the degree to which the congener 

is sequestered in the liver through binding to CYPIA2 protein, can result in significant species­

and strain-specific differences in potency. 

This hypothesis has considerable implications on the selection of representative TEFs for specific 

PCDD/F congeners for environmental sentinel species, such as the red-backed vole. For the 

most part, TEF values are established based upon in vivo and/or in vitro laboratory assays using 

species such as the Sprague-Dawley rat. Therefore, if the red-backed vole is less sensitive to the 

4-PeCDF congener than the rat, due to its higher degree of hepatic sequestration or more rapid 

metabolism and excretion, it is likely that the established TEF would also overestimate the toxic 

potential of 4-PeCDF in the vole sentinel species. Given the 4-PeCDF congener represents the 

vast majority of both the mass- and TEF-based concentration of PCDD/F measured in biota 

surrounding facilities such as the SHTC (see Table 5.4), a systemic over-estimation of the TEF 

for the 4-PeCDF congener would have significant impacts on the outcome of an environmental 

risk assessment, based upon the red-backed vole as a sentinel species. 
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3. Evaluate the "fractionation " characteristics of the dioxin/Juran congener emission mixtures 

in both the environment and within the vole receptor, on a (i) mass ratio and (ii) TEQ ratio. 

More specifically, the relative congener and isomeric "fingerprint" breakdown of dioxin 

andfuran concentrations present in both environmental (e.g., water, soil, and sediment) and 

biological (e.g., Labrador tea plants and voles) sinks are highly dependent upon a variety 

factors. For example, each specific congener group has differing physico-chemical 

properties, leading to differing physiological disposition, metabolism and ultimately 

toxicological impacts on biological receptors. such as the red-backed vole. These 

"fractionation" characteristics provide much of the basis for the TEQ methodology for 

evaluating the toxicity of individual dioxin-like congeners as an overall functional group. 

When evaluating the PCDD/F congener-specific fractionation characteristics in both the 

environment (using Labrador tea as a surrogate for ambient environmental concentrations) and 

the vole sentinel receptors, at each of the three primary monitoring sites (i.e., sites 11, 107, and 

114), an interesting pattern emerges (see Table 5.4 and Figures 5. 7 and 5.8). Environmental 

sampling conducted on Labrador tea indicates that 2,3,7,8-TCDF dominates the congener 

fingerprint pattern on a mass basis, typically representing between 50 and 60% of the total 

PCDD/F mass, with 2,3,4, 7,8-PeCDF representing a further 10 to 20% of the total PCDD/F 

mass. As expected, this particular congener-specific pattern closely mirrors the PCDD/F 

emission pattern of the SHTC facility, arising from the PCB incineration process (Ferguson, 

1998). However, when these congener--specific concentrations are adjusted to TCDD TEQ­

equivalent concentrations, 2,3,4, 7 ,8-PeCDF typically dominates representing between 45 and 

60% of the total TEQ .. adjusted PCDD/F concentration, with 2,3, 7,8-TCDF a close second 

(typically 30 to 40% of the total TCDD TEQ-eqivalent concentration). 

When one examines the congener-specific pattern observed in the vole samples, 2,3,4, 7,8-PeCDF 

is by far the most important congener, typically representing 65 to 80% of the total PCDD/F 

mass, with the HxCDF isomeric group providing approximately 10% of the total PCDD/F mass, 

and TCDF less than 5% of the total congener mass. On a TEQ-equivalent basis, the 2,3,4,7,8-

PeCDF congener represents more than 90% of the total. While the TCDF congener was a heavy 

contributor to the pattern viewed in ambient concentrations, the lack of hepatic sequestration and 
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its rapid excretion rate resulted in no significant disposition in the voles over time. The 

2,3,4,7,8-PeCDF congener, on the other hand, was heavily stored in the liver due to CYPIA2 

sequestration, which resulted in significant bioaccumulation and dominance of the overall mass­

and TEQ-based congener-specific fractionation within the vole. As such, this particular pattern 

is as expected based upon the research presented in this project. 

Interestingly enough, the congener-specific fingerprint patterns do not appear to differ 

significantly in relative contribution percentages, for both mass- and TEQ-based concentrations, 

between pre-incident (summer 1996) and post-incident (winter 1996), for either biota sampling 

set. The only noticeable differences in the pattern are the significant elevation in ambient 

PCDD/F, particularly the PCDF congeners, in post-incident biota sampling when compared to 

those observed immediately prior to the October 1996 release incident, and the slightly elevated 

environmental concentrations of2,3,7,8-TCDF. Both of these observations are consistent with 

stack monitoring data during and immediately following the October 1996 incident event. 

During the incident, dioxin concentrations were ten times higher than nonnal, while HxCDDs, 

which nonnally accounts for 33% of dioxin emissions, were not present during the process gas 

release. Overall, the concentrations of total dioxin were also much higher during the release 

(2.5 µg/m3 versus 4.9 ng/m3) when compared to nonnal operational conditions (CanTox, 1998). 

Furthermore, the typical incinerator stack gas composition demonstrates that PeCDFs and 

HxCDFs are important emission constituents, accounting for a majority of total furans on a mass 

basis. However, during the incident, the TCDF congener was a more important emission 

constituent, accounting for approximately 47% of the total furans in the stack gas (as opposed to 

16% under nonnal conditions). As with the dioxins, the concentrations of total furans were 

much higher during the incident release than under normal operational specifications (520 µg/m3 

versus 56 ng/m3 in normal stack gas) (CanTox, 1998). As such, the similar but elevated PCDD/F 

congener-specific concentration pattern and the observable spike in TCDF concentrations noted 

in the winter 1996 ambient sampling data can be directly linked to the congener-specific 

emission pattern arising from the October 1996 incident event. A more detailed discussion of the 

incident emissions and the corresponding environmental congener-specific fingerprint can be 

found in this researcher's Masters thesis report (Ferguson, 1998). 
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6.3 Application Issues 

1. Discuss the implications of research results on mammalian (both vole and human) risk 

assessments, and the applicability of laboratory developed TEF values under environmental 

conditions. 

In the past, hazard and risk assessment of PCDD/Fs have focused on the quantitation ofTCDD 

concentrations in various environmental media. However, with development of high-resolution 

analytical techniques coupled with studies on structure-toxicity relationships, it has become 

apparent that the bulk of the toxicity induced by most PCDD/F mixtures is not due to TCDD 

alone, but has significant contribution from other less-studied congeners. Furthermore, as 

confirmed in sampling done as part of the SHTC monitoring program, TCDD has been 

demonstrated to represent only a very small portion of the overall PCDD/F mass present in the 

environment (typically< 1 %). 

As a result, the complex nature of environmental mixtures of persistent organic pollutants, such 

as PCDD/Fs and PCBs, greatly complicates the task of risk evaluation for humans, fish, and 

wildlife. For this purpose, the concept of toxic equivalency factors (TEFs) was developed and 

introduced to facilitate risk assessment and regulatory control of exposure to these mixtures. 

While widely accepted, it is also generally understood that the TEF concept is based on 

assumption that the individual compounds all act through the same biologic or toxic pathway 

(i.e., Ah receptor mediated effects), and that the combined effects of the different congeners are 

dose or concentration additive. 

While many studies support this assumption (summarized in Van den Berg et al., 1998), research 

has indicated that the TEF for each 2,3, 7,8-substituted congener compared to TCDD is variable 

among cell types, laboratory animal species, target organs, and responses. For example, recent 

studies done by Safe ( 1998c) with immunotoxicity-derived TEFs for several HAHs in mouse 

models has indicated that the TEFs for inhibition of the plaque-fonning cell response to 

trinitrophenyl-lipopolysaccharide by 2,3,4, 7,8-pentachlorodibenzofuran in C578U6, DBA/2, and 

86C3F 1 mice varied by approximately 7•fold, and in some assays this congener was more 

potent than TCDD. Over a broader spectrum of responses, TEFs for individual PCDD/PCDF 
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congeners have been shown to vary by over 100-fold (Safe, 1998c). As such, the broad range of 

potencies for a specific congener compromises the use of a single TEF for this congener and may 

over- or underestimate the calculated TEQ for a mixture. While this overall variability in 

calculated TEF values is due to many factors, it is primarily a result of the differential 

phannacokinetics and metabolism of HAHs in different exposed species. 

Given this variability in potency values and the potential implications this variability has on the 

predictive power of human and ecological risk assessments, validation of its applicability under 

mixture conditions typically observed in the environment, becomes a vital concern. Validation 

of the TEF value can be investigated by determining the in vitro or in vivo toxicities of 

reconstituted mixtures of PCDDs and PCDFs and comparing their observed versus calculated 

potencies. In a limited number of validation studies using mixtures, a good correlation was 

found between the observed in vivo or in vitro response and TEQ values calculated from the 

relative concentrations of individual congeners in the mixture using multiple end points (Van den 

Berg et al., 1998; Schrenk et al., 1990; Eadon et al., 1986). However, for more complex 

mixtures containing compounds that act through multiple pathways to give both similar and 

different toxic responses, recent thought is that the TEF /IEQ approach may not be appropriate 

(Safe, 1998c). For example, even for PCDDs/PCDFs, there is some evidence that TEFs do not 

always predict relative congener potency in different rat strains (Pohjanvirta et al., 199S). 

Several studies have also demonstrated that the coplanar PCBs (i.e., 3,3· ,4,4· -tetra-, 

3,3· ,4,4· ,S•penta, and 3,3· ,4,4. ,s,s· -hexachlorobiphenyl) bind to the AhR and induce a broad 

spectrum of AhR-mediated biochemical and toxic responses (summarized in Safe, 1994). 

Provisional TEFs have been proposed for coplanar and mono• ortho coplanar PCBs and these 

values are used routinely for determining total TEQs in risk assessments (Van den Berg et al., 

1998). While the relative TEQ contributions of different classes of HAHs are variable, there are 

numerous examples that demonstrate that PCB TEQs contribute >50% of total TEQs (Safe, 

1998c). 

While many of these PCBs integrate well into the TEF approach, one of the major problems 

associated with the TEF approach for HAHs is the potential nonadditive antagonistic interactions 
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between AhR agonists (i.e., PCDDs/PCDFs and certain PCBs) and PCB congeners that exhibit 

response and celVspecies-specific antagonistic activity. Table 6.3, below, provides a few 

examples of the antagonistic impacts of various HAHs have on the AhR .. mediated HAHs, such 

asTCDD. 

Table 6.3 Examples of Antagonistic Interactions of Halogenated Aromatic 
Hydrocarbons through Inhibition or TCDD or 3,3' ,4,4' ,5-PentaCB-induced 
Responses (Safe, 1998c). 

Antagonists Anaqonlsdc Response (Animal Cell) 

1,3,6,8-TetraCDF 
2,3,6,8-TetraCDF AHH/EROD activities (H4IIE cells) 
Aroclor 1254 

----··············································-························································································································ 
... ~!~::~:~::~:!?.:~!~~~···········---······················ EROD.activity (chick embryo hepatocytes) ................................................ . 

.. 2,2',5,5'. TetraCB ......................................................... Luciferase activity (n10use_and rat _cell lines) .............................................. . 
Aroclors 1232, 1242, 1248, 1254, and 1260 
Reconstituted PCB mixtures 
l ,3,6,8-TetraCDF 
2,3,J ',4,5'-PenraCB 
2,3.3',4,4',S•HexaCB Splenic plaque-forming cell response to sheep red blood cells or 
2,3,3',4,5,S'•HexaCB trinitrophenyl-lipopolysaccharide (mouse strains) 
2,J,4,4' ,5 ,6-HexaCB 
2,2' ,4,4' ,S,6'-HexaCB 
2,2' ,4,4',6,6' •HexaCB 
2,2' ,4.4' ,5,5'-HexaCB ........................................... ·························-························································································································ 

.. 2.2',4,4',S,S'•HexaCB .................................................. Serum lgM.units (mice> ............................................................................... . 
Aroclor 12S4 
2,2',S,S'-TetraCB 
2,2',4,4',5.5'•HcxaCB ................................................................ __ _ 
2.2' ,4,4' ,S,S'-HexaCB 

Fetal cleft palate and hydronephrosis (mice) 

---······ .. ······································································ ............................ . 
Chick embryotoxicity, malfonnations ,edema. liver lesions 

For example, 2,2· ,4,4' ,s,s· -hexachlorobiphenyl (PCB 153), a major persistent congener in 

environmental samples, inhibits the following TCDD or 3,3 • ,4,4. ,5-pentachlorobiphenyl-induced 

responses: i) induction of ethoxyresorufin O -deethylase activity in chick embryo hepatocytes; ii) 

inhibition of the plaque-forming cell response to sheep red blood cells in mice; iii) inhibition of 

the plaque-forming cell response to trinitrophenyl lipopolysaccharide in mice; iv) inhibition of 

serum IgM units in mice; v) induction of fetal cleft palate in mice; vi) induction of chick embryo 

malformations; vii) induction of chick embryo edema; viii) induction of chick embryo liver 

lesions, and; ix) induction of fetal hydronephrosis in mice (Safe, 1998c). 

191 



While not discussed directly in the current research project, the implications of such antagonistic 

HAHs on the ligand binding kinetics and overall tissue-specific disposition of PCDD/Fs are quite 

far-reaching. Humans and wildlife are constantly environmentally exposed (primarily through 

diet) to complex mixtures of these persistent HAHs. Hazard and risk assessment of these 

mixtures is a difficult process and the TEF approach has been utilized to attempt to address these 

issues. However, these nonadditive interactions, coupled with the unusually broad range ofTEF 

values observed for some PCB congeners (e.g., 3,3· ,4,4' -tetraCB), compromises the utility of the 

TEF approach for hazard and risk assessment ofHAHs that contain PCBs (Safe, 1998c). 

These and other uncertainties that impact upon the applicability and utility of the TEF concept 

(e.g., differences in shape of the dose-response curve, species responsiveness, etc.) were 

discussed in detail at an expert meeting organized by the World Health Organization (WHO) and 

held in Stockholm on June I 5-18, 1997. In spite of these uncertainties, it was concluded that the 

TEF concept is still the most plausible and feasible approach for risk assessment of HAHs with 

dioxin-like properties. In view of the available scientific evidence from studies with mixtures, it 

was concluded that it is unlikely for the use of this additive model to result in a great deal of error 

in predicting the concentrations of TCDD-TEQs or responses at environmentally relevant levels 

due to non-additive interactions (Van den Berg et al., 1998). 

Despite these assurances, these uncertainties may have significant implications on the predictions 

of toxicological impacts in environmental risk assessments. For example, based upon the tissue 

sampling conducted on voles living in the area surrounding the SHTC following the October 

1996 release incident, the PCDD/F and PCB whole body concentrations (on a TEQ•basis) were 

sufficiently elevated as to result in the prediction of an observable population-wide negative 

impact on reproductive success. However, vole populations levels have actually increased in the 

years following the incident, with no obvious short- or long-term deleterious impacts appearing 

as a result of the significant short-tenn increase in environmental HAH levels (Chem-Security 

Ltd, 1999). 

Obviously there is still a significant amount of uncertainty present in the current TEF 

methodology, likely arising from some of the inter-species pharmacokinetic and 
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pharmacodynamic issues identified in the current research project. Therefore, while the 

prediction ofTEQs according to the TEF model is considered to be plausible and to be the most 

feasible approach for risk assessment ofHAHs with dioxin ... tike properties, given these 

uncertainties, the application ofTEFs to evaluate overall toxicity in environmental risk 

assessments of facilities such as the SHTC must be made with caution. As aptly concluded by 

Safe (1998c), TEFs/TEQs for HAHs must be used very selectively, and more research on the 

utility, applications, and limitations of this method should be conducted. 
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2. Using uncertainty analyses. evaluate the potential impacts of leverage variables on the 

PBPK model. and accordingly the results of a health assessment involving these variables. 

Results of the uncertainty analyses conducted on the steady-state PBPK model for the Sprague­

Dawley rat provided some very interesting indications of the key leverage variables, and the 

relative dose-dependencies involved. At low doses, general physiological parameters (i.e., body 

weight, biliary excretion rate) and compartment-specific equilibrium ratios play the most 

significant role in TCDD disposition. However, as the exposure dose increases (i.e., above the 

0.1 µ.g/kg bodyweight level), ligand-receptor phannacod)Tlarnics appear to become the dominant 

factor, with binding kinetic parameters providing the largest leverage on the model outcome. At 

the lower doses (i.e., around the 0.316 µg/kg bodyweight dose level), the CYP1A2 binding 

kinetic parameters appear to play the largest role in model outcome. While at the more elevated 

doses (i.e., around the l µglkg bodyweight dose level), the contribution of Ah receptor binding 

parameters to overall variance in TCDD disposition has a dominant impact on model outcome. 

Finally, as the administered dose increases beyond the 3.16 µg/kg bodyweight dose level, the 

contribution to variance from ligand-receptor parameters returns to the levels observed at the 

very low doses (i.e., ~O. l µ.g/kg bodyweight), while the parameters related to compartmental 

permeability, as well as TCDD absorption and elimination, become the key leverage variables in 

the pattern of TCDD whole-body disposition. 

This dose-dependent pattern of leverage parameter impacts on TCDD disposition is as expected 

based upon the research presented in this paper. At low doses, there are not sufficient levels of 

TCDD within the body to result in significant occupancy of the Ah receptors or CYP 1 A2 

proteins. Furthermore, the levels ofTCDD-Ah receptor complexes are too low to result in a 

significant induction ofCYP1A2 protein levels. As such, TCDD disposition is controlled by 

tissue-specific equilibrium and permeability parameters related the lipophilicity of the 

compound, as well as relative rates of elimination via urinary and fecal/biliary excretion. 

However, as the concentration ofTCDD within the organism increases, the Ah receptor 

occupancy level increases leading to further induction ofCYP1A2 protein within the liver. The 

binding to the Ah receptor and CYP 1 A2 protein results in sequestration of the TCDD within the 
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liver, dramatically impacting upon the whole-body disposition and elimination pattern. This 

hepatic sequestration results in CYP 1 A2 binding kinetic parameters (primarily the concentration 

resulting in half maximum induction folds) initially playing the largest role in TCDD disposition. 

It is important to remember that the Ah receptor is a constitutive high affinity, low-capacity 

receptor, while CYP 1 A2 are inducible, low-affinity, and high-capacity receptor proteins. As 

such, as the concentration of ligand increases, the Ah receptors become more saturated and result 

in significant induction of CYP 1 A2 protein in response. Thus, at concentrations approaching 

levels which result in saturation of available Ah receptor, ligand-Ah receptor binding kinetics 

become a dominant factor over those related to CYP 1 A2 sequestration. 

Similar results were observed in sensitivity analyses conducted by Evans and Andersen (2000) on 

Sprague--Dawley rats. Their research indicated that, at elevated doses nearing 0.1 µ.g/kg 

bodyweight, the inflection point indicative of the major shift in liver-to•fat ratio was more related 

to characteristics of DNA binding/induction steps of the Ah receptor--DNA complex than by the 

CYPIA2 affinity ofTCDD or concentrations ofCYPIA2. 

Finally, once the concentration ofTCDD within the body reaches a sufficient level as to result in 

complete saturation of both the available Ah receptors and CYP1A2 protein pool, remaining free 

TCDD can no longer be sequestered within the liver and phannacokinetic processes (primarily 

compartmental penneability and TCDD absorption and excretion rates) begin to dominate its 

disposition throughout the body (i.e., disposition in the adipose tissue increases as the liver-to-fat 

ratio begins to fall). 

Given the obvious importance of ligand-receptor phannacodynamics on the dose-dependent 

nature of PCDD/F absorption, disposition, metabolism, and excretion, it is vital that any inherent 

uncertainty within these phannacodynamic parameters be minimized. Results of the 

uncertainty/sensitivity analyses indicate that the pbarmacodynamic parameters which have the 

greatest impact on PCDD/F disposition are: concentration to cause half of the maximum 

CYP1A2 induction folds; maximum CYPIA2 induction folds over the basal rate; Ah receptor 

binding capacity in each of the key compartments; CYP 1 A2 physiological delay time, and; the 

Hill coefficient (see Tables 5.13 and 5.14). Unfortunately, these parameters are also the most 
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difficult to characterize, not only on a chemical•specific basis, but particularly on a species• 

specific basis. While QSAR research provides significant promise in bridging these data gaps, a 

considerable amount of research is still required to better characterize the uncertainty inherent 

within these key leverage variables. 
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3. Discuss the value of the results of the research as well as future empirical research needs. 

Based upon a limited set of validation exercises, it appears that the current research has 

successfully developed an integrated PBPK model system for evaluating the absorption, 

disposition, metabolism, and excretion of key PCDD/F congeners (i.e., TCDD, TCDF, 1-PeCDF, 

and 4-PeCDF) in three separate test organisms (i.e., the Sprague-Dawley rat, the C57BIJ6J 

mouse, and the Gapper's red-backed vole). As a result of the research, significant differences in 

tissue-specific disposition of key congeners (i.e., TCDD and 4-PeCDF) has been noted between 

the laboratory rat and the vole. These differences have significant implications for the 

application of congener-specific TEF values, and the overall predicted toxicity ( on a TCDD-TEQ 

equivalency basis) to the vole population evaluated as part of an ongoing environmental risk 

assessment process. 

As noted previously, there are a number of uncertainties and conservative assumptions inherent 

within the development of the current PBPK modelling system, especially as it pertains to the 

red-backed vole. In addition to the relative strengths and weaknesses of the selected PBPK 

model discussed previously, other areas of uncertainty include: 

.. Due to the limited data set on which the model was developed, the appropriateness and 

accuracy of the model predictions at very low and very high doses has not been validated. 

.. Due to a lack of species-specific data, many of the pharmacokinetic and pharmacodynamic 

parameters used for the red-backed vole were based upon those used for the C57BIJ6J 

mouse (based upon similar size and body composition). Given the lack of time-series 

congener-specific data for vole, it is difficult to determine whether these parameter 

selections are appropriate or not. 

.. Differences in pharmacokinetic disposition due to the chemical-specific lipophilicity were 

incorporated into the model by using a lipophilicity adjustment factor calculated for each 

congener based upon the ratio of its octanol-water partition coefficient <Ko.) to that of 

TCDD. While likely an acceptable measure of variability in tissue-to-blood equilibrium 

ratios, more accurate data can be easily gathered through simple tissue-based assays. 
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• Based on the similarities in lipophilicity of the assessed congeners, the fraction of the total 

dose absorbed o<ai,J via the GI tract was assumed to be equal to that used for TCDD. While 

likely reasonable for these congeners, such an assumption would be highly inappropriate for 

the higher chlorinated congeners should they be assessed with the current model 

methodology (i.e., research has demonstrated that very little of the OCDD and OCDF 

congeners is absorbed through the gut wall and is quickly excreted following an oral 

administration dose). 

• Ah and CYPIA2 ligand-receptor binding affinities (1{0 values) were estimated and modelled 

based upon their relative differences to the TCDD base ligand. Due to the lack of suitable 

chemical- and species-specific phannacodynamic data, this is likely the largest source of 

uncertainty in the current model methodology. 

• Congener-specific metabolism (specifically CYPIAl modulated) was included as part of the 

overall urinary and biliary/fecal excretion rates, and excretion half-lives were used to 

calculate chemical-speci fie excretion rate adjustment factors. Depending on the 

administered dose and treatment scenario, excretion half-lives can vary dramatically from 

study to study and species to species. 

Results of the model-based uncertainty/sensitivity analyses indicates that one would get the most 

"bang for your buck" by investing resources into gathering more detailed phannacodynamic 

inf onnation related to Ah and CYP l A2 ligand-receptor interactions (i.e., concentration to cause 

half of the maximum CYP1A2 induction folds; maximum CYP1A2 induction folds over the 

basal induction rate; Ah receptor binding capacity in each of the key compartments; CYP 1 A2 

physiological delay time, and the Hill coefficient). As indicated previously, these parameters are 

also the most difficult to characterize, not only on a chemical-specific basis, but particularly on a 

species-specific basis. While QSAR research provides significant promise in bridging these data 

gaps, a considerable amount of research is still required to better characterize the uncertainty 

inherent within these key leverage variables. 

On important issue for resolution in future research is the conversion of the model basis to allow 

for a better approximation of whole body concentrations under chronic dosing conditions. The 

current model is designed based upon an initial acute oral bolus exposure to a particular 
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congener, and appears to be able to effectively predict short-term whole body concentrations 

when faced with sudden elevated ambient PCDD/F levels (i.e., immediately following a release 

incident). However, the model is less successful in predicting body loads when the vole is 

chronically exposed to low levels of PCDD/Fs, particularly when assessing the more 

bioaccumulative congeners (i.e., TCDD, 4-PeCDF, and some HxCDFs). This discrepancy is 

obvious when one compares modelled vole-to-plant BAF values to those estimated based upon 

environmental sampling (see Tables 5.28 and 5.29). Given their much longer 

metabolic/excretion half-lives, elevated concentrations of the bioaccumulative congeners would 

concentrate in the liver and adipose tissue over time. While short-term levels may not be 

sufficiently elevated as to result in a threshold-based toxic outcome, bioaccumulation of these 

congeners may result in significant toxicological impacts in the longer tenn. Unfortunately, the 

version of the PBPK model used in the current research is unable to assist in the assessment of 

these risks. 
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7.0 CONCLUSIONS 

Exposure concentrations of contaminants found in air, water, soil, dust, food, or other 

environmental media to which populations are in contact are typically the dose scales most 

commonly used when evaluating potential health effects for environmental or occupational 

pollutants. However, research has indicated that external exposure is often only a rough 

approximation for the overall internal exposure delivered at the critical target sites in the body. 

This discrepancy can have significant implications on the overall toxicity manifested based upon 

a given environmental concentration and exposure scenario. 

Phannacokinetic models have been shown to provide the much needed functional relationship 

between external measures of chemical exposure and internal, target tissue measures of exposure 

to the actual toxic moiety. Accordingly, physiologically based pharmacokinetic modelling has 

become a scientifically attractive method of conducting this aspect of toxicological risk 

assessment. A number of recent toxicological evaluations (e.g., arsenic, trichloroethylene, 

benzene, etc.), conducted by the U.S. EPA, have incorporated PBPK modelling in its decision 

making process. This methodology has been shown to be particularly appropriate for the 

evaluation of the potential impacts that pharmacokinetics and pharmacodynamics may have on 

the ultimate toxicity of persistent organic pollutants, such as dioxins and furans. 

Around midday on July 1 Qlh, 1976, an explosion occurred in a 2,4,5-trichlorophenol reactor of 

the ICMESA chemical plant on the outskirts of Meda, a small town about 20 kilometres north of 

Milan, Italy. A toxic cloud containing TCDD and other related compounds was accidentally 

released into the atmosphere. The "dioxin" cloud contaminated a densely populated area about 

six kilometres long and one kilometre wide, lying downwind from the site. This event became 

internationally known as the Seveso disaster, after the name of a neighbouring municipality that 

was most severely affected. The Seveso acciden~ in addition to the outcry arising from the U.S. 

military's use of dioxin-contaminated Agent Orange during the Vietnam war, triggered a rarely 

precedented global surge of interest in one single class of chemical substances, the 

polybalogenated dibenzo-p-dioxins and dibenzofurans. One member of this group of several 
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hundred individual compounds, TCDD, suddenly became the focus of media attention and in the 

ensuing years dominated the public debate all over the world. 

This public interest and scrutiny has resulted in a considerable amount of research into the 

dispersion, deposition, and bioaccumulation of these compounds in the environment. 

Unfortunately, the history of PBPK modelling use by regulatory agencies, such as the U.S. EPA, 

is a rather checkered one. In April 1991, EPA aimounced that it would undertake a reassessment 

of the risks of exposure to dioxin. When released in draft fonn in 1994 (U.S. EPA, 1994), most 

of the chapters in the reassessment had been appropriately reviewed at peer review workshops. 

Strangely, Chapter 9 - HRisk Characterization of2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) 

and Related Compounds"' was not subjected to early peer review and did not appear to have the 

significant involvement of anyone in the scientific community outside the EPA. In particular, a 

group of well-known dioxin researchers stated that "[t]he conclusions in the EPA's current risk 

characterization are thus heavily dependent upon many unproven assumptions and untested 

hypotheses that deserve careful scrutiny by the scientific community" (Conolly, 1994). In 

response to the criticisms put forward by the EP A's own Science Advisory Board (SAB), public 

comments, and newly available scientific infonnation EPA has been working to revise and 

update the 1994 draft, and recently issued a revised draft document (U.S. EPA, 2000) which 

provides a more complete review of the current state of scientific knowledge surrounding the 

phannacokinetics and phannacodynamics of dioxin. 

In an effort to provide an on-going assessment of the potential environmental impacts related to 

the inadvertent release of these anthropogenic compounds, regulatory agencies (in response to 

public concern) have also mandated that extensive long-term monitoring programs be typically 

undertaken, as part of the facility approval and operation licence. These programs endeavour to 

monitor and assess emission releases, as well as measure ambient environmental concentrations 

in a variety of key sentinel biota species (e.g., red-backed voles, Labrador tea, moss, etc.), to 

provide a better indication of the current and future human and ecological health risks related to 

facility emissions. 
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While emission release and dispersion kinetics play a significant role in the ultimate congener­

specific fingerprint observed in environmental biota, as discussed previously, phannacokinetics 

can have considerable impact on congener•specific disposition, metabolism and excretion rates. 

Alteration of the disposition and elimination behaviour of a particular congener can have 

particularly significant implications on tissue-specific sequestration. Given the importance of 

these congener-specific differences on the overall toxicity observed in a variety of species, it is 

vital that a reasonably accurate model of the congener-specific pharmacokinetic and 

pharmacodynamic processes be developed to better characterize the toxicodynamic properties of 

the compound. This would also allow for a truer evaluation of the appropriateness of the 

congener-specific TEF values used as part of the toxicological risk assessment process, on a 

species-specific basis. 

Results of the current application of the PBPK model developed using laboratory rodents for use 

with the vole sentinel species has indicated that this model methodology appears to provide a 

reasonable estimation of chemical-specific disposition and elimination patterns within the vole 

sentinel species, at least under short-term acute exposure scenarios. Accordingly, it appears that 

the vole is a useful and relevant sentinel species to evaluate the phannacokinetic and 

phannacodynamic issues surrounding the environmental impacts of PCDD/Fs released as a result 

of anthropogenic activities. PBPK model systems. such as the one developed based upon the 

Wang et al. (1997) methodology, may provide valuable tools for evaluating data from long-term 

environmental monitoring programs, such as that in place at the Swan Hills Treatment Centre. 

However, the current PBPK modelling systems still have a considerable amount of inherent 

uncertainty associated with the parameter and methodological assumptions. Research is 

continuing to attempt to provide a better comprehension of the intricate ligand-receptor 

mechanisms at play within hepatic and extrahepatic tissues, particularly at the P450 isozyme 

molecular level. While great strides forward have been taken in the past decade, it is only 

through further detailed research into the pharmacokinetic and phannacodynamic properties of 

these compounds, will a more accurate and precise understanding of the disposition and ultimate 

toxicity of these intriguing persistent organic pollutants be achieved. 
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APPENDIX A 

Detailed Overview of Mathematical Equations 

used in Prototype PBPK Models 
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A-1.0 Prototype Steady-State PBPK Model (Wang et al., 1997) 

The following section provides the detailed mathematical equations used in the development of 
the prototype steady-steate PBPK model for the current research on PCDD/F phannacokinetics. 
The model methodology is based upon the Wang et al. (1997) published model, with a 
considerable amount of information added (based upon other published source material) to fill in 
gaps in the methodology provided by the Wang et al. (1997) source paper. 

Figure A-1 A schematic representation of the equilibrium TCDD PB-PK model 
(Wang et al., 1997) 
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TCDD Distribution in a Generic Tissue Compartment 

Figure A-2 TCDD Distribution in a Generic Tissue Compartment 
(Wang et al., 1997) 
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The total concentration ofTCDD in a typical intracellular domain can be simulated as: 

Where: 

C1 
C1r 

Clib 

Cnb 

Csbl 

csb2 

fw 
/up 
fnb 

= 
= 
= 
= 
= 
= 
= 
= 
= 

Cr= fw Crr + fi;p Clip+ fab Cnb + Csbl + Csb2 

Total concentration of TCDD in the intracellular tissue (nmoles/g tissue) 
Concentration ofTCDD in the water fraction of the tissue (nmoles/g tissue) 
Concentration ofTCDD in the lipid fraction of the tissue (nmoles/g tissue) 
Concentration ofTCDD non•specifically bound in the tissue (nmoles/g tissue) 
Concentration ofTCDD bound to resident Ah receptors (nmoles/g tissue) 
Concentration ofTCDD bound to resident CYP1A2 (nmoles/g tissue) 
Water•filled volume fraction in the tissue compartment (unitless) 
Lipid• tilled volume fraction in the tissue compartment ( unitless) 
Volume fraction of linear binding constituents in the tissue compartment 
(unitless) 

The concentration of TCDD bound to proteins and other cellular constituents (Cnb) can be 
calculated as: 

Cnb = /G,, Crr 
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Where: 

K,. = the linear binding constant for that tissue compartment ( unitless) 

Therefore, the concentration of TCDD non-specifically bound to proteins and other linear 
binding constituents of the tissue (i.e., not bound to Ah receptors or CYP1A2 metabolic sites) 
can be represented as: 

C, ( specific bound) = fw Ctf + flip Ks CT[ + fnb Kn err 

Linear Binding of TCDD to Plasma Proteins 

The total TCDD concentration in the blood entering this compartment can be expressed as: 

Where: 

Ce 
Ce, 
CBb 
fwb 

and, 

= 
= 
= 
= 

Cs= fwb Car+ (l - /wb) Cab 

Total TCDD concentration in the compartment blood supply (nmoles/g) 
Free TCDD concentration in the compartment blood supply (nmoles/g) 
Plasma-bound TCDD concentration in the compartment blood supply (nmoles/g) 
Water fraction of the compartment blood supply (unitless) 

Cab= /Gs Csr 

Where: 

KAB = the linear binding constant ofTCDD to plasma proteins.(unitless) 
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TOT AL BODY WEIGHT CHANGE 

W, = W.o (l + (ao x t)) 
(bo + t) 

Where: 

W, = Body weight at time t (g) 
W t0 = Body weight at time of exposure (g) 
a0 = Body weight fitting parameter A (0.41) 
b0 = Body weight fitting parameter B ( 1402.5) 
t = Elapsed time following exposure (hours) 

CALCULATION OF COMPARTMENT VOLUMES 

Tissue Volume 

Where: 

V = 
v(; = 

w, = 

V= Vc W, 

Tissue volume within the compartment (g tissue) 
Allometric constant used to calculate arterial compartment volume 
(g tissue/g bodyweight) 
Body weight at time t (g) 

Tissue Blood Volume 

Where: 

Vb = Tissue blood volume within the compartment (g tissue) 
Vbc = Tissue blood volume as a fraction of tissue volume (unitless) 

CALCULATION OF CARDIAC OUTPUT 

Qror = Qcar X 60 X ( 
Wt )o.

7
s 

1000 

Where: 

QTOT = Total cardiac output for the test species (ml/hour) 
Qar = Allometric coefficient to calculate cardiac output from bodyweight (ml/kg/min) 
W, = Body weight at time t (g) 
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CALCULATION OF ABSORBED DOSE 

a) Flow rate of delivery of administered oral dose of TCDD to the stomach (nmoles/bour) 

dMs, 
Rs, = --= Ks, Ms, BArcDD 

dt 

b) Flow rate of absorption of TCDD from stomach through the gut wall into the lumen 
(nmoles/hour) 

dMLum 
R.tbs = --- = Ks, Ms, BArcDD - !Gbs MLum 

dt 

Mtum is calculated through an integration ofR.u. over time, using Ao as the 
initial amount ofTCDD present in the lumen. 

c) Flow rate ofTCDD transfer from lumen to venous blood supply via lymphatic flow 
(nmoles/hour) 

&_vmph = a X !Gbs MLum 

d) Flow rate ofTCDD transfer from lumen to liver via portal vein (nmoles/hour) 

&,,~rial = ( 1 - a) x K...bs MLum 

Where: 

a 

Ao 
BA1coo 

K.bs 

Ks, 
Mtum 
Mst 
RAbs 

RArtcrw 

Rlymph 

Rs, 

= 

= 
= 
= 
= 
= 
= 
= 

= 
= 

= 

Proportion of absorbed oral dose entering venous blood via 1)'11lphatic flow 
from the GI tract (unitless) 
Initial amount ofTCDD in the lumen (nmoles) 
Fraction of the total dose absorbed/bioavailable (unitless) 
TCDD absorption rate from the lumen to the systemic circulation (I/hour) 
the stomach emptying rate (I/hour) 
the amount ofTCDD absorbed into the lumen (nmoles) 
the amount of TCDD in the stomach (nmoles) 
Flow rate of absorption ofTCDD from stomach through the gut wall into the 
lumen (nmoles/hour) 
Flow rate ofTCDD transfer from lumen to liver via portal vein (nmoles/hour) 
Flow rate of TCDD transfer from lumen to venous blood supply via lymphatic 
flow (nmoles/hour) 
Flow rate of delivery of administered oral dose of TCDD to the stomach 
(nmoles/hour) 
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VENOUS BLOOD SUPPLY 

dWsCs 
--= QK(CKB-Cs) + Qs(Css-Cs) + QF(CFs-Cs) 

Where: 

We 
Ce 
CKB 
CLuB 
Cse 
CFB 

CRce 

Cue 
QK 
Qs 
QF 
QRc 
Qu 
RLymph 

= 
= 
= 
= 
= 
= 

= 

= 
= 
= 
= 
= 
= 
= 

dt 
+ QRe( CReB - Cs) + Qli( Clis - Cs) + &}mph 

Weight of the blood (g) 
Concentration ofTCDD in the arterial blood (nmoles/g tissue) 
Concentration ofTCDD in the kidney venous blood (nmoles/g tissue) 
Concentration ofTCDD in the lung venous blood (nmoles/g tissue) 
Concentration ofTCDD in the skin venous blood (nmoles/g tissue) 
Concentration of TCDD in the venous blood of the adipose tissue 
(nmoles/g tissue) 
Concentration of TCDD in the venous blood of the rest of the body 
(nmoles/g tissue) 
Concentration ofTCDD in the liver venous blood (nmoles/g tissue) 
Blood flow in the kidneys (ml/hour) 
Blood flow in the skin (ml/hour) 
Blood flow in the adipose tissue (ml/hour) 
Blood flow in the rest of the body (ml/hour) 
Blood flow in the liver (ml/hour) 
Flow rate ofTCDD transfer from lumen to venous blood supply via lymphatic 
flow (nmoles/hour) 
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LUNGS Flow-Limited Compartment 
( only blood flow rate controls tissue uptake) 

a) Concentration of unbound (free) TCDD in lung compartment (nmol/g tissue) 

b) Concentration ofTCDD in lung tissue blood (nmoVg tissue) 
(this is the concentration leaving the lungs into the arterial blood supply) 

CLuB = CLuf 

Note: As membrane permeability has no impact on tissue concentrations in flow-limited 
compartments, such as the lungs, the outgoing TCDD blood concentration would be 
equal to the concentration of unbound TCDD found within the lung compartment 
(i.e., flow-through except for those bound to compartmental tissue constituents). 

c) Overall tissue concentration ofTCDD in lung compartment (nmoVg tissue) 

d) Rate of change of TCDD in compartment (nmol/hour) 

e) Overall TCDD concentration (tissue and blood) in the lungs (nmoVg tissue) 

CLulu = (C X vlu + Cw X VLub) 

(VLu + VLub) 
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Where: 

Atu 

Bmax 
C 
Ca 
clu 

Cw 
cluB 

ctul.u 

~ 
P1.u 

Qlu 

Rlu 

vlu 

VLuB 

wlu 

WLuB 

= 

= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 

Amount ofTCDD concentration in the lungs (nmol) 
(Based on integration ofRLu at a specific time slice) 
Ah receptor nonlinear binding capacity (nmol/g) 
Concentration ofTCDD in the lung tissue at a specific time (nmol/g) 
Concentration ofTCDD in the blood entering the lungs (nmoVg) 
Concentration of bound TCDD in the lungs (nmoVg) 
Concentration of unbound TCDD in the lungs (nmoVg) 
Concentration ofTCDD in the lung tissue blood (nmoVg) 
Overall TCDD concentration (tissue and blood) in the lungs (nmol/g tissue) 
Equilibrium dissociation constant for Ah receptor binding (nmoVg) 
Equilibrium ratio of the lung tissue concentration to blood concentration ( unitless) 
Blood flow in the lungs (mVhour) 
Rate of change of TCDD concentration in the lungs (nmol/hour) 
Tissue volume of the lungs (g) 
Tissue blood volume within the lungs (g) 
Tissue weight of the lungs (g) 
Weight of blood in the lungs (g) 
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KIDNEYS Membrane-Limited Compartment 
( only membrane transfer controls tissue uptake) 

a) Concentration of unbound (free) TCDD in kidney compartment (nmoVg tissue) 

b) Overall tissue concentration ofTCDD in kidney compartment (nmol/g tissue) 

c) Rate of change ofTCDD in compartment (nmol/hour) 

d) Flow rate ofTCDD lost due to renal urinary excretion (nmol/hour) 

e) Concentration ofTCDD in kidney tissue blood (nmoVg tissue) 
(this is the concentration leaving the kidneys in the venous blood supply) 

f) Overall TCDD concentration (tissue and blood) in the kidney (nmoVg tissue) 

CKK =(Ax+ CKb X VKb) 
(VK+ VKb) 

233 



Where: 

AK 

Bmax 
C 
Ce 
CK 
CKB 
CKf 
CKK 
~ 
KK 

PK 

= 

= 
= 
= 
= 
= 
= 
= 
= 
= 
= 

Amount ofTCDD concentration in kidneys (nmol) 
(based on integration of RK at a specific time slice) 
Ah receptor nonlinear binding capacity (nmol/g) 
Concentration ofTCDD in the kidney tissue at a specific time (nmol/g) 
Concentration ofTCDD in the blood entering kidneys (nmoVg) 
Concentration of bound TCDD in the kidney (nmoVg) 
Concentration ofTCDD in the kidney tissue blood (nmoVg) 
Concentration of unbound TCDD in the kidney (nmol/g) 
Overall TCDD concentration (tissue and blood) in the kidney (nmoVg tissue) 
Equilibrium dissociation constant for Ah receptor binding (runol/g) 
Urinary linear elimination constant (I/hour) 
Equilibrium ratio of the kidney tissue concentration to blood concentration 
(unitless) 

PAK = Permeability of the kidney (ml/hour) 
QK = Blood flow in the kidney (ml/hour) 
RK = Rate of change ofTCDD concentration in the kidneys (nmol/hour) 
Runnary = Flow rate ofTCDD lost due to renal urinary excretion (nmoVhour) 
V K = Tissue volume of the kidneys (g) 
V KB = Tissue blood volume within the kidneys (g) 
WK = Tissue weight of the kidneys (g) 
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REST OF BODY Membrane-Limited Compartment 
( only membrane transfer controls tissue uptake) 

a) Overall tissue concentration ofTCDD in the rest of the body (nmol/g tissue) 

C= ARe 

VRe 

b) Rate of change of TCDD in compartment (nmol/bour) 

R _dWReCRe_pi..4 (C C) 
Re - - rf.Re B - --

dt PRe 

c) Concentration ofTCDD in tissue blood within the compartment (runoVg tissue) 
(this is the concentration leaving the rest of the body in the venous blood supply) 

( l+ PAR~) 
QRe 

d) Overall TCDD concentration (tissue and blood) in the rest of the body (runol/g tissue) 

Where: 
ARe 

C 
Ce 
CRee 
CRcRc 

PRc 

PARc 
QRe 
RRe 
VRe 
VRee 
WRc 

= 

= 
= 
= 
= 

= 

= 
= 
= 
= 
= 
= 

CReRe = ( ARe + CReb X VReb) 

(VRe + VReb) 

Amount of TCDD concentration in the rest of the body (nmol) 
(based on integration of RRc at a specific time slice) 
Concentration of TCDD in the rest of the body tissue at a specific time (nmoVg) 
Concentration of TCDD in the blood entering the rest of the body (nmol/g) 
Concentration ofTCDD in the tissue blood within the rest of the body {nmol/g) 
Overall TCDD concentration {tissue and blood) in the rest of the body 
{nmoVg tissue) 
Equilibrium ratio of the tissue concentration to blood concentration in the rest of 
the body (unitless) 
Penneability of the rest of the body (ml/hour) 
Blood flow in the rest of the body (ml/hour) 
Rate of change ofTCDD concentration in the rest of the body (nmol/hour) 
Tissue volume of the rest of the body (g) 
Tissue blood volume within the rest of the body (g) 
Tissue weight of the rest of the body (g) 
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SKIN Membrane-Influenced Compartment 
(Both blood flow rate and membrane transfer control tissue uptake) 

a) Concentration of unbound (free) TCDD in the skin (nmoVg tissue) 

Cs, = C -[cs, X Ps + _C_s,_x_B_max_] 
Kd+ Cs1 

b) Overall tissue concentration ofTCDD in the skin (nmoVg tissue) 

c) Concentration ofTCDD in tissue blood within the skin (nmoVg tissue) 
(this is the concentration leaving the skin in the venous blood supply) 

Ass 
Css=--

Vss 

d) Rate of change ofTCDD in compartment (nmol/hour) 

Blood 

dWssCss 
Rsb = ---= Qs( Cs - Css) - PAs( Css - Cs1) 

dt 

dWsCs 
Rs=--= PAs(Css-Cs1) 

dt 

e) Overall TCDD concentration (tissue and blood) in the skin (nmol/g tissue) 

Css =(As+ Ass) 
(Vs+ Vss) 
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Where: 

As 

Asa 

emu 

C 
Ca 
Cs 
Cso 
Csr 
Css 
~ 
Ps 
PA5 

Qs 
Rs 
Rsa 
Vs 
Vse 
Ws 
Wse 

= 

= 

= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 

= 
= 

Amount ofTCDD concentration in the skin (nmol) 
(based on integration of Rs at a specific time slice) 
Amount ofTCDD concentration in the skin blood (nmol) 
(based on integration of Rse at a specific time slice) 
Ah receptor nonlinear binding capacity (nmoVg) 
Concentration ofTCDD in the skin tissue at a specific time (nmoVg) 
Concentration ofTCDD in the blood entering the skin (nmoVg) 
Concentration of bound TCDD in the skin (runoVg) 
Concentration ofTCDD in the skin tissue blood (nmoVg) 
Concentration of unbound TCDD in the skin (nmoVg) 
Overall TCDD concentration (tissue and blood) in the skin {nmoVg tissue) 
Equilibrium dissociation constant for Ah receptor binding (nmol/g) 
Equilibrium ratio of the skin tissue concentration to blood concentration (unitless) 
Permeability of the skin (ml/hour) 
Blood flow in the skin (ml/hour) 
Rate of change of TCDD concentration in the skin (nmol/hour) 
Rate of change of TCDD concentration in the skin blood (nmol/hour) 
Tissue volume of the skin (g) 
Tissue blood volume within the skin (g) 
Tissue weight of the skin (g) 
Weight of blood in the skin (g) 
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ADIPOSE TISSUE/FAT Membrane-Limited Compartment 
( only membrane transfer controls tissue uptake) 

a) Overall tissue concentration ofTCDD in the adipose tissue (nmoVg tissue) 

C= AF 
VF 

b) Rate of change ofTCDD in compartment (nmol/hour) 

c) Concentration ofTCDD in tissue blood within the compartment (nmoVg tissue) 
(this is the concentration leaving the adipose tissue in the venous blood supply) 

d) Overall TCDD concentration (tissue and blood) in the adipose tissue (runoVg tissue) 

Where: 
AF 

C 
Ce 
CFB 
CFF 

PF 

PAF 
QF 
RF 

VF 

VFB 

WF 

= 

= 
= 
= 
= 

= 

= 
= 
= 
= 
= 
= 

CFF =(AF+ CFb X VFb) 
(VF+ VFb) 

Amount ofTCDD concentration in the adipose tissue (nmol) 
(based on integration of RF at a specific time slice) 
Concentration ofTCDD in the adipose tissue at a specific time (nmoVg) 
Concentration ofTCDD in the blood entering the adipose tissue (nmoVg) 
Concentration of TCDD in the tissue blood within the adipose tissue (nmoVg) 
Overall TCDD concentration (tissue and blood) in the adipose tissue 
(runol/g tissue) 
Equilibrium ratio of the tissue concentration to blood concentration in the adipose 
tissue (unitless) 
Penneability of the adipose tissue (ml/hour) 
Blood flow in the adipose tissue (ml/hour) 
Rate of change of TCDD concentration in the adipose tissue (nmol/hour) 
Tissue volume of the adipose tissue (g) 
Tissue blood volume within the adipose tissue (g) 
Tissue weight of the adipose tissue (g) 
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SPLEEN Flow-Limited Compartment 
(only blood flow rate controls tissue uptake) 

a) Concentration of unbound (free) TCDD in spleen (nmoVg tissue) 

Cspf = C- Cspf x Psp + ----
[ 

Cspf x Bmax] 
Kd + Cspf 

b) Concentration ofTCDD in spleen tissue blood (nmoVg tissue) 
(this is the concentration leaving the spleen into the portal vein) 

CspB = Cspf 

Note: As membrane penneability has no impact on tissue concentrations in flow-limited 
compartments, the outgoing TCDD blood concentration would be equal to the 
concentration of unbound TCDD found within the spleen (i.e., flow-through except 
for those bound to compartmental tissue constituents). 

c) Overall tissue concentration ofTCDD in spleen (nrnoVg tissue) 

Asp 
C=---

1/ VspB 
Ysp+--

Psp 

d) Rate of change of TCDD in compartment (nrnol/hour) 

d( WspB) Wsp+-- CSp 

Rsi, = PSp =Q5p (cs_ Csp) 
dt Psp 

e) Overall TCDD concentration (tissue and blood) in the spleen (nmoVg tissue) 

C 
(Cx VsP+ Cspb xVspb) 

SpSp = 
(Vsp + Vspb) 
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Where: 

Asp 

Bmu 
C 
Ce 
Csp 
Cspr 
Cspe 
Cspsp 
Ket 
Psp 

Qsp 
Rsp 
Vsp 
Vspe 
Wsp 
Wspe 

= 

= 
= 
= 
= 
= 
= 
= 
= 
= 

= 
= 
= 
= 
= 
= 

Amount of TCDD concentration in the spleen (nmol) 
(based on integration of RsP at a specific time slice) 
Ah receptor nonlinear binding capacity (nmoVg) 
Concentration of TCDD in the spleen tissue at a specific time ( nmoV g) 
Concentration ofTCDD in the blood entering the spleen (nmoVg) 
Concentration of bound TCDD in the spleen (nmoVg) 
Concentration of unbound TCDD in the spleen (nmoVg) 
Concentration ofTCDD in the spleen tissue blood (nmoVg) 
Overall TCDD concentration (tissue and blood) in the spleen (nmoVg tissue) 
Equilibrium dissociation constant for Ah receptor binding (nmoVg) 
Equilibrium ratio of the spleen tissue concentration to blood concentration 
(unitless) 
Blood flow in the spleen (ml/hour) 
Rate of change of TCDD concentration in the spleen (nmol/hour) 
Tissue volume of the spleen (g) 
Tissue blood volume within the spleen (g) 
Tissue weight of the spleen (g) 
Weight of blood in the spleen (g) 
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PORTAL VEIN Miscellaneous Compartment 
(Handles mass flow into liver via portal vein) 

a) Flow rate ofTCDD leaving portal vein into liver (nmoles/hour) 

RPortal = ( Qu - Qsp) X Cs + Qsp X CspB + R....rterial 

Where: 

C8 = Concentration ofTCDD in the blood entering the portal vein (nmoVg) 
Cspe = Concentration ofTCDD in the blood entering from the spleen (nmoVg) 
Qu = Blood flow in the liver (ml/hour) 
Qsp = Blood flow in the spleen (ml/hour) 
RArtcriaa = Flow rate ofTCDD transfer from lumen to liver via portal vein (nmol/hour) 
RPona1 = Flow rate ofTCDD in the blood leaving portal vein into the liver (nmol/hour) 
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LIVER Membrane-Influenced Compartment 
(Both blood flow rate and membrane transfer control tissue uptake) 

a) Concentration of unbound (free) TCDD in the liver (nmol/g tissue) 

C C (C P CLif X Bmax CLif X CcrP) 
lif = - Li/ X Li+----+-----

Kd + CLif KdCYP + CLif 

b) Overall tissue concentration ofTCDD in the liver (nmol/g tissue) 

c) Concentration ofTCOD in tissue blood within the liver (nmol/g tissue) 
(this is the concentration leaving the liver in the venous blood supply) 

d) Rate of change of TCDD in compartment (nmol/hour) 

dWi.;sCL,s 

Ri,;B = ----= RPortal - QLi X CLi8 - PAL,( CLiB - CLif) 

dt 
Tissue 

dWL,Cti 
&, = ---= PAu( Ci;a - CLif) - Rbile 

dt 

d) Flow rate of TCDD lost due to biliary excretion {nmol/hour) 

e) Concentration of Ah receptor occupied by TCDD ligand and available for binding to 
CYPlA2 (nmoVg) 

C 
BmaxxCtif 

bAlt=----

Kd+ CLif 
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t) Overall TCDD concentration (tissue and blood) in the liver (nmol/g tissue) 

Where: 

Ali 

Alie 

Bmax 
C 
CbAh 

Cevp 
Cu 
Cue 
Cur 
Cuu 
~ 
~ 
Ku 
PALi 
Pu 
Qu 
Rt,ilc 

Ru 
Rue 
RPortaJ 
Vu 
Vue 
Wu 
Wue 

= 

= 

= 
= 
= 

= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 

CuL; = ( AL; + ALiB) 

(VLi + VLiB) 

Amount of TCDD concentration in the liver (nmol) 
(based on integration of Ru at a specific time slice) 
Amount of TCDD concentration in the liver blood (nmol) 
(based on integration of Rue at a specific time slice) 
Ah receptor nonlinear binding capacity (nmol/g) 
Concentration ofTCDD in the liver tissue at a specific time (nmol/g) 
Concentration of Ah receptor occupied by TCDD ligand, available for binding to 
CYP1A2 in the liver (nmol/g) 
Concentration of unbound CYP1A2 available in the liver (nmol/g) 
Concentration of bound TCDD in the liver (nmol/g) 
Concentration of TCDD in the liver tissue blood (nmol/g) 
Concentration of unbound TCDD in the liver (nmol/g) 
Overall TCDD concentration (tissue and blood) in the liver (nmol/g tissue) 
Equilibrium dissociation constant for Ah receptor binding (nmol/g) 
Equilibrium dissociation constant for binding to CYPIA2 (nmol/g) 
Biliary linear elimination constant (I/hour) 
Permeability of the liver (ml/hour) 
Equilibrium ratio of the liver tissue concentration to blood concentration (unitless) 
Blood flow in the liver (ml/hour) 
Flow rate ofTCDD lost due to biliary excretion (nmol/hour) 
Rate of change of TCDD concentration in the liver (nmol/hour) 
Rate of change of TCDD concentration in the liver blood (nmol/hour) 
Flow rate ofTCDD in the blood leaving portal vein into the liver (nmol/hour) 
Tissue volume of the liver (g) 
Tissue blood volume within the liver (g) 
Tissue weight of the liver (g) 
Weight of blood in the liver (g) 
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CYPtAl Bindin1 

In the current model, the degradation of free CYP1A2 and bound CYP1A2 are assumed to be the 
same. The change of CYP 1 A2 with time was obtained from a simulation model proposed by 
Dayneka et al. (1993). As such, the concentration of unbound CYP1A2 available for TCDD-Ah 
binding was simplified using the following set of equilibrium binding equations: 

a) Calculate zero-order basal induction rate for CYP1A2 synthesis (nmoles/g/hour) 

Ko=Ccrpo X Ki 

b) Rate of change of initially available CYP l A2 within the liver (nmol/hour) 

dWu Ccrp, 
RcrP, = ---- = (S, Ko - K2 CcrP,) Wu 

dt 

c) The CYP1A2 stimulation function is represented as follows {unitless) 

As the binding ofTCDD to available CYP1A2, via Ah-receptor complexing, is not an 
instanteous process, a set of two interconnected holding periods were used to represent 
physiological induction delays in the processing of free CYP1A2. The concentration of free 
CYP1A2, after completion of the two physiological holding periods, is what ultimately is used by 
the liver compartment to determine the amount of free CYP1A2 available for binding to existing 
concentrations of the TCDD ligand. 

d) Calculation of the concentration of available CYP1A2 in the liver after the first physiological 
holding period (nmoles/g) 

RcrP: = dCcrP1 = CcrP, - CcrP: 

dt r 

CCYP2 is then calculated based upon its integration with the basal 
concentration ofCYP1A2 within the liver (CCYPO). 

244 



e) Calculation of concentration of available CYP 1 A2 in the liver after the second physiological 
holding period (nmoles/g) 

Where: 

R 
dCcrP1 CcrP: - CcrP 

CYP,=--- = -----
dt , 

Ccv, is then calculated based upon its integration with the basal 
concentration ofCYPlA2 within the liver (CcYPO). This concentration is 
used by the liver compartment as the amount of free CYP l A2 available for 
TCDD binding. 

CbAh = Concentration of Ah receptor bound to TCDD ligand and available for binding to 
CYP1A2 in the liver (nmoVg) 

Cevp = Concentration of unbound CYP I A2 available in the liver after the two 
physiological induction holding periods (nmol/g). This concentration is used by 
the liver compartment as the amount of free CYP 1 A2 available for TCDD 

CcYPO = 
CcvPt = 

CcvP2 = 

Cu, = 
h = 
ICA2 = 
INA2 = 
Ko = 
K2 = 
Ro,,, = 
Rcvn = 

Rcvi»1 = 

t = 
st = 
Wu = 

binding. 
Basal concentration of unbound CYP I A2 available in the liver (nmol/g) 
Concentration of unbound CYP1A2 available in the liver before first 
physiological holding period (nmol/g) 
Concentration of unbound CYP1A2 available in the liver following first 
physiological holding period (nmol/g) 
Concentration ofTCDD in the liver tissue (µgig tissue) 
the Hill coefficient (unitless) 
Michaelis-Menten constant ofCYPlA2 induction (nmol/g) 
the maximum induction ofCYPlA2 synthesis rate over the basal rate (unitless) 
the zero-order basal induction rate for CYP1A2 synthesis (nmol/g/hour) 
the first-order rate constant for CYP 1 A2 degradation (I/hour) 
the rate of change of unbound CYP1A2 available within the liver (nmol/hour) 
the rate of change of unbound CYP1A2 available within the liver after the first 
physiological holding period (nmol/hour) 
the rate of change of unbound CYP1A2 available within the liver after the first 
physiological holding period (nmol/hour) 
CYP lA2 induction delay holding time (hours) 
the stimulation function ( unitless) 
the tissue weight of the liver (g) 
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A-2.0 Prototype Equilibrium-based PBPK Model (Evans and Andenen, 2000) 

The following section provides the detailed mathematical equations used in the development of 
the prototype steady--state PBPK model for the current research on PCDD/F pharmacokinetics. It 
is based upon the Evans and Andersen (2000) published model, with modifications to correct 
minor inaccuracies and gaps in the methodology provided by the Evans and Andersen (2000) 
source paper. 

Figure A-3 A schematic representation of the steady-state TCDD PBPK 
model (Evans and Andenen, 2000) 

< u 
II _. 

t.) 

-----
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I Liver Compartment 

I BM I (Ah availability) 
[Ah] + (TCDD] 

• t KB I (binding) 

PF {panition coefficient) 

PL (partition coefficient) 

[Ah-TCDD] + [DNA]n (DNA receptors) 

• t KB (binding) 

Protein induction 
(CYP1A2) 

(Initial level, Induction factor) 
(BM20) (BM2i) 

~ 
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CALCULATION OF AVAILABLE BINDING RECEPTORS 

Ah Receptor Binding 

a) Calculation of total amount of Ah-TCDD complex in liver (nmoles) 

BMt 
Ah: TCDD = Cb X KB C 

t+ b 

b) Concentration ofTCDD bound to Ah receptors in the liver (nM) 

Ah:TCDD 
C.-1h=----

WL 

CYPJA2 Binding 

c) Amount of induced CYP1A2 in the liver (nmoles) 

Ah:TCDDn 
BM2r= BMio+ BM2ax BMux Kdn + Ah:TCDDn 

d) Calculation of total CYPIA2:TCDD complex in liver (nmoles) 

BM2r 
CYPIA2:TCDD = Cb X KB C 

2 + b 

e) Calculation of overall CYP1A2 occupancy by TCDD (unitless) 

CYP1A2:TCDD 
FcrPt.-12 = BMir 

f) Calculation of overall CYP1A2 fold increase (unitless) 

BM2r 
IFcYP1.-12= -­

BM20 

t) Concentration ofTCDD bound to CYP1A2 in the liver (nM) 

C 
CYPIA2:TCDD 

CYPIA2 = 
WL 
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Where: 

Ah:TCDD 
CYPIA2:TCDD 
BM20 
BM2i 
BMn 
Cb 
CAh 
CcvP1A2 
CCYPIA2 
FCYPI.U 

IFcvP1A2 

KB1 
KB2 
Kd 
n 
WL 

= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 

Amount of TCDD bound to Ah receptors in the liver (nmoles) 
Amount ofTCDD bound to CYP1A2 in the liver {nmoles) 
Basal level ofCYP1A2 in the liver (nmoles) 
CYP1A2 fold increase due to induction (unitless) 
Amount of induced CYP1A2 in the liver (nmoles) 
Concentration of TCDD in the pooled blood (nM) 
Concentration of TCDD bound to Ah receptors in the liver (nM) 
Concentration ofTCDD bound to CYPIA2 in the liver (nM) 
Concentration ofTCDD bound to CYPIA2 in the liver (nM) 
Fraction of total CYP1A2 occupied by TCDD (unitless) 
CYP1A2 induction fold increase over basal level (unitless) 
Ah receptor binding constant (nM) 
Binding affinity for CYP1A2 (nM) 
Ah receptor complex/DNA receptor dissociation constant (nM) 
Hill coefficient (unitless) 
Liver weight (kg) 
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CALCULATION OF TCDD BLOOD CONCENTRATION 

The following equation is used to calculate the amount ofTCDD that is present in the blood pool 
at steady-state. As the Cb variable is present on both sides, the equation is termed an implicit 
equation, and must be solved with an application capable of resolving the equation to a point of 
stable convergence. The authors (Evans and Andersen, 2000) recommend the use ofSimusolv"s 
IMPL algorithm with the number of points set to 200, supplied with an initial value for blood of 
zero, a convergence criterion of0.000001, and the number of allowable iterations set at 10. 
Other options include using the IMPLC algorithm in ACSL Tox, using the Solver system built 
into Microsoft Excel, or simply adjust the temporary blood concentration manually in a 
spreadsheet version of the model until a satisfactory convergence occurs. As multiple solutions 
are possible, only the maximum value should be used. 

For the current research, the methodology was created in an Excel spreadsheet, and solved using 
both the built-in Solver as well as manual convergence. 

a) Concentration ofTCDD in blood pool (nM) 

Where: 

BM1 = 
BM2T = 
Cb = 
Co = 
KB1 = 
KB2 = 
PF = 
PL = 
Va = 
VF = 
VL = 

Co 
Cb= -------------------

BM1 BM2r 
Vb+ PLX VL+PFX VF-f- ---+ ---­

KB1+ Cb KB2+ Cb 

Ah receptor maximum availability (nmoles) 
Amount of induced CYP1A2 in the liver (nmoles) 
Concentration ofTCDD in the pooled blood (nM) 
Administered dose of TCDD (nM) 
Ah receptor binding constant (nM) 
Binding affinity for CYPIA2 (nM) 
Fat partitioning coefficient (unitless) 
Liver partitioning coefficient (unitless) 
Blood volume as a percentage of bodyweight (unitless) 
Fat volume as a percentage of bodyweight (unitless) 
Liver volume as a percentage of bodyweight (unitless) 
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CALCULATION OF TCDO TISSUE FRACTIONS 

Blood Fraction 

a) Fraction of TCDD in blood (unit less) 

FB= 

Liver Tissue Fraction 

b) Concentration ofTCDD bound to liver tissue (nM) 

C11 = Cb x P, x Vt 

c) Concentration ofTCDD bound to Ah receptors in the liver (nM) 

BM1 
CAh = Cb X 

KB,+ Cb 

d) Concentration ofTCDD bound to CYPIA2 in the liver (nM) 

BM2T 
CcrPtA2 = Cb x ---­

KB2+ Cb 

e) Overall concentration ofTCDD found in liver tissue (nM) 

CL = Ci, + CAh + CCYP1A2 

t) Calculation of overall fraction of administered TCDD found in the liver (unitless) 
CL 

FH=-
Co 

Fat Tissue Fraction 

g) Fraction ofTCDD stored in adipose tissue (unitless) 

FF = (1- FH - FB) 

h) Overall concentration ofTCDD found in liver tissue (nM) 
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FF 
CF= CD*­

VF 

Liver to Fat Mass Ratio 

h) Calculation of liver to fat mass ratio (unitless) 

Where: 

FB = 
FF = 
FL = 
LTOF = 

BM1 = 
BM21 = 
Co = 
Cb = 
CAh = 
CCYPIA2 = 
CF = 
CL = 
c,t = 
KB, = 
KB2 = 
PL = 
Va = 
VF = 
VL = 

CL 
LTOF= -

CF 

Fraction of TCDD stored in blood (unitless) 
Fraction ofTCDD stored in adipose tissue (unitless) 
Fraction of TCDD stored in liver (unitless) 
Liver to fat mass ratio (unitless) 

Ah receptor maximum availability (nmoles) 
Amount of induced CYP1A2 in the liver (nmoles) 
Administered dose of TCDD (nM) 
Concentration ofTCDD in the pooled blood (nM) 
Concentration ofTCDD bound to Ah receptors in the liver (nM) 
Concentration ofTCDD bound to CYP1A2 in the liver (nM) 
Concentration ofTCDD in adipose tissue compartment (nM) 
Concentration of TCDD in liver compartment (nM) 
Concentration ofTCDD bound to liver tissue (nM) 
Ah receptor binding constant (nM) 
Binding affinity for CYP1A2 (nM) 
Liver partitioning coefficient (unitless) 
Blood volume as a percentage of bodyweight (unitless) 
Fat volume as a percentage of bodyweight (unitless) 
Liver volume as a percentage of bodyweight (unitless) 
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A-3.0 Evans and Andenen (2000) Simulsolv Source Code 

The following source code was provided by the primary author (M. Evans, personal 
communication, 2001; reproduced with permission), and is designed for the Simulsolv (Dow 
Chemical Company, Midland, MI, Version 3.0, 1993) computer simulation package. 

'PROGRAM DIOXIN STEADY STATE MODEL - WITH DATA GAETAN.CSL' 
'MEL E. ANDERSEN' 
'STEADY STATE MODEL 16 NOV 1993' 
INITIAL 
CONSTANT PL=I0. $'BLOOD LIVER PARTITION COEFFICIENT' 
CONSTANT PF=350. $'FAT/BLOOD PARTITION COEFFICIENT' 
CONSTANT PS=l0. $'SLOWLY PERFUSED TISSUE/BLOOD PARTITION' 
CONSTANT PR=l0. S'RICHL Y PERFUSED PARITION COEFFICIENT' 
CONST ANT VLC =0.04 $'LIVER VOLUME PROPORTION BW' 
CONST ANT VFC = 0.06 $'FAT VOLUME PROPORTION BW' 
CONSTANT BW=0.215 $'BODY WEIGHT IN KG' 
CONST ANT MW=322 $'MOLECULAR WEIGHT OF DIOXIN' 

'*********DIOXIN SECTION FOR LIVER BINDING•••••••••••••• 
CONST ANT BMl =0.054 $'DIOXIN BINDING CAPACITY TO AHH LOCUS' 
CONST ANT KB l =0.04 $'DIOXIN BINDING CONST ANT AHH LOCUS' 
CONST ANT BM20 = l 0. $'DIOXING BINDING CAPACITY TO P448' 
CONST ANT BM21 = 85. $'INCREASE DUE TO MICROSOMAL INDUCTION' 
CONST ANT K.82 = 7. $'DIOXIN BINDINB CONST ANT TO P=448' 
CONSTANT N=I. S'HILLCOEFFICIENT' 
CONSTANT KD=l. $'LIGANDED RECEPTOR-DNA BINDING' 
, ...................................................... , 

'TIMING SECTION' 
CONSTANT PDOSEM = 10. $'MAXIMUM DOSE FOR CALCULATION' 

LMDOSE = ALOG(PDOSEM)/2.303 S'LOG(to) MAX BURDEN 
CONSTANT POINTS=l00 $'NUMBER OF POINTS IN LOG PLOT' 

CINT = ALOG(PDOSEM)/POINTS S'INTERV AL FOR OUTPUT' 

'INITIAL PARAMETER CALCULATIONS' 
VARIABLE LPDOSE=-6 $'INDEPENDENT VARIABLE-LOG BODY BURDEN 
CLBT=O.0 $'SETS INITIAL VALUE FOR VARIABLE IN IMPL' 
VL=VLC*BW S'LNER VOLUME' 
VF=VFC*BW $'FAT VOLUME' 
FH=O.0 $'INITIAL VALUE OF FRACTION OF DOSE IN LIVER' 
fhc=tb 
BM2T=BM20 $'INITIAL VALUE OF P450-l A2 IN LIVER' 
END $'END INITIAL' 

DYNAMIC 
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DERIVATIVE 
PDOSE = l0**LPDOSE 
DOSE= PDOSE*BW/MW*lOOO 
CLB = AMAX 1 (IMPL(CLBT ,.000001, I 0,EF , ... 
DOSE/{PL *VL +PF*VF+BM 1/(K.81 +CLB)+BM2T /(KB2+CLB)), ... 

. 0001),0.) 
'CLB FREE CONCENTRATION IN BODY' 
'SET DUMMY INTEGRATOR SO THAT DERIVATIVE FUNCTION WORKS' 

DUMMY=INTEG(0.,0.) 
PROCEDURAL 

DBI =BMl*CLB/(KBl+CLB)NL 
BOUND=DB l **N/(DB 1 **N+KD**N) 
BM2T = BM2o+BM2I*BOUND 
FH=(CLB)*{PL *VL +BM 1/(KB 1 +CLB)+BM2T /(KB2+CLB) )/(DOSE) 
DERFH=DERIVT(0.0,FH) 
CH=DOSE*FHNL 
CF=DOSE*(l-FH)/VF 
LTOF=CH/CF 
DERLF = DERIVT(0.0,LTOF) 
CCH=DOSE/BW*MW 

END $'END OF PROCEDURE' 
'081 CONCENTRATION OF BOUND AH RECEPTOR NM' 
'BOUND PROPORTION OCCUPANCY OF DNA BINDING SITES' 
'BM2T AMOUNT OF P4501A2 NMOLES' 
'FH FRACTION OF BODY BURDEN IN LIVER' 
'CH CONCENTRATION IN LIVER NM' 
'CF CONCENTRATION INF AT NM' 
'LTOF LIVER FAT RATIO' 
'CCH AVERAGE BODY CONCENTRATION NM/KG' 

TERMT(LPDOSE.GE.LMDOSE) 
END $'END OF DERIVATIVE' 
END $'END OF DYNAMIC' 
END $'END OF PROGRAM' 

A-4.0 REFERENCES 
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APPENDIXB 

Detailed Results of Sensitivity Analyses of 
PBPK Model System 
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Table B-1.0 Sensitivity Analysis Results for Contribution to Variance between TCDD PB-PK Model Variables and 
Sequestration Outcome. 

IHoun 24 Houn 72 Houn 
Panmeten 

0.1 0.316 I 3.16 10 0.1 0.316 l.16 10 0.1 0.316 l.16 10 

Oaeral Pbpiologlcal p.,...,,,,.,. 
Bodyweight 15.9% 0.0% 0.1% 1.5% 2.2% 11.6% 0.3% 1.3% 1.7% 1.7% 5.4% 1.3% 2.2% 0.3% 1.3% 
Qcar 3.8% 2.7% 2.0% 0.1% 2.1% 6.1% 1.3% 4.4% 0.1% 1.7% 3.8% 2.4% 0.1% 5.8% 1.0% 

Equilibrium Di.tributlon 
R•tlo 
Pf 0.1% 5.1% 4.7% 2.3% 1.2% 0.0% 5.5% 7.0% 1.4% 2.1% 0.1% 4.7% 0.8% 6.7% 0.6% 

Pk 5.2% 1.7% 1.0% 3.4% 0.0% 5.4% 0.5% 0.3% 3.0% 0.0% 8.4% 0.0% 1.9% 0.9% 0.1% 

Pli 1.5% 0.2% 2.6% 13.2% 4.5% 1.9% 1.0% 1.6% 13.0% 4.3% 0.5% 0.9% 13.9% S.1% 4.3% 

Plu 0.1% 0.2% 0.6% 2.0% 0.0o/D 0.0% 0.0% 0.7% l.8% 0.0% 0.1% 2.0% 1.5% 0.2% 0.2% 

Pre 4.9% 0.9% 0.Jo/D 1.7% S.8o/D 3.3% 0.1% 0.lo/D 1.6% 5.1% 2.9% 0.0% 1.0% 0.5% 7.9% 

Ps 10.5% 0.2% J.1% 2.0% 1.7% 7.8% 0.4% 1.2% 1.1% 1.2% 3.8% 0.8% 0.9% 0.9% 0.2% 

N Psp 4,Qo/D 0.9% 0.0% 0.4% 0.0% 3.6% 0.6% 0.1% 0.S% 0.0% 0.9% 2.8% 0.5% 0.1% 0.0% u. 
u. 

lwmtlllbillty 
PAc - Fat 0.0% O.SD/o 1.4% 1.0% I0.8o/D 0.9°/D 0.0% 4.0% l.Wo 11.6% 1.8% 0.0% I .8°/D 1.5% 12.6% 

PAc - Kidney 1.9% 0.9% 0.7% 4.7% 3.0% 0.8% 1.6% 0.8% 5.6% 4.0% 0.0% 1.4% 6.4% 0.2% 3.2% 

PAc - Liver 0.2% 0.5% 7.1% 0.3% 10.4% 0.3% 0.0% 11.2% 0.4% 9.7% 0.9% 0.0% 0.1% 1.5% 9.0% 

PAc-Rest 1.8% 5.1% 0.8% 0.4% 0.0% 1.4% 4.4% 0.2% 0.3% 0.0% 0.8% 4.3% 0.2% 0.8% 0.0% 

PAc -Skin 3.0% 3.6% 0.8% 7.5% 1.1% 3.9% 6.2% 0.0% 7.1% 1.8% 3.7% 14.0% 6.4% 0.4% 1.3% 

CompNtm1111t Volum• 
Ve 2.4% 4.8% 1.1% 0.8% 1.4% 2.2% J.0o/D 0.3% 1.1% 1.8°/D 2.8% 2.9% 1.4% 1.6% 2.8% 

Vfc 0.3% 1.8% 0.0% 1.7% 0.3% 1.6% 2.2% 0.0% 2.4% 0.2% 1.7% 5.2% 3.0% 0.0°/D 1.0% 

Vkc 0.3% 2.0% 4.8% 5.8% 2.2% 0.8% 4.1% 3.7% 6.4% 2.7% 0.9% 1.3% 4.5% 3.2% 1.0% 

Vic 0.1% 0.2% 2.1% 0.0% 0.2% 0.1% 0.2% 0.8% 0.0% 0.5% 1.2% 0.1% 0.0% 1.0% 0.2% 

Vluc 3.8% 0.0% 4.2% 3.6% 2.0% 4.8% 0.4% 3.8% 2.9% 2.7% 9.2% 0.0% 2.6% 5.1% 2.2% 

Vrec ).Oo/D 0.3% 0.1% 11.7% 0.0% 0.7% 1.9% 1.7% 12.5% 0.0% 1.2% 2.0% 12.1% 0.4% 0.3% 

Vsc J.1°/D 3.9% 2.6% 0.1% 4.2% 2.0% 5.1% 3.6% 0.2% 3.9% 2.0% 3.5% 1.0% 3.2% 4.9% 

Vspc 0.lo/D 0.1% 0.1% 3.3% 0.9% 0.1% 0.1% 0.1% 3.8% 1.0% 0.0% 0.0% S.3% 0.0% 2.2% 



Table B--1.0 Sensitivity Analysis Results for Contribution to Variance between TCDD PO...PK Model Variables and 
Sequestration Outcome. 

8Hovn 24 Houn 72 Haun 
Panmeten 

0.1 0.316 I 3.16 10 0.1 0.316 I J.16 10 0.1 0.316 J.16 I 10 

Abilorptloa IIDd BlimitMtlOD 
BA1cdd 0.2% 10.00/4 3.1% 1.1% l.S% 0.0% 12.3% 2.9% 1.2o/v 1.5% 0.3% 7.9% 1.0% 3.7% 1.6% 

Kabs 5.7% 0.1% 1.1% 0.1% 10.1% 5.5% 0.0% 0.7% 0.0°/o 8.1% 5.1% 1.3% 0.0% 3.0% 9.1% 
Kk 3.8% 1.4% 6.3% 2.00/4 2.5% 3.8% 2.2% 6.2% 2.3% 1.5% S.1% 0.9% 3.2% 5.4% 1.5% 

Kli 1.5% 0.1% 4.0% 2.1% 4.6% 8.6% 1.1% 1.7% 1.8% 4.1% 8.8% 1.5% 1.8% 2.4% 2.6% 

Ab B11t:t1ptor Plulmulcodyumia 
Bmax - Kidney 0.0% 0.0% 0.8% 0.1% 1.4% 0.1% 0.3% 0.0% 0.1% 1.3% 0.3% 0.6% 0.1% 0.1% 3.1% 

Bmax - Liver 0.5% 6.4% 0.8% 2.7% 0.2% 0.3% 2.8% 0.9% 4.3% 0.5% 1.1% 1.1% 5.5% 0.5% 0.9% 
Bmax- Lungs 1.2% 1.)% 5.0% 0.3% 0.0% 2.5% 1.0% 7.1% 0.1% 0.1% 0.4% ).7% 0.0% 1.4% 0.0% 
Bmax-Skin 0.0% 6.1% 17.9% S.4% 0.5% 0.0% 2.3% 19.4% 4.6% 0.5% 0.1% 3.2% 4.1% 20.6% 0.1% 

Bmax - Spleen 0.1% 4.0% 5.3% 1.0% 0.2% 0.2% 2.7% 2.3% 1.3% 0.1% 2.4% 4.4% 1.8% 3.3% 0.1% 
tJ Kd 2.3% 1.2% 5.911/4 0.1% 3.3% 2.2% 0.6% 2.6% 0.2% 3.8% 0.3°/4 0.0% O.S% 1.7% 4.7% Ul 

°' CYPIA.a B11t:11pt,or Phlllmllt:odynl,a 
CcypO 3.1% 0.00/o 4.0% 4.8% 1.1% 4.4% 0.0% 2.6% 5.2% 0.7% 4.2% 0.2% 5.6% 3.3% 0.0% 

h 3.2% 3.7% 2.4% 0.5% 0.2% 2.9% 4.6% 2.6% 0.1% 0.8% 8.0% 4.7% 0.0% 1.8% 0.9% 
1Ca2 1.0% 21.1% 0.00/4 2.3% S.2% 1.9% IS.7% 0.0% 1.5% 4.5% 0.6% 16.1% 0.9% 0.0% 3.9% 
1Na2 0.0% 4.6% 0.7% 7.5% 7.3% 0.0% 7.1% 0.7% 7.5% 7.4% 0.7% 5.0% 7.00/4 0.6% 8.4% 
K2 1.2% 1.1% 0.00/4 0.2% 7.3% 1.7% 2.5% 0.0% 0.1% 8.3% 2.2% 0.1% 0.0% 0.0% 5.3% 
Kd..:yp 2.2% 0.9% 2.1% 1.2% 0.00/4 3.7% 0.4% 2.1% 0.6% 0.1% 3.7% 0.0% 0.1% 4.4% 0.3% 
tau 1.7% 2.7% 0.2% 1.2% 0.6% 2.8% 5.3% 1.2% 1.1% 0.2% 4.0% l.7% 0.8% 2.2% 0.9% 



Table B-2.0 Detailed Descriptions for each Parameter Evaluated in the Sensitivity 
Analysis. 

Abbreviation Parameter Dacription 

G111a.l P,,ysiologk"' P11N•«1n 
Bodyweight Body weight of receptor 
Qcar Allometric coefficient for cardiac output from bodyweight 

E11uilibri11111 Distribudo11 Rado 
Pf Equilibrium ratio of adipose tissue to blood concentrations 
Pk Equilibrium ratio of kidney tissue to blood concentrations 
Pli Equilibrium ratio ofliver tissue to blood concentrations 
Plu Equilibrium ratio of lung tissue to blood concentrations 
Pre Equilibrium ratio of Rest of the Body tissue to blood concentrations 
Ps Equilibrium ratio of skin tissue to blood concentrations 
Psp Equilibrium ratio of spleen tissue to blood concentrations 

Ptr••bility 
PAc - Fat 
PAc- Kidney 
PAc - Liver 
PAc - Rest 
PAc - Skin 

Co"'""""''"' Jlolu111a 
Ve 
Vfc 
Vkc 
Vic 
Vluc 
Vrec 
Vsc 
Vspc 

Membrane permeability of fat compartment 
Membrane permeability of kidney companment 
Membrane permeability of liver compartment 
Membrane permeability of rest of the body compartment 
Membrane permeability of skin compartment 

Venous blood volume as percentage of body weight 
Adipose tissue blood volume as percentage of bodyweight 
Kidney tissue blood volume as percentage of bodyweight 
Liver tissue blood volume as percentage of bodyweight 
Lung tissue blood volume as percentage of bodyweight 
Rest of the body tissue blood volume as percentage of bodyweight 
Skin tissue blood volume as percentage of bodyweight 
Spleen tissue blood volume as percentage of bodyweight 

Ab!Ulrptio111111d Eli111ill""'111 
BAtcdd Oral bioavailability of compound 
Kabs ChcmicaJ absorption rate constant from GI tract to blood 
Kk Urinary excretion rate 
Kli Biliary excretion rate 

A• Rtcqtor Pl,11,,,,11cody11••ics 
Bmax - Kidney Ah receptor binding capacity in the kidney 
Bmax - Liver Ah receptor binding capacity in the liver 
Bmax - Lungs Ah receptor binding capacity in the lungs 
Bmax - Skin Ah receptor binding capacity in the skin 
Bmax - Spleen Ah receptor binding capacity in the spleen 
Kd Dissociation constant of Ah receptor binding 
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Table 8-2.0 Detailed Descriptions for each Parameter Evaluated in the Sensitivity 
Analysis. 

Abbreviation Panmeter Dacrtpdoa 

CYPU1 R«qt•r Pll•r•11cotly1111111ia 
CcypO Basal level of CYP I A2 within the liver 
h Hill coefficient 
1Ca2 
lNa2 
K2 
Kdcyp 
tau 

Concentration resulting in half maximum induction folds 
Maximum induction folds over the basal induction rate 
CYP I A2 first-order degradation rate constant of binding 
Dissociation constant of binding to CYP l A2 
CYP I A2 physiological delay time 
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