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To my family



POPULARVETENSKAPLIG SAMMANFATTNING

Dagens samhalle &r till stor del beroende av kemiska amnen. De finns i Iaga halter i
praktiskt taget allting som anvénds i det vardagliga livet; till exempel i mat, vatten,
hygienprodukter, klader och leksaker. Manga exponeras ocksa for hdga halter av
kemikalier i sin arbetsmiljo. Vissa av kemikalierna kan vara skadliga fér halsan. Hur
skadliga de ar beror bland annat pa amnets inneboende egenskaper och hur hdg
exponeringen ar, samt hur ofta och lange som man exponeras (dosen). Hur mycket av
amnet som tas upp av kroppen och som nar det organ dar det utdvar sin effekt
(maldosen) styr ocksa hur skadligt amnet ar. Individuella skillnader i till exempel alder,
kon, arvsanlag och hur fysiskt aktiv man ar paverkar maldosens storlek och darmed
ocksa hur allvarliga halsoeffekterna blir.

For att skydda manniskor fran halsoproblem som orsakas av kemiska d@mnen sétter
myndigheter gransvarden som reglerar hur hég exponeringen far vara, till exempel i
arbetslivet. Kunskapen om hur och vid vilken exponeringsniva manniskor paverkas av
olika kemiska &mnen &ar emellertid begrdnsad. Gréansvarden tas darfor oftast fram
genom att dela den hogsta dos som inte har nagon effekt i forsoksdjur med ett antal s.k.
bedémningsfaktorer. | de flesta fall anvands schablonvéarden for att ta hansyn ftill
skillnader mellan djur och méanniskor och skillnader mellan individer. Sedan dessa togs
fram pa 1950-talet har mangden information om kemiska @mnen, deras paverkan pa
halsan och skillnader i k&nslighet mellan manniskor 6kat markant.

Syftet med de studier som ingar i avhandlingen var att utveckla en metod for att ta fram
vetenskapligt baserade bedémningsfaktorer som beskriver skillnader i maldosen mellan
manniskor. Metoden tillimpades sedan pa fyra vanliga organiska losningsmedel;
aceton, toluen, styren och metylklorid.

| Studie I utvecklades en matematisk modell som raknar ut maldosen efter exponering
for aceton. Modellen baserades pa kunskap om manniskans anatomi, om olika
biologiska och kemiska processer samt pa acetons specifika egenskaper. For att kunna
anvanda matematiska modeller i arbetet med att sdtta gransvarden &r det viktigt att forst
verifiera dem med hjalp av experimentella observationer. | Studie Il anvandes darfor ett
statistiskt ramverk for att jamfora och uppdatera de for aceton berdknade maldoserna
med matdata fran friska frivilliga forsokspersoner som exponerats for aceton. Den
uppdaterade modellen anvandes darefter, tillsammans med andra, redan utvecklade
modeller for toluen, styren och metylklorid, for att simulera maldosen hos olika
befolkningsgrupper (Studie 111 och V). Vi undersokte bland annat vilken effekt alder
och kon hade i den allménna befolkningen och vilken effekt kon, variationer i
exponeringsniva och i fysisk arbetsbelastning Over tid hade pa maldosen hos
yrkesexponerade.

Resultaten tyder pa att schablonvardena &r tillrackliga eller nagot hoga for
allmanbefolkningen, &dven da man tar hansyn till skillnader i alder och kon. For



yrkesmassigt exponerade kan de daremot vara otillrackliga da exponeringsnivan
varierar 6ver tid, speciellt om den fysiska arbetsbelastningen ocksa varierar.

Studierna som ingar i den har avhandlingen kan bidra till att 6ka tillférlitligheten hos de
gransvarden som reglerar exponering for kemiska @mnen. Genom att ersétta
schablonvédrdena med vetenskapligt baserade bedomningsfaktorer kan for hoga
gransvarden, med forsdamrad halsa hos befolkningen och stora kostnader for samhallet,
forhindras. Onodigt laga gransvarden, med langtgaende ekonomiska konsekvenser for
bade naringsliv och samhalle, kan ocksa undvikas.



ABSTRACT

Exposure limits or guidelines are derived to protect humans from adverse effects
caused by exposure to chemical substances in the environment or at the workplace. The
internal dose of a chemical is determined by toxicokinetic (TK) processes such as
uptake, distribution and elimination, and is closely related to the risk of adversity. The
internal dose varies among individuals due to differences in age, genetics, physical
activity, health status and life-style. Thus, it is important to address population
variability for the exposure limits to be protective. TK variability is typically accounted
for by the use of a default assessment factor of 3.16. However, the scientific basis of the
exposure limits may be improved by replacing the default value with a chemical
specific adjustment factor (CSAFuk), derived from experimental data. By doing so,
more appropriate exposure limits are achieved, and large costs for society associated
with both too high and too low exposure limits may be avoided.

Substitution of the default value is often obstructed by the lack of suitable experimental
data. In this thesis, this limitation was addressed by the development of a probabilistic
framework using physiologically based pharmacokinetic (PBPK) modeling. It was used
to derive CSAFyk for four commonly used organic solvents; acetone, toluene, styrene
and methyl chloride.

PBPK models based on information on anatomical, physiological and biochemical
parameters were used to calculate the internal doses following inhalation exposure to
the four chemicals. A description of washin-washout in the respiratory tract was
evolved for polar solvents such as acetone. Additional information on the model
parameters contained in human experimental toxicokinetic data was taken advantage of
by Bayesian analysis. Meanwhile, the methodology was explored with respect to prior
assumptions. CSAFyk were derived from population distributions of internal dose
obtained by Monte Carlo (MC) simulation from distributions of the model parameters.
The influence of age and gender on the internal dose was slight. Thus, the factors
obtained for all substances were below 2.5. However, the effects of fluctuations in
exposure level and workload increased the CSAFyk up to 6.1, indicating that workplace
exposure may need specific attention. Given the diverse properties of acetone, toluene,
styrene and methyl chloride, the results can probably be generalized to most organic
solvents and similar chemicals.

The CSAFuk presented in this thesis are derived from extensive information on
intraspecies toxicokinetic differences and cover the effects of common toxicokinetic
modifiers. Thus, they are well suited to replace the default value. The population
framework may be further extended to include other chemicals, as well as additional
experimental data on population variability when such becomes available.
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1 INTRODUCTION

Chemical substances are essential parts of human lives and abundant in our
surroundings. Thus, humans are exposed to them on a daily basis in occupational as
well as in residential settings. Chemicals can be harmful to human health, depending
on their inherent properties, the exposure scenario, and on individual susceptibility
and behavior.

Health risk assessment is used to determine if a particular chemical is harmful to human
health and, if so, under what circumstances. This information is used to derive exposure
standards aiming at protecting most individuals in a population from the harm of
exposure. In such efforts, information on human variability in response to chemical
exposure is important. Human exposure standards are typically based on the highest
dose or exposure level at which the negative health effect is not detected in animals (No
Observed Adverse Effect Level - NOAEL). To determine an exposure level which is
considered to be safe for humans, the NOEAL is divided by a number of assessment
factors.

A so-called default assessment factor (AF) of 10 has traditionally been used to address
human variability. The default AF is based on limited scientific information, thus
making its use in human health risk assessment associated with considerable
uncertainty. In recent years, possibilities to replace the default value with more realistic,
data-driven ones have emerged by the increase of available experimental toxicological
data to quantify human variability, and advances in modeling and computer simulation.

Improving the scientific basis for assessment factors would contribute to more reliable
exposure standards for chemical substances. Thus, too high exposure standards
resulting in illness in a population could be avoided. IlIness is not only affecting the
wellbeing of individuals, but also has high costs for society. Unnecessarily low
exposure standards could also be avoided. Such standards may have far reaching
economic consequences for industry, as well as for society.



2 AIM

The overall aim of this thesis was to improve the scientific basis of human health risk
assessment factors by quantifying intraspecies (human to human) variability in the
toxicokinetics of organic volatiles.

The specific aims were to;

construct a physiologically based pharmacokinetic (PBPK) model for the
inhalation of polar organic solvents, using acetone as an example (paper I)

calibrate the PBPK model for acetone to human experimental toxicokinetic
data using Bayesian analysis (paper 1)

develop a probabilistic framework for the derivation of chemical specific
adjustment factors for human toxicokinetic variability (CSAFyk) using acetone
as an example (paper I11)

derive CSAFpk for non-polar solvents such as toluene, styrene and methyl
chloride by deploying existing PBPK models and the probabilistic framework
(paper 1V)

evaluate the effect of age and gender on intraspecies toxicokinetic variability
(paper 111 and V)

investigate the effect of various workplace conditions, such as ventilation rates,
fluctuations in exposure level and workload on inter-worker toxicokinetic
variability (paper 11l and 1V)



3 BACKGROUND

3.1 ORGANIC SOLVENTS

Organic solvents are liquids capable of dissolving other organic substances. Due to
their attractive properties they are commonly used in industrial processes and in
manufacturing of a wide range of products. They are also found in many household
commodities. Since the use of organic solvents is so common, the exposure to humans
is widespread. For example, it has been estimated that 10 million US workers are
potentially exposed to organic solvents.” In the United Kingdom 8 percent of the
working population is thought to regularly handle organic solvents.® Organic solvents
can cause both acute and chronic health effects. Acute health effects typically follows
from a single significant exposure and are often reversible. Common acute effects from
solvent exposure are for example irritation of the eye, nose, and throat as well as
headaches, loss of coordination and nausea.*> Conversely, chronic health effects are
caused by prolonged or repeated exposures over many days, months or years. Thus,
they typically do not occur immediately and are often irreversible. Chronic health
effects from solvent exposure include among other damage to liver, kidney and central
nervous system (CNS), and cancer.>”®

3.2 DOSE - RESPONSE

Exposure to organic solvents may be harmful to human health. The risk of adversity
is determined by a number of factors, such as the inherent properties of the substance
and the dose, i.e. the magnitude, duration and frequency of the exposure. Adversity is
also dependent on the toxicokinetics of the substance, i.e. how much of the substance
that enters the body and what happens to it well inside, as well as on how the
chemical interacts with the body or its mode of action (toxicodynamics). Although
the dose is the same, the magnitude of the response will typically vary among humans
as a consequence of individual differences in the kinetic and/or dynamic processes.
Variation in response may also be caused by differences in susceptibility and
behavior.

3.3 HUMAN HEALTH RISK ASSESSMENT

Toxicological risk assessment may be performed to determine the probability of
chemical substances to cause adverse health effects in a human population of concern.
It involves determining the inherent potential of the chemical substance to cause harm,
the human dose-response relationship and, the likelihood and the extent of the exposure
in the population.*®

Dose-response assessment typically starts by identifying a critical health effect and a
dose or exposure level at which this effect is not detected (NOAEL) or found to be
minimal (Lowest Observed Adverse Effect Level - LOAEL)." In this process, priority
is generally given to human data. However, as such studies are rare studies of effects in
experimental animals are in most cases used instead.



To convert the NOEAL or LOAEL value into an exposure level considered to be of no
concern for humans, adjustments may be necessary. They are typically performed for
the use of animal data, to cater for variability between humans and for other data lacks,
such as uncertainties relating to exposure duration or route.* For this purpose,
assessment (uncertainty, adjustment, extrapolation, safety, conversion) factors are used
by considering the possibility that humans may be more sensitive than animals to the
negative effects of chemical substances. Thus, to derive human exposure standards, the
NOAEL/LOAEL is divided by the product of the assessment factors (AF);

NOAEL
AT 1)

Human exposure standards =

3.3.1 Assessment factors

Default assessment factors

Default assessment factors are numerical values traditionally used to compensate for
the lack of full information on the effects of chemical substances in human
populations.**** They were first introduced in the United States in the mid-1950s by
Lehman and Fitzhugh.™® The suggested 100-fold factor was derived based on a
comparison of the knowledge of the toxicity of fluorine in rats and arsenic in dogs with
the supposed toxicity in humans. Although based on a comparison between species, the
factor was also considered to compensate for variability within a population.*****°
Since then, the default factor of 100 has been slightly modified to separately account
for interspecies (animal to human) and intraspecies (human to human) variability.
Values of 10 were suggested for both adjustments.®!’" The factors are commonly
assumed to be independent and are hence multiplied.

Chemical specific adjustment factors (CSAF)

Default AFs are deployed to compensate for lack of knowledge. Thus, when relevant
information is available it should be used instead.® To enable data describing
differences from toxicokinetic or toxicodynamic effects to be incorporated separately,
the default uncertainty factors of 10 were further sub-divided."*** For intraspecies
variability, factors of 3.16 (10°°) were derived for toxicokinetic and toxicodynamic
effects, respectively.'®**? The subdivision of the 100 fold factor is depicted in Figure
1.
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Figure 1. Division of the 100-fold factor according to WHO/IPCS.? This thesis focuses on the
highlighted part.

General population and workers

Health risk assessments typically aim at the general or the occupationally exposed
populations. The two populations differ in a number of ways, the most important being
the exposure scenario and the potential susceptibility of the individuals.

Exposure to the general population is often continuous and life-long to low levels of
chemicals whereas in an occupational setting the exposure is shorter termed and
repeated (generally 8 hours a day, 5 days a week). Workers are typically exposed to
higher levels than the general population and the exposure is more often carried out
during strenuous physical activity. The general population is more heterogeneous than
the occupationally exposed population as it includes individuals who might be
especially sensitive to the exposure of chemical substances, such as children, the
elderly and individuals with pre-existing medical conditions. Workers are typically
healthy adults.

These differences are sometimes reflected in the size of the default value applied by
different exposure standard setting organizations. Thus, the guidance document of the
European REACH regulation proposes default AFs of 5 and 10, the Dutch TNO
(Netherlands organization for Applied Scientific Research) has proposed AFs of 3 and
10, and the European Centre for Ecotoxicology and Toxicology of Chemicals
(ECETOC) has suggested AFs of 3 and 5, for the working and general population,
respectively. An additional AF has sometimes also been applied to protect children and
infants as they may be especially susceptible to the harm of chemical substances during
development.?#®

Following the same principle as for the subdivision of the default assessment factor of
10 (section 3.3.1), the toxicokinetic moiety for inter-worker variability would be
between 1.7 and 2.2 (3°° and 5°°).



3.4 TOXICOKINETICS OF ORGANIC SOLVENTS

Exposure standards or guidelines have traditionally been based on measures of
external dose, for example the administered dose or the concentration of a chemical
substance in ambient air. However, adversity is often more closely related to the
amount of the chemical substance that reaches the tissue or the organ where it exerts
its effect (internal dose). The internal dose is determined by biological and
physiological processes which govern the uptake, distribution and elimination of the
chemical.

3.4.1 Uptake

This thesis focuses on uptake via inhalation, the most common route of exposure to
organic solvents.?® However, they are also taken up via the skin.?” Organic solvents are
typically adsorbed by passive diffusion along their concentration gradient. The amount
which is taken up by the body depends on the characteristics of the solvent and the
barriers it has to cross to enter.?® During inhalation, air, together with any volatile it
contains, travels via the nose and mouth to the trachea and further into the bronchi
(Figure 2). The bronchi branches dichotomously in the lungs and become increasingly
smaller in diameter until they end in small air sacs, called alveoli. The walls of the
alveoli are very thin and richly supplied with capillaries. They cover up to 90 percent of
the alveolar surface and receive the entire cardiac output.”**° Thus, chemical vapors
can easily travel through the walls of the alveoli to enter the systemic circulation.

The respiratory airways are lined with a thin layer of epithelial tissue which secretes
mucus. The function of the mucosa is to condition the inhaled air with moisture and to
trap pathogens, dirt, and particles.®! Polar (hydrophilic) solvents may be absorbed by
the mucosa during inhalation, and subsequently be released during exhalation (washin-
washout effect). Hence, a fraction of the inhaled solvent vapor will not participate in
the gas-exchange in the alveoli.**** However, it may still reach the systemic circulation
via exchange trough the bronchial walls.>**’

3.4.2 Distribution

Once the solvent has reached the systemic blood flow it is carried throughout the body
and into organs and tissues. The extent of the distribution is determined by the solvent’s
properties and the characteristics of the tissue membranes.”® Distribution of organic
solvents typically occurs by passive diffusion.
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Figure 2. The respiratory airways. Image from Wikimedia.*

3.4.3 Elimination

Elimination of chemical substances occurs via metabolism and excretion. During
metabolism, solvents are transformed into more hydrophilic compounds. Such
compounds are generally less toxic and easier for the body to dispose of. However,
some chemicals undergo metabolic activation. In such cases the metabolite is more
toxic than the parent compound and thus responsible for the toxic effect. There are
typically two phases in the biotransformation process. The function of phase | reactions
is to add or expose functional groups to which hydrophilic molecules can be bound by
phase Il reactions.?® The phase 1, cytochrome P450 (CYP450) reactions are thought to
be the most important in the metabolism of organic solvents.*® The biotransformation
enzymes are mainly present in liver, but large amounts also exists in lung, kidney and
in the skin. Small amounts can be found in almost any tissue in the human body.?
Organic solvents are excreted as such, or as a metabolite after biotransformation.
Excretion occurs into urine via the kidneys or into feces via the biliary route.
Unchanged solvent may also be exhaled.

3.4.4 Intraspecies variability

The extent of the uptake, distribution and elimination of chemical substances varies
between individuals. As a consequence, the magnitude of the internal dose and hence
the risk of adversity will vary within a human population. Factors that have been shown



to modify the kinetics of inhaled organic solvents in humans include among others; age,
gender, physical exercise, and metabolism.?**>* Variability may also be due to lack of
knowledge, i.e. uncertainty.***°

Age

Substantial differences in the toxicokinetics of solvents may occur as a consequence of
age.* Due to their rapid development, children are also more variable within a defined
age group than adults.*® Children may have a larger pulmonary uptake than adults as
they breathe more relative to their body size.*” Children also tend to be more physically
active than adults.”® During physical activity, lung ventilation increases. This may
increase the uptake of inhaled volatiles in children as compared to adults. Children also
have different proportions of fat, muscle and water as compared to adults. The body
water content in children is higher, and it also varies greatly with age.***° Fat content
also varies during development.® Such differences may affect the distribution of
organic solvents. In general, children metabolize more relative to their body size. The
increased metabolism has been argued to compensate for any increased exposure.>
However, in cases where the metabolite is responsible for the toxic effect, the increased
metabolic capacity may put children at larger risk of adverse health effects. Moreover,
metabolism and excretion in very young children may be immature.®** For example,
the levels of the CYP450 enzymes reach adult levels first at the age of 2-6 months.>
The activity of other important biotransformation enzymes may also be decreased in
young children.*”®

Gender

Most of the observed gender differences of the toxicokinetics of organic solvents may
be explained by differences in body size, however not all of them. In general, females
have a higher percentage of body fat than men. As a consequence, they may receive
higher internal doses of lipophilic solvents. Moreover, females may have a prolonged
internal exposure to lipophilic substances after the end of the ambient exposure due to
the increased storage opportunity.?

Physical activity

Exposure to organic solvents typically occurs during the performance of various
tasks. These tasks may require various levels of physical activity. Physical activity
has been shown to alter the toxicokinetics of a large number of volatiles.?**"4** An
increase in workload increases pulmonary ventilation and cardiac output.*” The
cardiac output is also redistributed, with active muscles, fat and skin receiving
relatively larger portions of the blood flow whereas the blood flow to liver, gastro-
intestinal tract and kidneys decreases.®”*® The metabolism can thus be affected
indirectly by the decrease in blood flow to liver. Elimination of solvents by
exhalation may be increased by an increase in ventilation.”® The influence of physical
activity on the toxicokinetics is chemical dependent, however in general, exposure
during physical exercise results in an increase of the internal dose and higher risk of
adverse effects compared to exposure at rest.2%4°



Metabolic capacity

Different members of the cytochrome P450 enzyme family (CYP) are primarily
responsible for the biotransformation of organic solvents in humans. In addition,
several other enzymes are involved. Thus, intraspecies differences in the toxicokinetics
of organic solvents may partly be explained by differences in metabolic activity. For
example, up to 10-fold differences in CYP activity has been seen in humans.>®*
Genetic polymorphisms have been detected for several enzymes involved in the
biotransformation of organic solvents, such as CYP1A1 and GSTT1.*® Individuals can
either be poor, fast or non-metabolizers dependent on the number of copies of the
functional gene. More than a tenfold variation in metabolic capacity due to genetic
polymorphism in biotransformation enzymes has been reported.” At low exposure
levels, a linear relationship between the exposure level and internal dose can be
expected. However, at higher exposure levels metabolism can become saturated.
Saturation results in a disproportional change of the internal doses metrics and may
contribute to a higher intraspecies variability in toxicokinetics of organic solvents.?®

Measurement uncertainty

The experimentally determined concentrations of a chemical substance in a biomarker
(blood, breath or urine) vary between individuals at the same exposure scenario.
Likewise, the measurements of physiological parameters, such as ventilation rates or
body weight vary among humans. Such differences may be due to biological
variability, but could also be a consequence of erroneous or imprecise measurements,
or most likely, the combination of both.%° Thus, observed intraspecies differences can
be attributed both to biological variability and uncertainty. Uncertainty can be
distinguished from biological variability as it can be reduced by performing new
experiments or by gathering more information. Biological variability on the other hand
IS an intrinsic property of living systems which size cannot be affected or altered by an
increase in knowledge.

3.5 PHYSIOLOGICALLY BASED PHARMACOKINETIC MODELS
Physiologically based pharmacokinetic (PBPK) models attempt to describe the
processes of uptake, distribution and elimination of a substance in mathematical
terms, based on knowledge on human anatomy and physiological mechanisms. Thus,
they can be used to calculate the internal dose of a chemical substance based on the
external exposure. In the scientific literature, the term physiologically based
toxicokinetic (PBTK) model is also used.

A typical PBPK model for inhalation exposure to non-polar solvent vapors is shown in
Figure 3. It contains special compartments for exchange of solvent between inhaled air
and systemic blood, and for the storage of solvent in fat. The metabolism of the solvent
Is assumed to occur in liver by a single pathway.

A PBPK model arranges the organs or tissues in compartments and links them with
perfusing blood. The structure of the model is partly determined by its intended use,
and partly by the knowledge of the kinetics of the substance of interest. Thus, the



model typically includes separate compartments for target tissues, tissues responsible
for biotransformation, storage tissues and tissues for which experimental data is
available. The model also includes the exposure route(s). Remaining tissues can be
lumped in joint compartments based on similarities in blood flow rates and tissue;
blood partition coefficients. Common practice is to minimize the complexity of the
model to reduce data needs and computational time. The compartments are typically
assumed to be well-stirred and perfusion rate limited. A mass-balance differential
equation is used to describe the movement of the substance in each compartment. The
set of differential equations are solved by numerical integration to predict the amount of
chemical substance in the tissue(s) of interest over time.

Measurements of the physiological, physiochemical and biochemical parameters
included in the PBPK model equations may be derived from the scientific literature,
vital statistics, or other sources and incorporated in the model. These are for example
the ventilation rate, organ volumes, perfusion rates, and the partition coefficients and
metabolic parameters of the chemical substance.
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Figure 3. The structure of a typical PBPK model for an inhaled non-polar solvent.

To evaluate the performance of the PBPK model, it is often validated against
experimental toxicokinetic data. In most cases it is necessary to refine the model due to
disagreement between the model predictions and observations. Refinement can be
achieved by changes in the model structure, and/or by calibration. During calibration,
values or distributions of the model parameters that yield the best agreement between
the model predictions and experimental observations are derived.

PBPK models are attractive tools in toxicological risk assessment.**** Apart from being

able to calculate the internal dose after a chemical exposure they are also applicable in
many of the extrapolations performed in order to estimate human health risks from
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experimental data. Since PBPK models are anatomically based and therefore the same
for all mammals, they can be used to extrapolate between different species, age groups,
gender and conditions by only changing the values of the model parameters.

3.6 MODELING OF TOXICOKINETIC VARIABILITY

Population variability of the internal dose can be estimated by Monte Carlo (MC)
simulation from distributions of the PBPK model parameters.®® The distributions
describe the variability of the parameters in the human population. During MC
sampling random values are iteratively drawn from the distributions and used as inputs
to the PBPK model. Thus, the result obtained from such a simulation is a population
distribution of internal dose.

To make accurate predictions of population dose metrics for regulatory use, it is
essential to first calibrate the PBPK model to experimental toxicokinetic data.®®
Calibration of PBPK models is not an easy task. PBPK models often involve non-linear
biological processes, co-varying model parameters, and different levels of biological
variability in both model parameter distributions and experimental data. In addition,
uncertainty due to lack of knowledge may be important. Calibration of PBPK models is
therefore conveniently performed in a Bayesian hierarchical framework.*®

Hierarchical (population) models

Hierarchical models describe the variability within a large population based on
observations from few individuals.” The main idea is that a common model describes
all individuals, but that the model parameters may differ between them. Some of the
parameters are measured in the experimental studies and are considered known. By
letting remaining, unknown, parameters belong to a statistical distribution, they can be
estimated from the experimental data for the individual as well as for the population.®®
Meanwhile, different sources of variability, such as biological variability and
uncertainty, can be separated.**%"*

Bayesian inference

In a Bayesian analysis, the calibration of the hierarchical PBPK model to
experimental toxicokinetic data is facilitated by the use of previous knowledge.
Knowledge on the model parameters can be derived from the scientific literature. The
previous knowledge is expressed by its probability and hence summarized as
distributions. These prior parameter distributions are then updated with information in
experimental toxicokinetic data to yield posterior distributions which are in
agreement with both previous knowledge and the observations. The updating of the
prior distributions is performed according to strict rules, given the likelihood of a
given set of parameters to yield the observed experimental data.

Markov chain Monte Carlo simulation

Posterior distributions can be generated using numerical methods such as Markov
chain Monte Carlo simulation (MCMC). In a first step, random parameter values are
sampled from the prior distributions using Monte Carlo simulation to initiate one or
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several Markov chains. The PBPK model makes a prediction of the time course of the
chemical in blood based on the given parameter set. MCMC is an iterative process,
thus for each iteration, new parameter sets are generated and new predictions are
made. Based on how well the predictions and experimental observations agree, the
new parameter set will be kept or rejected. Following a large number of iterations, the
prior distributions will converge to create stationary distributions, called posterior
distributions.”>"® Convergence is assessed by one or several formal criteria.”

Following convergence, the chains can be run further to obtain population
distributions of the model parameters. From these, population distributions of internal
dose can be simulated by using the PBPK model and simple forward Monte Carlo
sampling.
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4 METHODS

4.1 MODELING SUBSTANCES

Acetone, toluene, styrene and methyl chloride are organic solvents commonly used in
industry. Except for methyl chloride, they are also common in many household
commodities. They are all high volume chemicals, with production exceeding 450 tons
per year.”” Besides having many similar properties, acetone, toluene, styrene and
methyl chloride are also quite diverse. Thus, they allow for range of properties which
may affect the toxicokinetics of organic solvents to be explored. The admissible
exposure levels of the four chemicals vary between standard setting organizations and
countries. In this thesis, the Reference Concentrations (RfC) for continuous exposure
during a lifetime set by the United States Environmental Protection Agency (US EPA)
were used to simulate exposure to the general population, whereas the threshold limit
values (TLV) recommended by the American Conference of Governmental Industrial
Hyagienists (ACGIH) for average concentrations in air on the basis of a 8 h a day and 40
h per week work schedule were used for occupational exposure.

4.1.1 Acetone

Acetone is produced naturally by many plants and mammals, including humans, as a
result of the breakdown and utilization of stored fats and lipids as a source of
energy.”® However, industrial processes contribute more acetone to the environment
than natural processes. Acetone is used to produce for example plastics, fibers, drugs,
and other chemicals. The toxicity of acetone is mediated by the parent compound and
exposure to moderate-to-high amounts may cause effects on the CNS, and irritation of
the respiratory tract and eyes.”” Acetone is a polar solvent. Thus, it has high solubility
in blood (blood; air partition coefficient Pga of about 220) and poor solubility in fat
(fat; blood partition coefficient, Pryg Of 0.23) (Paper 11, Table 3). Acetone is
metabolized by CYP2EL. Due to the lack of data, an RfC has not yet been established
by the US EPA. Thus, in this thesis the suggested RfC of 29 ppm was used.”® ACGIH
recommends a TLV of 500 ppm for occupational exposure.” The National Institute of
Occupational Safety and Health Administration (NIOSH) estimates that 1.74 million
people, of which 31 percent are females, are occupationally exposed to acetone in the
us.?

4.1.2 Toluene

Workers are mainly exposed to toluene is in the production of gasoline, but toluene is
also frequently used to produce paints and lacquers®® Exposure to the general
population is generally through the use of household products containing toluene, but
cigarette smoke is also an important source. Both chronic and acute effects from
toluene exposure are thought to be derived from the direct action of the parent
compound on receptors in the brain.®*® Toluene is a non-polar solvent with low blood
solubility, and high affinity for fat (Pga Of 16 and Prys Of 54, Paper 1V Table 4).
Toluene is primarily metabolized by different members of the CYP family.®* The RfC
set by the US EPA is 1.3 ppm.2> About 2 million US workers are estimated to be
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exposed to toluene at their workplace.” 19 percent of these are females. The TLV
recommended by ACGIH is 20 ppm.”

4.1.3 Styrene

Occupational exposure to styrene occurs through manufacturing and processing of
polystyrene plastics and resins. The general population is exposed to styrene from
anthropogenic origin and by cigarette smoke. The CNS depressant effect of acute
exposures to styrene levels is probably due to direct effect of the unchanged styrene
on nerve cell membranes. The chronic toxicity is however thought to be mediated
through one or several metabolites.®*®” Metabolism of styrene occurs mainly by
members of the CYP family to styrene-oxide. The exact mechanism for the chronic
effects of styrene exposure is not known, however binding of styrene-oxide to various
components of the nerve tissue has been proposed as a probable mechanism.®®%
Styrene is a non-polar solvent. It is moderately soluble in blood and has high fat
solubility (Pga of 64 and Prys Of 49, Paper IV Table 4). The RfC is 0.24 ppm.*® About
330 000 US workers are supposed to be exposed to styrene vapor at their work place.
26 percent of them are estimated to be female.? The TLV recommended for styrene is
20 ppm.”

4.1.4 Methyl chloride

The general population is primarily exposed to methyl chloride produced naturally by
algae, kelp and fungi. However for smokers, cigarettes are probably the most important
source. Occupational exposure to methyl chloride occurs mainly in the production of
silicones.” Acute exposure to methyl chloride has caused severe neurological effects in
humans. Methyl chloride is also known to cause effects on the heart rate, blood
pressure, liver, and kidneys in humans. The toxic entity of methyl chloride is
presumably a metabolite, however the mechanism of action is unknown.*> Mehyl
chloride is a non-polar solvent. It has low blood- and moderate fat solubility (Pga of 1.7
and Py Of 6, Paper IV Table 4). Most of the inhaled methyl chloride is metabolized
by GSTT1.% GSTT1 is polymorphic and have a tri-modal distribution reflecting fast,
slow and non-conjugators.**® The RfC is 0.04 ppm.” 10 000 workers in the US are
potentially exposed to methyl chloride, of which 6 percent are female.” The
recommended TLV is 50 ppm.”
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4.2 HUMAN EXPERIMENTAL DATA (PAPERS | AND II)

The human toxicokinetic data for acetone came from a total of 18 male
volunteers.””*® The volunteers were exposed while performing physical exercise on a
bicycle ergometer. Extensive sampling of blood and breath was performed during and
after the end of the exposure. The collection of exhaled air from a volunteer is
depicted in Figure 4.

Figure 4. Sampling of exhaled breath through a mouthpiece.

In 1981, 8 male volunteers were exposed to acetone vapor at two separate
occasions.”® The first time all 8 volunteers were exposed at rest to approximately 550
ppm of acetone vapor (series I). On the second occasion, the exposure level was
approximately 290 ppm during 2 hours. 4 of the volunteers were exposed at rest for
30 minutes followed by 50W workload for 90 minutes, and the remaining 4
volunteers were exposed while performing a stepwise increase in workload from rest
to 50, 100 and 150 W. Each workload scenario lasted 30 min. In 1999, 10 male
volunteers were exposed to approximately 250 ppm acetone for 2 hours during light
physical exercise (50 W).%’

4.3 PBPK MODELS

4.3.1 Acetone (Papers I, Il and Ill)

The acetone PBPK model is based on a typical model for inhalation with compartments
for lungs, richly perfused tissues, fat, liver, and muscles and skin (Figure 5). It accounts
for the effect of washin-washout in the respiratory airways, physical exercise and
endogenous acetone production. Washin-washout of solvent vapor in the lung is
described by modeling the lung by using four separate compartments; bronchioles,
mucosa, alveolae and arterial blood. Solvent vapor is allowed to be exchanged with the
systemic blood in the bronchioles via the mucosa, as well as in the alveolar region.
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Figure 5. The acetone PBPK model structure. The washin-washout effect of solvent vapor in
the upper respiratory tract is described by using four separate compartments for the lung.

The change in the concentration of acetone in the respiratory tract over time (dC/dt) is
described by the following four differential equations:

d(C C
( bro) 'Vbro :Qalv ) (Cinh + Calv -2 Cbro) - Qalv : (Cbro - (2)
dt P a
d(C.) C C.-P
—rTmuc/ - (C, ——mucy (=2t __wa o 3
dt muc Qalv ( bro PW:a ) Qc ( Pb;a muc) ( )
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—rTans N/ = (C., — a2ty (C _ _—art ~ wa
dt art Qalv ( alv Pb:a ) Qc ( muc Pb:a )
C,-P,.
_Qc : Cart + ZQt T (5)
P

where Q and P signifies flows and partition coefficients respectively. C and V denotes
concentrations and volumes. Subscripts connotes; alv: alveolar, c: cardiac, inh:
inhaled, bro: bronchioles, muc: mucosa, art: arterial, b:a: blood:air, w:a: water:air, t:
tissue.
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The increased blood flow to leg muscle during bicycle exercise is reflected by
modeling resting muscle and skin, and working muscle separately.*® Production of
endogenous acetone, as well as acetone metabolism is included in the liver.

4.3.2 Toluene (Paper IV)

The toluene PBPK model include compartments for lungs and arterial blood, well
perfused tissues, fat, muscles, and liver (Figure 6a).”® The fat compartment is split in
subcutaneous and perirenal fat, and resting and working muscles are modeled
separately.”® Metabolism occurs in both liver and lungs (i.e. the lung and arterial blood
compartment).’® The model is calibrated in a statistical framework using experimental
data from 6 subjects exposed to 80 ppm of toluene for four consecutive 30-min periods
during rest and exercise at increasing workloads of 50, 100 and 150 W.'*%? The
experimental data include frequently recorded levels of toluene in arterial blood, end-
exhaled air and subcutaneous fat tissue.
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Figure 6. PBPK model structures for a) toluene, b) styrene and c) methyl chloride.

4.3.3 Styrene (Paper 1V)

The styrene PBPK model include compartments for lungs and arterial blood, well
perfused tissues, subcutaneous fat, perirenal fat, working muscles, resting muscles, and
liver (Figure 6b).* Saturable metabolism is described in the liver. The styrene PBPK
model is calibrated to experimental data in a hierarchical Bayesian framework. It was
fitted to measured levels of styrene in arterial and venous blood, subcutaneous fat and
end-exhaled air recorded from 24 individuals from three different exposure studies. The



volunteers were exposed during 120 minutes at styrene levels of between 50 and 350
ppm at rest or while performing physical activity at workloads of up to 150 W.1%41%

4.3.4 Methyl chloride (Paper 1V)

The methyl chloride population PBPK model include six compartments; lungs and
arterial blood, well perfused tissues, working muscle, resting muscle, fat and liver
(Figure 6¢).°” The model was developed for non-conjugators and hence elimination
was originally only by exhalation. The model is calibrated to observed levels of methyl
chloride in arterialized capillary blood and exhaled air from 8 individuals exposed to 10
ppm of methyl chloride vapor during 120 minutes while performing light physical
exercise (50 W).® In this thesis, a clearance term was added to the PBPK model to
account for metabolism of conjugators (Paper 1V).>%%1% The experimentally
estimated clearance exceeds liver blood flow for both fast and slow conjugators.®
Thus, metabolism was for simplicity assumed to occur in blood (i.e. the lung and
arterial blood compartment).

4.4 PBPK MODEL PARAMETERIZATION

4.4.1 Experimentally measured parameters (Papers | and Il)

Some of the model parameters were measured in the experimental studies of exposure
to acetone and were hence adopted in the PBPK model for acetone.””®® In both
studies, body weight (BW), body height (BH), pulmonary ventilation rates and
endogenous acetone levels (unpublished data) were measure. In addition, the
individual exposure levels were measured throughout the exposure (unpublished
data). Oxygen uptake and respiratory frequency were measured in one of the
studies.®® The individual model parameters are given in Paper |, Table 2 and Paper I,
Table 2.

4.4.2 Scaled model parameters (Papers I, Il and IlI)

To account for known physiological relationships between parameters the acetone
PBPK model parameters were as far as possible scaled to covariates. Organ volumes
were scaled to BW and BH. The rate of exchange of acetone via the mucosa is scaled to
alveolar ventilation rate and cardiac output. The scaling of the remaining model
parameters differs between the three published papers on acetone and is described
below.

Paper |

Pulmonary ventilation rates were determined by experimental data. The alveolar
ventilation rate was calculated from the pulmonary ventilation rate by subtracting the
product of breathing frequency and dead space. Alveolar ventilation was in turn used to
calculate the cardiac output by using the perfusion over ventilation ratio (PVR).
Subsequently, organ blood flows were calculated as fractions of the cardiac output
based on values for organ blood flows reported by Astrand.®” Acetone metabolism was
scaled to BW®™ and described by Michaelis-Menten kinetics (saturable metabolism).
The scaling is described in detail in Paper I (Tables 2 and 3).
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Papers Il and I11

Blood flows were scaled to BW and BH. Cardiac output was calculated as the sum of
the contributions from each organ, and was linked to alveolar ventilation via the PVR.
Alveolar ventilation was in turn related to pulmonary ventilation by adding dead-space
ventilation. The physiological changes during physical activity was considered
proportional to the excess oxygen uptake above rest.*’® The change of tissue perfusion
with physical exercise was described by equations previously derived by Droz and
coworkers™ and based on reference values suggested by Astrand.*” The metabolism
was scaled to BW and BH, assumed to be first order and described by intrinsic
clearance. The scaling is described in detail in Paper Il, Table 1 and Paper 111, Table 2.

4.4.3 Prior distributions (Paper II)

The compartment volumes, the volume of the dead space and the perfusion over
ventilation ratio were considered known with precision. Prior distributions were
defined for the remaining model parameters by complying with the philosophy of
information gathering in Bayesian statistics, thus incorporating new information based
on current knowledge. Thus, the prior distributions used as starting points for
calibration of the acetone PBPK model were mainly derived from posteriors from the
previously calibrated PBPK model for styrene.!® Distribution of the parameters
governing the washin-washout effect and the acetone chemical-specific model
parameters were defined based on the summary of available evidence in the literature.
Details on the derivation of prior distribution are given in Paper Il (Tables 3 and 4 and
the Appendix).

4.5 HIERARCHICAL MODEL (PAPER II)

The statistical model used in the calibration of the acetone PBPK model had two
levels; one representing the volunteers participating in the experimental studies and
one representing the population. It is schematically represented in Figure 7. At the
individual level, each volunteer is represented by the measured parameters (¢) (e.g.

exposure level, BW, BH oxygen uptake and lung ventilation rates) and the observed
concentrations of acetone blood and breath over time. The remaining, unknown
individual parameters (¢) are considered samples from a population distribution and
were defined by prior distributions. The PBPK model can predict the time-
concentration profile for an individual given ¢ and 6. The prediction is then

compared with the observations. They will differ due to errors in experimental
measurements, and in model- or parameter specification. Thus, errors were defined
for each experimental biomarker (arterial- and venous blood and mixed- and end-
exhaled air) while assuming that the errors were independent, identical in the two
experimental studies and log-normally distributed with mean 0 and variance ¢°. As p
and %, as well as ¢° are not known with precision they were considered associated
with uncertainty and hence expressed by probability distributions. Lognormal
distributions were chosen for the population means (1) while inverse gamma

distributions were used for the population variability (£),"*? and error ¢*.***11

19



4.6 MARKOV CHAIN MONTE CARLO SIMULATION (PAPER 1)

The calibration of the acetone PBPK model to the human experimental toxicokinetic
data was performed via MCMC simulation using Metropolis-Hastings sampling.™
The simulations were performed in the McSim software.'*> Convergence was
assessed in the Bayesian Output Analysis Program (BOA),**° using the criterion of
Gelman and Rubin,” and by visual inspection of the chains.
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Figure 7. The hierarchical model used in the calibration of the PBPK model for acetone.
The PBPK model can predict the concentrations of acetone for each individual (i) from the
experimentally measured parameters (@) and unknown parameters (6). The unknown
parameters are defined at the population level by their mean (1) and variability (Z). The
deviation between the model predictions and the data is represented by 7.

4.7 MONTE CARLO SIMULATIONS (PAPERS Il AND V)

4.7.1 Dose metrics

The amount of parent compound or metabolite in blood (or other biomarkers), i.e. the
surrogate dose, is generally thought to be a good indication of the internal dose. The
choice of surrogate doses for acetone, toluene, styrene and methyl chloride was based
on information about the toxic entity of each solvent (section 4.1).

Markers for chronic effects

The surrogate doses for chronic effects from exposure to acetone and toluene were
the 24 hour integrated concentration (AUCz4p) of parent compound in blood. For
styrene and methyl chloride the metabolized amount during 24 hours, normalized to
BW®'® (Met,4n) was chosen.
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Markers for acute effects
Acute effects for all four chemical substances were represented by the maximal
concentration of parent compound in blood (Cpax).

4.7.2 Exposure scenarios

General population

Monte Carlo simulations were performed in 8 different sub-populations; 3 month old
babies, 1 year, 5 year and 10 year old children, 15 year old males and females, and
adult males and females. The individuals were assumed to be continuously exposed to
solvent levels air corresponding to the set or suggested RfC while performing physical
activity according to reference values for daily time budgets, specific for each
subpopulation.™’

The impact of endogenous acetone levels could be important during low dose
exposures. Therefore, the simulations in the general population both included and
excluded endogenous acetone.

The outcome of 10 000 MC simulations was collected for each sub-population and
activity level. The simulations were performed using the McSim software.'*

Workers

The male and female workers were assumed to be exposed to the TLVs recommended
by ACGIH, from 8 am to 12 pm, and from 1 pm to 5 pm. During lunch (12 am to 1 pm)
and from 5 pm to 8 am the next morning the exposure was set to 0 ppm. Light physical
exercise was assumed during the morning and afternoon shifts. During lunch, from 5
pm to 11 pm and between 7 am and 8 am the workload was half of what was applied
during the shifts. During night (11 pm to 7 am) the workers were resting. The influence
of fluctuating exposure and workload, and workplace ventilation rate on the surrogate
doses was investigated by simulating six different exposure scenarios;

e Constant exposure and constant workload

e Constant exposure and fluctuating workload

e Fluctuating exposure with slow air exchange, and constant workload

e Fluctuating exposure with rapid air exchange, and constant workload

e Fluctuating exposure with slow air exchange, and fluctuating workload
e Fluctuating exposure with rapid air exchange, and fluctuating workload

The outcome of 10 000 MC simulations was collected for each gender and exposure
scenario. The simulations were performed using the McSim software.**®
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4.7.3 Distributions of the model parameters

The parameter distributions representing BW, body mass index (BMI), oxygen
uptake and BH were derived from vital statistics or the scientific literature.
Remaining parameters distributions were defined by the posteriors from previous
calibrations of the acetone, toluene, styrene and methyl chloride PBPK models (used
mainly for adult males),”"***1%1%> and model parameter distributions collected from
the scientific literature (used mainly for adult females and children).

4.7.4 Calculation of CSAFyk (Papers Il and 1V)

The chemical specific adjustment factors for human toxicokinetic variability (CSAFuk)
were derived based on the 90", 95" and the 97.5™ percentile of simulated surrogate
doses in a given population.! Hence, they are considered to protect 90, 95 and 97.5
percent of the individuals in the population. CSAFu« were derived by dividing the n
(where n is 90, 95 and 97.5) percentile of surrogate doses in each sub-population, with
the median surrogate dose in the whole population. The distribution of surrogate doses
in whole general population was obtained by collecting surrogate doses from each sub-
population while considering its proportion of the Swedish population.™*® The surrogate
doses representing the whole worker population were calculated in a similar manner by
collecting those obtained by simulating constant exposure and constant workload, while
considering the proportion of females in industry with potential exposure to acetone
(26% of workers), toluene (19%), styrene (26%) and methyl chloride (6%).2 For methyl
chloride, the proportion of the Swedish population belonging to each GSTT1 genotype
was also considered (11.1% null; 46.2% slow; and 42.8% fast conjugators).™® In the
calculation of CSAF,« for methyl chloride, the fast and non-conjugators were
considered the most sensitive group for chronic and acute effects, respectively.

22



5 RESULTS

5.1 PBPK MODEL FOR ACETONE (PAPER I)

A washin-washout PBPK model for acetone (described in Section 4.3.1) was developed
in Paper 1. The model predictions were compared to those obtained by using an inert
tube PBPK model. The wasin-washout model allows pre-alveolar utake of inhaled
acetone, whereas the the conducting airways of an inert tube model are assumed only to
transport the solvent vapor to the alveoli, where all gas exchange occurs (an example of
an inert tube model is depicted in Figure 3). The washin-washout model was able to
accurately predict average acetone levels in blood and breath sampled from 16
inhalation experiments with 8 male volunteers exposed to acetone levels ranging from
250-550 ppm, during various levels of physical activity. In contrast, the inert tube
model was unable to describe the experimental data, especially in exhaled air (Figure
8).

Arterial blood Exhaled air

~30

g (%oomo o: Y 0% 069@0
= 20

i}

j

$ 10

(8]

c

S

0 \ T T T T T 1
0 60 120 180 240
40 ~

w
o

Concentration (mg/l)
N
o

10
[ A ‘
0 60 120 180 240
50 4
] A
=40 - AN
=2 l’ “s
E_ ST
< 30 - SN T
S o
© 0 0 o 3
EZO’ /’l oois%o@%oog(?w%o
7] 7 RyX
210 4 4%
[@] -
8 -
0 T T T T T 1 ' '
0 60 120 180 240 0 60 120 180 240
Time (min) Time (min)

Figure 8. Washin-washout (solid lines) and inert-tube model (dotted lines) predictions are
compared to experimental acetone concentrations (circles) in arterial blood and exhaled air. a)
Exposure to 540 ppm for 120 minutes during resting conditions. b) Exposure to 290 ppm for 30
minutes at rest followed by 90 minutes of physical exercise at 50 W workload. c) Exposure to
290 ppm for 30 minutes at rest followed by a stepwise increase in workload (50, 100, 150 W)
for 30 minute periods.
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To evaluate the predictive power of the finalized acetone washin-washout PBPK model
it was applied on a new dataset which was withheld during the model specification. The
predictions of acetone in arterial blood and mixed exhaled air agreed well with the
observed levels of acetone (Figure 9)
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Figure 9. Predictive power of the washin-washout PBPK model. The prediction of average
acetone levels in blood and breath is compared to observed levels from 10 male volunteers
exposed during 120 minutes to 250 ppm of acetone during the performance of physical exercise
at 50W workload.

5.2 ACETONE PBPK MODEL CALIBRATION (PAPER II)

In Paper II, the washin-washout PBPK model for acetone was calibrated to
experimental toxicokinetic data from 18 male volunteers exposed to 250-550 ppm of
acetone while performing physical activity (section 4.2) in a Bayesian hierarchical
framework using MCMC simulation. This was done to obtain improved estimates of
population variability and uncertainty of the PBPK model parameters, especially for
those related to the washin-washout behavior of polar volatile substances. Meanwhile,
the sensitivity of PBPK model to the prior assumptions was investigated.

5.2.1 Sensitivity analysis

The sensitivity analysis indicated that for most physiological model parameters no new
information on population variability could be obtained from the experimental
toxicokinetic data. Thus, in subsequent MCMC simulations population variability was
estimated only for clearance and the parameters governing the washin-washout of
acetone in the airways.

5.2.2 Posterior distributions

Following the calibration of the acetone PBPK model to the experimental data, the
precision of most of the population parameter estimates was improved. Moreover, most
parameters were found to be uncorrelated (Paper Il, Table 4). New information was
particularly gained on the population distribution of the parameters governing the
washin-washout effect. The population mean and variability of the model parameters
are listed Table 1, along with the relative change of the posterior estimates compared to
the prior distributions.
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Table 1. Posterior distributions of the acetone PBPK model parameters summarized by the
population mean (p) and variability (X), with associated uncertainties, UC (coefficient of
variation). The percent change from the prior distribution is also indicated. A negative sign
implies that the precision of the posterior estimate was improved compared to the prior.

Posterior distribution Change from prior (%)
Acetone PBPK model parameter ;A b

1" (UCw) X°(UCy) WUCw) Z(UCy)
Unit perfusion (I/(min - | tissue))
QCry Fat 0.02 (0.11) - 0(1) -
QCrpt Richly perfused tissues 0.75 (0.05) - -6 (-5) -
QCuus Muscle and skin 0.04 (0.01) - 33 (-9) -
QCui Liver 0.85 (0.08) - -3(2) -
Perfusion change with exercise (I/(min - | tissue) / (I O,/min))
QClok Fat 0.01 (0.22) - 0 (-4) -
QC‘Qﬁ’;k Richly perfused tissues 0.22 (0.05) - 22 (-5) -
QCj°™  Working muscle 6.91 (0.01) - -18 (-12) -
QClM™  Liver 0.14 (0.12) - 8 (-1) -

Metabolism (I/(min-l liver))
C, Clearance 0.07 (0.07) 0.37(0.24) 0(-2) 11(14)
Washin-washout

Fractional transfer between

QChromuc bronchioles and mucosa 0.89 (0.06) 0.30(0.42) 11 (-4) 0 (-158)
Fractional transfer between

QCwucat 11\ cosa and arterial blood 074(0.10)  1.00(0.10) 40 70 (-190)
Partition coefficients

Prata Fat:air 82 (0.11) - -5 (-5) -
Prota Richly perfused tissues:air 208 (0.02) - 52 (-26) -
Pusa Muscle:air 195 (0.02) - 29 (-47) -
PLiva Liver:air 192 (0.07) - 14 (-43) -
Pea Blood:air 221 (0.00) - -22 (-11) -
Pwa Water:air 354 (0.08) - 1(-1) -

 arithmetic mean
b coefficient of variation of the mean

5.2.3 Validation

To validate the calibrated PBPK model, the experimentally observed acetone
concentrations in arterial- and venous blood and end- and mixed exhaled air were
simulated by using the PBPK model, the experimentally determined model parameters
and subject-specific posterior estimates. In general, the predictions agreed well with the
observed concentrations (Figure 10). However, the predictions of acetone levels in
breath at low concentrations were not as precise as the other predictions (Figure 10 b
and d).
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Figure 10. Predicted versus observed acetone concentrations in a) arterial blood, b) end-
exhaled air, ¢) venous blood, and d) mixed exhaled air.

5.3 HUMAN TOXICOKINETIC VARIABILITY (PAPERS Il AND V)

CSAFyk for acetone, toluene, styrene and methyl chloride were derived by Monte
Carlo simulation, combining PBPK models for respective solvent, population
distributions of the model parameters from previous Bayesian analyses, vital statistics
and published distributions of physiological and anatomical parameters for adult
females and children. The simulations covered how factors such as age and gender in
the general population, and fluctuations in workplace air concentration and workload
influenced the surrogate doses in adult female and male workers. For acetone, the
influence on the surrogate doses by endogenous production was also investigated.
Chronic effects of solvent exposure were considered important in the general
population as well as for workers. In workers, acute effects of solvent exposure were
also explored. CSAFu« were calculated for the 90", 95™ and the 97.5™ percentiles of
simulated surrogate doses in each population as a whole, in each sub-population and for
each exposure scenario. The CSAFuk reported below were derived at the most
commonly used 95" percentile, thus considered to protect 95 percent of the individuals
in the population. The factors at the other percentiles were marginally different. The
CSAFyk for acetone are tabulated in Paper Il (Tables 6, 7 and 8). The CSAFyk for
toluene, styrene and methyl chloride are tabulated in Paper IV (Appendices A and B).
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5.3.1 Acetone

General population

In the whole population, the intraspecies differences of surrogate dose were accounted
for by a CSAFuk of 1.9 (Figure 11 and Paper Ill, Table 6). However, endogenous
acetone levels had a significant influence on the predicted surrogate doses. Thus, a
factor 2.9 was obtained when including variability from endogenous sources (Paper I,
Table 6). Higher CSAFyx were obtained in children. Hence, factors up to 2.4 and 5.5
(including endogenous acetone) were derived. The CSAFyk obtained for males were
slightly higher compared to the ones derived for females.
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Figure 11. CSAF for acetone, toluene, styrene and methyl chloride for chronic effects in the
general population. The CSAF« for acetone excludes variability from endogenous sources.
The CSAF.« for methyl chloride represent sub-populations homozygous for GSTT1 (i.e fast
conjugators), thus having the highest metabolism in the population.

Workers

During conditions of constant exposure and workload, CSAFyk of 1.5 (chronic) and 1.3
(acute) were derived for the entire workforce (Figures 12 and 13). The influence of
fluctuating exposure or workload on the derived CSAFyk was small. However, the
combined effect of fluctuations in both exposure and workload increased the CSAF,

27



especially during conditions of rapid air exchange (up to 1.8). Gender differences were
negligible (Paper 11, Tables 7 and 8).

5.3.2 Toluene

General population

Considering the general population as a whole, a factor of 1.5 was calculated to cover
the intraspecies variability of toluene (Figure 11 and Paper IV, Appendix A). The
CSAFyk derived for children were slightly higher (up to a factor 1.6). Gender
differences in the toxicokinetics of toluene were small. Thus, 15 year old males had
slightly higher factors than 15 year old females. The factors for adult females were
slightly higher compared to the ones for adult males.

Workers

The variability of surrogate doses representing both chronic and acute effects of toluene
was covered by a factor 1.6, considering the whole workforce during conditions of
constant exposure and constant workload (Figures 12 and 13). When fluctuations in
either exposure or workload were applied, the CSAFyk increased slightly. Combining
fluctuations in exposure and workload further increased the factors. Slight gender
differences among workers were observed. Thus, female workers had consistently
higher CSAFyk than male workers. Under the most extreme assumptions of fluctuating
workload and fluctuating exposure the factors were 2.0 (chronic) and 3.5 (acute) (Paper
IV, Appendix B). The rate of air exchange affected the CSAFk for acute effects. Thus
the factors were higher during conditions of rapid compared to slow air exchange
(Figure 13).

5.3.3 Styrene

General population

Intraspecies toxicokinetic variability of styrene was represented by a factor of 1.6 in the
whole population (Figure 11, and Paper IV, Appendix A). According to the
simulations, the influence factors increased up to 2.1 when including the effect of age.
Males had slightly higher CSAFk than females.

Workers

The CSAFyk for styrene were 1.7 (chronic) and 1.8 (acute), considering the whole
worker population and conditions of constant exposure level and constant workload
(Figures 12 and 13). Fluctuations in exposure level or workload increased the factors.
Further increases were obtained when combining both types of fluctuations. The
CSAFyk representing chronic effects were higher for male than female workers.
Conversely, female workers had higher factors for acute effects than males. Hence, the
highest factors in our simulations were 2.0 (chronic) and 4.7(acute) (Paper 1V,
Appendix B). The rate of air exchange did not markedly affect the factors derived for
chronic effects. However, rapid air exchange markedly increased the CSAFyk for acute
effects (Figure 13).
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Figure 12. CSAFy for chronic effects in workers during various workplace exposure
scenarios. The factors for methyl chloride represent workers homozygous for GSTT1 (i.e fast
conjugators), thus having the highest metabolism in the population. Abbreviations are C;
constant, E; exposure level, F; fluctuating, R; rapid air exchange and S; slow air exchange, W;
workload.

5.3.4 Methyl chloride

General population

A factor of 1.6 covers intraspecies toxicokinetic variability in the general population
when considered as a whole (Figure 11 and Paper 1V, Appendix A). Age had a slight
influence the CSAFyk. Adult males had slightly higher surrogate doses than adult
females. The same difference was detected for 15 year old males as compared to 15
year old females.

Workers

Among workers, CSAFyk of 1.6 (chronic) and 1.3 (acute) were derived during constant
exposure and constant workload (Figures 12 and 13). Fluctuations in workload had
only a slight effect on the derived CSAFyk whereas fluctuations in exposure level
enhanced variability in surrogate dose. The factors were further increased by a
combination of fluctuations in exposure level and workload. Male workers had higher
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CSAFyk for chronic effects whereas females had slightly higher factors based on acute
markers of effects. Hence, the highest derived CSAFyk in the simulations were 2.0
(chronic) and 6.1 (acute). The CSAFyk derived for acute effects were increased
markedly during conditions of raid air exchange (Figure 13).
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Figure 13. CSAF for acute effects in workers during various workplace exposure scenarios.
The factors for methyl chloride represent workers with no conjugation (null genotype), thus
having the highest blood concentrations of methyl chloride in the population. Abbreviations are
C; constant, E; exposure level, F; fluctuating, R; rapid air exchange and S; slow air exchange,
W; workload.

30



6 DISCUSSION

The overall aim of this thesis was to improve the scientific basis for human health risk
assessment factors. It was achieved by developing a probabilistic framework for the
derivation of chemical specific assessment factors describing intraspecies differences in
the toxicokinetics (CSAFuk) of inhaled solvent vapors. The method uses PBPK
modeling in combination with Monte Carlo simulation from population distributions of
physiological and biochemical model parameters to simulate surrogate doses in the
general and worker populations. The effects of age, gender and various workplace
conditions on the surrogate doses were investigated. CSAFyk were derived for four
commonly used organic solvents; acetone, toluene, styrene and methyl chloride.

6.1 PROBABILISTIC FRAMEWORK

As in any modeling exercise, the findings presented in this thesis are influenced by the
assumptions and considerations made during the development, calibration and
parameterization of the population PBPK models for acetone, toluene, styrene and
methyl chloride. They are discussed in detail in the following sections.

6.1.1 PBPK models

Four different PBPK models were deployed in the derivation of the CSAFyk. The
acetone PBPK model was developed and calibrated in Papers | and Il. PBPK models
for toluene, styrene and methyl chloride were already described in the scientific
literature and were hence adopted in the MC simulations in Paper IV. The PBPK
models have many features in common, but there are also differences. The ones
considered to be the most influential are discussed below;

Washin-washout effect

As shown in Paper I, an adequate specification of the inhalatory uptake is important to
correctly estimate the internal dose of hydrophilic volatiles. The uptake of polar
solvents such as acetone is largely affected by the influence of washin-washout of
solvent vapor in the respiratory airways during inhalation and exhalation. The uptake of
less polar solvents, such as styrene, toluene and methyl chloride, may only be slightly
or not affected at all. Washin-washout of solvent vapor is described in the PBPK
models for acetone and styrene. A set of correction factors used to reduce alveolar
ventilation were sufficient to address the washin-washout of styrene.'®® The correction
factors were determined by simultaneous fitting to observed levels of styrene in arterial
blood and end-exhaled air. In contrast, the washin-washout of acetone (Paper 1) was
described by dividing the lung into 4 separate compartments, and by allowing acetone
to be exchanged with systemic blood in both the alveolar region and bronchioles.
Various mathematical descriptions of the washin-washout effect have previously been
attempted for acetone, but none have succeed in reproducing observed levels of solvent
in both blood and breath at elevated levels of physical activity.”>*"'?"'?° The acetone
PBPK model developed in Paper | enabled simultaneous descriptions of acetone levels
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in arterial blood, and end- and mixed exhaled air, during levels of physical activity up
to 150W (Section 5.1, Figure 8).

Physical activity

Exposure to solvent vapors often occurs while performing various tasks requiring
physical activity, in the workplace as well as in residential settings. Thus, simulations
of internal doses used to derive CSAF.k were performed by including physical activity
for the general population as well as for workers. For acetone, workloads of 50W and
150W for light and heavy exercise respectively were used for all sub-populations
(Paper I11). For toluene, styrene and methyl chloride, the workloads were instead
determined by matching lung ventilation to reference values for light and heavy
exercise in each sub-population (Paper IV). The perfusion change during physical
exercise was accounted for in a similar manner in all four models. To allow for
differences in blood flow to working and resting muscles, the muscle compartment is
divided into two.*® Similarly, the fat compartment of the toluene and styrene PBPK
models is divided in two to represent the differences in blood flow to subcutaneous and
perirenal fat during physical exercise.”® The change of the tissue perfusion rates is
determined by the excess oxygen uptake above rest (AVO;) and the workload, except
for the perfusion change of perirenal fat which was set to the same elevated level
during all exercise levels.**®*"% According to the model scaling equations adopted
from Droz and coworkers,**! the change of perfusion during physical exercise of well
perfused tissues, liver and fat is related to BW and BH. However, the increase of the
blood flow to working muscle is described independent of body size (Paper 111, Table 1
and Paper IV, Table 1).

Perfusion over ventilation ratio

The perfusion-ventilation ratio (PVR) relates lung ventilation to cardiac output. Thus, it
is a key parameter in the inhalation PBPK models described in this thesis. In theory, the
PVR equals 1. However in vivo, it varies between different parts of the lung and
depends on the position the body is in.*?> When the PVR differs from 1 inequality or
mismatch between perfusion and ventilation occurs. Mismatch has been observed
during physical exercise,*** especially during high workloads.*?*'?® Inequality has also
been suggested in young children as the lung continues to develop until the age of
approximately 8 years.** However, there is lack of experimental data on the PVR in
the scientific literature, especially for healthy adult females and children. There is also a
large variation in the values used in previous models (Paper 1V, the Discussion). Due to
the lack of consistent information, the PVR is one of the most uncertain parameters in
the simulations.

Metabolism

In Papers Il and 111, acetone metabolism was assumed to be first order and described by
a single clearance parameter. This contrasts the Michaelis-Menten metabolism assumed
in Paper I, and in the other previous PBPK models for acetone.’”®*® The reason for
using a linear model is that the metabolic parameters Vmax and K could not be
estimated separately in the Bayesian calibration process due to a high correlation
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between the two (Paper Il). The assumption of linear Kkinetics will have negligible
impact on the estimates of toxicokinetic variability during exposure to low levels of
acetone. However, at high exposure levels, such as the ones in an occupational setting,
metabolism could be partially saturated. Thus, the assumption of linearity had the
potential to affect the CSAFuk. Additional MC simulations using Michaelis-Menten
metabolism concluded that the impact of metabolic saturation on the CSAFyk for
acetone derived for workers was negligible.

The PBPK model for methyl chloride was originally developed for non-conjugators
and hence did not include metabolism. In Paper 1V metabolism was added to the model
to include also slow and fast metabolizers of methyl chloride. Metabolism was assumed
to be linear, to occur in blood and was based on human experimental data from adult
subjects. These choices may influence the CSAFyk for chronic effects, but the effects
on the CSAF for acute effects are expected to be minimal. Those were derived based
on surrogate doses from non-conjugators, i.e. individuals with no metabolism of methyl
chloride of methyl chloride.

Predictive power
The predictive power of a PBPK model may be assessed by applying it to a new data

set which was not used during model specification. Such a procedure can avoid
dictation of the choice of model structure or parameterization by the experimental data,
i.e. over fitting of the PBPK model.*>*?" Ideally, the available experimental data would
be divided in two sets - one set which is available during development and refinement
of the PBPK model and one which is withheld during this phase, and thus may
represent new data to which the predictions of the finalized PBPK model can be
compared. In the case of acetone, splitting of the data was performed during the model
development phase (Paper ). However, to propagate as much information as possible
to the posterior population distributions of the model parameters, all the experimental
data were subsequently deployed in the calibration of the acetone PBPK model (Paper
I1). The predictive power of the toluene, styrene and methyl chloride PBPK models was
not assessed.”103107

6.1.2 PBPK model calibration

Calibration of PBPK models to experimental data is essential if the outcome of the
modeling activities is to be used in health risk assessment of chemical substances.®
Obviously, calibration is dependent on the availability and nature of the experimental
data. The PBPK models for acetone, toluene, styrene and methyl chloride were
individually optimized in Bayesian frameworks using MCMC simulation. During a
Bayesian analysis, prior knowledge on the population distributions of the model
parameters is increased by adding information contained in experimental toxicokinetic
data.

Prior knowledge

Knowledge and experience is individual. Therefore, different persons may draw
different conclusions from previous knowledge, and thus use different prior
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distributions. Hence, it has been argued that the Bayesian approach is subjective. The
idea of a PBPK model is to use biological knowledge in the model specification and
parameterization. Therefore, published literature values used to derive the prior
distributions used as starting points for the Markov chains. The reference literature was
approached in an objective fashion by trying to include all available values while
giving priority to human in vivo data. In order to comply with the philosophy of
information gathering in Bayesian statistics, thus incorporating new information based
on current knowledge, the prior distributions for the physiological model parameters
were derived from the posteriors resulting from previously calibrated models, when
available. By this procedure, it is assumed that knowledge on the physiological model
parameters is fully taken advantage of.

Experimental toxicokinetic data

The experimental toxicokinetic data for acetone, styrene, toluene and methyl chloride is
very detailed, i.e. it includes frequent sampling of levels of a chemical substance in
several biomarkers. However, it comes from a limited number of relatively
homogenous individuals. The use of such data in PBPK modeling for human health risk
assessment purposes has both pros and cons. The detailed information offers
possibilities to gain valuable knowledge on the biological processes that determine the
toxicokinetics of chemical substances, and hence partially the risk of adversity.
However, it is not certain that the conclusions are valid for larger and more
heterogeneous populations. Obviously, experimental studies which include a larger
number of more diverse volunteers would be helpful in resolving this issue. Such
studies are however costly and also ethically questionable. However, chemical-specific
toxicokinetic information from several already conducted experiments can be combined
by Bayesian population analysis and thus help reduce such uncertainty. The
experimental data used for calibration of the acetone (Paper Il), toluene, styrene and
methyl chloride (performed in the original studies) PBPK models was derived from a
total of 56 volunteers, whereof 4 were female. Hence, the experimental data offered
limited opportunities to access possible age or gender differences in the toxicokinetics
of the four solvents. The data describe levels of solvent in venous and arterial blood,
mixed and end-exhaled air during various exposure levels and several different levels
of physical activity. Thus, it enables the physiological changes occurring during
physical exercise to be examined. Such information is valuable when it comes to
quantitative risk assessments based on PBPK modeling of internal dose. Exposure of
workers, as well as of the general population to organic solvents often occurs in
conjunction with physical activity.

Sensitivity to prior assumptions

To investigate the impact of the choice of prior distributions on the outcome, a
sensitivity analysis was performed within the Bayesian framework during calibration of
the acetone PBPK model (Paper I1). Thus, four different sets of priors were constructed
where 1, 10, 50 and 100 percent (CV) uncertainty was allowed to surround the prior
population variability (Y) of the physiological model parameters. As the information in
the scientific literature regarding population variability was limited, inverse gamma
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distributions were chosen. They are considered flexible enough to allow the
experimental data to define variability without making too strict prior assumptions
about its size.

The results of the sensitivity analysis revealed that the posterior uncertainties increased
proportionally in relation to the prior. However, the posterior errors remained similar
regardless of the prior set. This can be explained by a combination of factors. The
population variability of the physiological model parameters in the acetone PBPK
model may already to a large extent be accounted for by the scaling to BW and BH
(Paper 11, Table 1). Moreover, as acetone distributes rapidly and evenly in the body, the
experimental data may have been be too sparse to enable the variability of the model
parameters to be estimated. It is also possible that the acetone PBPK model is
insensitive to some of the model parameters. Nevertheless, it seems that allowing for
extensive flexibility in cases where the information content in the data is low
(compared to the complexity of the model) seems to create a too large sampling space.
This behavior has also previously been observed for a complex, mechanistic model.*®

The results propose that the choice of prior distributions may have a strong influence on
the posterior distributions. Thus, information on prior sensitivity may be important if
the results from Bayesian analyses are to be used to estimate health risks. Formal
sensitivity analyses were not performed during the calibrations of the toluene, styrene
and methyl chloride PBPK models. However, various sets of priors were tested and
evaluated throughout the process.*?

6.1.3 Model parameter distributions

There is lack of experimental data from females and children, both when it comes to
experimental toxicokinetic data and PBPK-relevant physiological parameters. In spite
of representing a large and increasing part of the working population, females are
generally less often studied than men, and gender differences are not often
investigated.”****! However, the number of exposure studies which include female
volunteers has increased in recent years.”*3 Obvious ethical reasons limit the
availability of experimental data from children. Data on physiological parameters for
children were relatively scarce, especially for the youngest children included in the MC
simulations. As the Bayesian calibrations were performed with experimental
toxicokinetic data primarily from adult males the posterior distributions resulting from
the Bayesian analyses were considered representative of adult males and hence used in
MC simulations to derive surrogate doses and CSAFyk for adult males. The model
parameter distributions for adult females and children were instead as far as possible
collected from the scientific literature. If information was unavailable, the posterior
distributions were used also for adult females and children. Due to the general lack of
information, the CSAFyk derived for adult females and children are possibly associated
with larger uncertainty than the ones obtained for males.
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Model parameter correlations

It is well known that physiological parameters correlate. Thus, in this thesis correlations
were as far as possible accounted for scaling to BW and BH. However, additional
correlations may exist. In Bayesian calibration, the estimation of one model parameter
is conditioned not only on the experimental data, but also on the values of all other
model parameters. Thus, information on additional inter-parameter correlations is
contained in the converged Markov chains. If parameter values from such chains are
used as deterministic inputs to the PBPK model, the variability of internal dose may be
smaller than one would anticipate from the combination of values from separate model
parameter distributions. The posterior chains were available for acetone, but not for
toluene, styrene and methyl chloride. For those three, summarized posterior
distributions were instead used. The parameter distributions for adult female and
children were in both studies mainly derived from the scientific literature. Thus, only
the adult male CSAFyk for acetone were derived by including additional parameter
correlations. The discrepancy may have resulted in a slight overestimation of the adult
females and children’s CSAFk for acetone.

6.2 HUMAN TOXICOKINETIC VARIABILITY

CSAFk for acetone, toluene, styrene and methyl chloride were derived for various sub-
populations by investigating how factors such as age, gender, endogenous acetone
levels, workplace ventilation rate and fluctuations in exposure levels and workload
influenced toxicokinetic variability. The main findings are discussed below.

6.2.1 Age differences

Age differences were observed for acetone, toluene and styrene (Figure 11). The
CSAFyk obtained for 5 to 10 years old children were consistently higher than the ones
for adults and children of other age groups. No age differences were found for methyl
chloride.

For highly and moderately blood soluble solvents such as acetone (blood; air partition
coefficient, Pga of 220) and styrene (Pga = 64) the uptake by inhalation is mainly
governed by the air flow in the lungs, however metabolism and cardiac output are also
important factors.?**% Thus, the larger CSAFuk for acetone and styrene in children
may in part be explained by children’s higher oxygen demand per kg body weight
(Paper 1V, Table 3) and, as a consequence, higher pulmonary ventilation as compared
to adults. The higher factors obtained in the 5-10 year old children are probably
explained by their higher degree of physical activity compared to children of other
ages, and thus relatively higher exposure by ventilation.”® As an equilibrium between
inhaled air and blood is reached more quickly for less soluble substances such as
toluene (Psa = 16) and methyl chloride (Psa = 1.7), the effect of ventilation on the
surrogate doses is less pronounced, or negligible.

The children’s CSAFuk were up to 2.4, thus well below the default factor of 3.16 for

toxicokinetic differences (Figure 11). However, for acetone, factors higher than the
default were obtained when including variability from endogenous production (up to
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5.5 for 3 months old children). This is explained by the higher energy expenditure and
thus higher endogenous acetone production of children as compared to adults. The
younger the child the higher the endogenous acetone levels (Paper Ill, Table 4).
Healthy levels of acetone in adults are considered to be about 13 mg/l.™*” However, no
information regarding healthy levels in children is available. As a comparison, the
average endogenous level of 3 months old children is 16 mg/l (Paper Ill, Table 4).
Thus, there is a possibility that children tolerate a higher body burden of acetone than
adults.*®*¥ 1t may also be that they are more sensitive to the effects of ambient
exposure due to the elevated endogenous production. Extra caution may therefore be
justified when addressing children’s risk of adverse effects from the exposure to
acetone.

6.2.2 Gender differences

Slight gender differences in the toxicokinetics of toluene, styrene and methyl chloride
were observed (Paper IV, Appendix A and B). Thus, the CSAFux based on
metabolized amount (styrene and methyl chloride) were somewhat higher for males
than for females. For chronic effects of toluene and for acute effects for toluene and
styrene, female workers had slightly higher factors. No gender differences were
observed for acetone (Paper 111, Tables 6, 7 and 8).

The gender differences may in part be explained by a lower simulated blood flow to the
fat compartment(s) per kg body weight in females (Paper 1V, Tables 2 and 3). Hence,
females may have higher internal doses of lipophilic solvents and a prolonged exposure
due to a slower redistribution from fat tissue after exposure has ended.?® The gender
differences found for the two most lipophilic compounds in the MC simulations;
toluene (partition coefficient between fat and blood, Pegg = 54) and styrene (Prys = 49),
are also the most pronounced. Hence, the differences were found to be smaller for
methyl chloride (Pras = 6) and in the case of acetone (Prys = 0.23), not detected.
However, the differences between genders are small and could therefore also be the
effect of scaling differences in the four PBPK models.

6.2.3 Workplace conditions

Fluctuations in exposure level increased the CSAFuk derived for acetone, toluene,
styrene and methyl chloride. Conditions of rapid air-exchange increased the factors
more than slow air-exchange, especially those based on acute effect markers.
Combined effects of fluctuations in exposure level and workload further increased the
CSAFk.

The CSAFuk based on chronic markers of effect were all below the default factor of
1.7-2.2 commonly used for workers (section 3.3.1), also when fluctuations in exposure
level and workload were combined. In contrast, the factors for toluene, styrene and
methyl chloride based on acute effects exceeded the default value up to three times
(Figure 13).
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The higher factors obtained for acute effects may be explained by a more direct
relationship of the acute surrogate dose (maximum concentration in blood) with
fluctuations in ambient exposure level. The factors for acetone were not as markedly
affected by such fluctuations as the ones for the other three solvents. The difference is
probably due to the higher blood solubility of acetone compared to toluene, styrene and
methyl chloride. Indeed, the influence of fluctuations in exposure level was especially
pronounced for methyl chloride, which has the lowest blood solubility of the four
solvents. Overall, the results indicate that fluctuations in exposure level and workload
may be important to consider in the process of setting occupational exposure limits or
guidelines.

6.2.4 Comparison with previous work

A limited number of studies have previously used probabilistic PBPK modeling to
derive assessment factors for intraspecies toxicolinetic variability of inhaled organic
solvents.*****® The work performed in this thesis is an attempt to include more of the
available information. Thus, similar to the study by Pelekis and coworkers,** the work
in Papers 11l and 1V includes the effect of physical activity on the surrogate doses. In
addition, the simulations herein depart from population distributions of model
parameters which were calibrated to, and updated by chemical specific toxicokinetic
data in a statistical framework.

Two previous studies have investigated the effect of age on toluene and styrene
toxicokinetics, respectively.**"*® Nong and Krishnan reported the child to adult
difference (95"/50™ percentile) of the internal dose of toluene to be within a factor of
2.1 Similar results were obtained in this thesis, where a factor of 1.6 was derived to
cover 95 percent of children’s surrogate doses (Paper 1V). For styrene, Valcke and
Krishnan arrived at factors of 1.4 in the adult population, as well as for children
(95"/50™ percentiles).**® It can be compared to the CSAFuk of 1.2 for adults, and 2.1
for children obtained in this thesis (Paper IV, Appendix A). The higher factor for
children obtained herein is most probably due to the higher uptake of solvent vapour
during physical activity.

The impact of gender and/or fluctuations in exposure level and workload on the

toxicokinetic variability among workers has not previously been examined within the
context of assessment factors.
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6.3 CONCLUDING REMARKS

A population PBPK framework for the derivation of data-driven assessment factors for
intraspecies toxicokinetic differences (CSAFuk) was developed, and applied on four
organic solvent with different properties (acetone, toluene, styrene and methyl
chloride). The CSAFyk which were obtained are well suited to replace the default value
commonly deployed for establishing exposure guidelines or limits. The population
framework has many advantages. It includes various types of data from already
conducted experiments and allows for CSAFyk to be calculated not only for the
population as a whole but also for different subpopulations of interest. The framework
can be extended to include other chemical substances than the ones presented in this
thesis, and also to incorporate additional information on human variability when such
becomes available. Thus, the work presented herein may contribute to establish more
reliable exposure standards for chemical substances.

The CSAFyk for acetone (excluding endogenous variability), toluene, styrene and
methyl chloride derived for the general population were at most 2.4, and thus below the
commonly used default factor of 3.16, also for possibly sensitive sub-populations.
Fluctuations in exposure level and workload at the workplace have not previously been
examined within the context of assessment factors. In this thesis they were shown to
increase the CSAFyk for acetone, toluene, styrene and methyl chloride. The factors
reflecting acute effects of solvent exposure were up too nearly three times higher than
the default value typically used for inter-worker variability (1.7-2.2). Thus, fluctuations
in exposure level and workload may be important factors to consider when
occupational exposure limits or guidelines are derived. Given the diverse properties of
these four volatiles, the results can probably be applied on inhalation exposure to
organic solvents in general. Higher factors may however be obtained for substances for
which the toxic effect is mediated by an active metabolite, and a majority of the
population either lacks or has low capacity for this pathway.

To further develop the methodology presented in this thesis, additional data on
physiological parameters are required, in particular for adult females and children. In
order to improve the estimates of toxicokinetic population variability of inhaled organic
solvents, it may be especially important to increase knowledge on the parameters
determining the physiological changes occurring during physical activity.

During Bayesian calibration of the acetone PBPK model, it was shown that the choice
of prior distributions had a strong influence on the results. Thus, the use of Bayesian
methods in toxicological risk assessment may need to be further explored when it
comes to prior selection, and the impact such may have on the outcome.

39



ACKNOWLEDGEMENTS

I would like to express my gratitude to all those who have contributed to this thesis
with their time, knowledge and efforts. Especially;

Gunnar Johanson for sharing your vast knowledge while allowing me to find my own
way. For teaching me how to write scientifically and for much appreciated
encouragement and support, in particular during the last year.

Fredrik Jonsson for helping me to gain knowledge on population modeling and
Bayesian methods, and for always taking the time to answer and discuss my questions.

Agneta Falk-Filipsson for your in-depth knowledge on human health risk assessment,
and for supporting me.

Margareta Warholm for being my mentor and for introducing me to the field of
toxicology.

Lena Ernstgard for invaluable help to interpret experimental data from the exposures of
human volunteers.

Frédéric Bois, Anders Selander and Lars Malinowski for kind help on McSim.

Sara Gunnare, Matias Rauma, Sandra Lucke, Kristin Stamyr and Stephanie Juran for
sharing the PhD student time with me, for help, friendship, encouragement and all the
chats about everything and anything. You made the experience so much better!

Ulrika Carlander, Mishra Dwivedi, Mia Johansson and Joakim Ringblom for many
nice lunches and fun discussions. Mattias Oberg for being such a supportive and
pleasant roommate.

Catharina Skold for helping me to find balance in science and life.

Bengt Sjogren for support and care throughout my time as a PhD student.

All the present and former colleagues at the unit of Work Environment Toxicology, the
“fika” companions from the Swedish Work Environment Authority and the Swedish
Gene Technology Advisory Board for interesting conversations and laughs during

numerous coffee breaks and excursions.

The Swedish Council for Working Life and Social Research (FAS) for financing the
studies.

40



Min familj Erik, Olivia och Elin Mork. Erik - du &r fantastisk. Det ar sa mycket tack
vare ditt stdd som den har avhandlingen blev klar. Tack Olivia for att du &ar sa
omtanksam och pahittig, och Elin for att du ger mig sa mycket positiv energi. Ni
betyder allt for mig. ¥ ¥ ¥

Mamma och pappa, Birgitta och Jan Nilsson for att ni alltid staller upp fér mig, for all
omtanke och inte minst all praktisk hjalp.

Ulrika Nilsson och Kristin Morck for att ni &r sa fina systrar och vanner, och for den
support och peppning som jag fatt under den hér tiden.

Mormor Maj-Britt Morck for att du inspirerar mig att envisas och orka mer.
Karin Paulsson for att du alltid finns dér, i stort och smatt.

Familjen Olsson, speciellt Lilly och Wille for hjalp med att fa ihop vardagslivet, och for
att ni alltid har intresserat er for mitt doktorandprojekt.

Bésta Elvis och Cilla for séllskap, motion och frisk luft.

e

41



7/ REFERENCES

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

42

Schenker MB and Jacobs JA. (1996) Respiratory effects of organic solvent
exposure. Tuber Lung Dis. 77(1); 4-18.

National Institute of Occupational Safety and Health Administration
(NIOSH).The National Occupational Exposure Survey (NOES). 1981-1983.
HSE Health risks management: a guide to working with solvents HSG188.
(1998) Sudbury. Health and Safety Executive.

Browning E. (1965) Toxicity and metabolism of industrial solvents.
Amsterdam, New York,: Elsevier Pub. Co.

Dick FD. (2006) Solvent neurotoxicity. Occup Environ Med. 63(3); 221-226,
179.

Cooper GS, Scott CS, and Bale AS. (2011) Insights from epidemiology into
dichloromethane and cancer risk. Int J Environ Res Public Health. 8(8); 3380-
3398.

Feltens R, Mogel I, Roder-Stolinski C, Simon JC, Herberth G, and Lehmann 1.
(2010) Chlorobenzene induces oxidative stress in human lung epithelial cells in
vitro. Toxicol Appl Pharmacol. 242(1); 100-108.

Lundqvist G, Flodin U, and Axelson O. (1999) A case-control study of fatty
liver disease and organic solvent exposure. Am J Ind Med. 35(2); 132-136.
Jacob S, Hery M, Protois JC, Rossert J, and Stengel B. (2007) Effect of organic
solvent exposure on chronic kidney disease progression: the GN-PROGRESS
cohort study. J Am Soc Nephrol. 18(1); 274-281.

WHO. (1999) International Programme on Chemical Safety: Assessing human
health risks of chemicals: Principles for the assessment of risk to human health
from exposure to chemicals. Environmental Health Criteria 210. World Health
Organisation: Geneva.

Dourson M. (1996) Uncertainty factors in noncancer risk assessment. Regul
Toxicol Pharmacol. 24(2 Pt 1); 107.

Falk-Filipsson A, Hanberg A, Victorin K, Warholm M, and Wallen M. (2007)
Assessment factors--applications in health risk assessment of chemicals.
Environ Res. 104(1); 108-127.

Stedeford T, Zhao QJ, Dourson ML, Banasik M, and Hsu CH. (2007) The
application of non-default uncertainty factors in the U.S. EPA's Integrated Risk
Information System (IRIS). Part I: UF(L), UF(S), and "other uncertainty
factors". J Environ Sci Health C Environ Carcinog Ecotoxicol Rev. 25(3); 245-
279.

Vermeire T, Stevenson H, Peiters MN, Rennen M, Slob W, and Hakkert BC.
(1999) Assessment factors for human health risk assessment: a discussion
paper. Crit Rev Toxicol. 29(5); 439-490.

Lehman AJ and Fitzhugh OG. (1954) 100-fold margin of safety. Assoc. Food
Drug Off. U.S.Q. Bull. 18; 33-35.

Calabrese EJ and Gilbert CE. (1993) Lack of total independence of uncertainty
factors (UFs): implications for the size of the total uncertainty factor. Regul
Toxicol Pharmacol. 17(1); 44-51.

WHO. (1987) Principles for the safety assessment of food additives and
contaminants in food. Environmenal Health Criteria. 70. Geneva: International
Programme on Chemical Safety, World Health Organization.

Meek ME, Renwick A, Ohanian E, et al. (2002) Guidelines for application of
chemical-specific  adjustment  factors in  dose/concentration-response
assessment. Toxicology. 181-182; 115-120.



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Renwick AG. (1991) Safety factors and establishment of acceptable daily
intakes. Food Addit Contam. 8(2); 135-149.

Jonsson F, Sandborgh-Englund G, and Johanson G. (1999) A compartmental
model for the kinetics of mercury vapor in humans. Toxicol Appl Pharmacol.
155(2); 161-168.

Marino DJ, Clewell HJ, Gentry PR, et al. (2006) Revised assessment of cancer
risk to dichloromethane: part | Bayesian PBPK and dose-response modeling in
mice. Regul Toxicol Pharmacol. 45(1); 44-54.

WHO. (1994) Assessing human health risks of chemicals : derivation of
guidance values for health-based exposure limits. Environmental health criteria,
170. Geneva: World Health Organization.

ECHA, Guidance on information requirements and chemical safety assessment:
Guidance on information requirements and chemical safety assessment Chapter
R.8: Characterisation of dose [concentration]-response for human health. May,
2008. 2008.

ECETOC. (2005) Trends in children's health and the role of chemicals: State of
the science review. Technical Report No0.96. Europeean Center for
Ecotoxicology and Toxicology of Chemicals, Brussels.

U.S. Environmental Protection agency. (1999). Toxicology data requirements
for assessing the risk of pesticide exposure to childrens health. Report of the
Toxicology Working Group of the 10th Task Force. Draft 28 april. Washington,
DC.

Lof A and Johanson G. (1998) Toxicokinetics of organic solvents: A review of
modifying factors. Critical Reviews in Toxicology. 28(6); 571-650.

Rauma M, Boman A, and Johanson G. (2012) Predicting the absorption of
chemical vapours. Adv Drug Deliv Rev.

Casarett LJ, Doull J, Klaassen CD, and Amdur MO. (1986) Casarett and Doull's
toxicology : the basic science of poisons. 3rd ed. New York: Macmillan.

Roder JD. (2001) Veterinary toxicology. The practical veterinarian. Boston:
Butterwoth-Heinemann.

Labiris NR and Dolovich MB. (2003) Pulmonary drug delivery. Part I:
physiological factors affecting therapeutic effectiveness of aerosolized
medications. Br J Clin Pharmacol. 56(6); 588-599.

Vander AJ, Sherman JH, and Luciano DS. (1975) Human physiology: the
mechanisms of body function. 2d ed. New York,: McGraw-Hill.

Johanson G. (1991) Modelling of respiratory exchange of polar solvents. Ann
Occup Hyg. 35(3); 323-339.

Johanson G and Filser JG. (1992) Experimental data from closed chamber gas
uptake studies in rodents suggest lower uptake rate of chemical than calculated
from literature values on alveolar ventilation. Arch Toxicol. 66(4); 291-295.
Kumagai S, Oda H, Matsunaga I, Kosaka H, and Akasaka S. (1999) Uptake of
10 polar organic solvents during short-term respiration. Toxicol Sci. 48(2); 255-
263.

Morris JB and Cavanagh DG. (1986) Deposition of ethanol and acetone vapors
in the upper respiratory tract of the rat. Fundam Appl Toxicol. 6(1); 78-88.
Morris JB and Cavanagh DG. (1987) Metabolism and deposition of propanol
and acetone vapors in the upper respiratory tract of the hamster. Fundam Appl
Toxicol. 9(1); 34-40.

Morris JB, Clay RJ, and Cavanagh DG. (1986) Species differences in upper
respiratory tract deposition of acetone and ethanol vapors. Fundam Appl
Toxicol. 7(4); 671-680.

43



38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

5l

52.

53.

54.

55.

44

Wikimedia. Wikimedia Commons. Available at: http://upload.wikimedia.org
Iwikipedia/commons/5/55/Lung_and_diaphragm.jpg. 2012.

Sato A. (1991) The effect of environmental factors on the pharmacokinetic
behaviour of organic solvent vapours. Ann Occup Hyg. 35(5); 525-541.
Truchon G, Brochu M, and Tardif R. (2009) Effect of Physical Exertion on the
Biological Monitoring of Exposure to Various Solvents Following Exposure by
Inhalation in Human Volunteers: Ill. Styrene. Journal of Occupational and
Environmental Hygiene. 6(8); 460-467.

Gandhi M, Aweeka F, Greenblatt RM, and Blaschke TF. (2004) Sex differences
in pharmacokinetics and pharmacodynamics. Annu Rev Pharmacol Toxicol. 44;
499-523.

Waxman DJ and Holloway MG. (2009) Sex differences in the expression of
hepatic drug metabolizing enzymes. Mol Pharmacol. 76(2); 215-228.

Pastino GM, Yap WY, and Carroquino M. (2000) Human variability and
susceptibility to trichloroethylene. Environ Health Perspect. 108 Suppl 2; 201-
214.

Bois FY, Jamei M, and Clewell HJ. (2010) PBPK modelling of inter-individual
variability in the pharmacokinetics of environmental chemicals. Toxicology.
278(3); 256-267.

McLanahan ED, El-Masri HA, Sweeney LM, et al. (2012) Physiologically
based pharmacokinetic model use in risk assessment--Why being published is
not enough. Toxicol Sci. 126(1); 5-15.

Ginsberg G, Slikker W, Jr., Bruckner J, and Sonawane B. (2004) Incorporating
children's toxicokinetics into a risk framework. Environ Health Perspect.
112(2); 272-283.

Clewell HJ, Teeguarden J, McDonald T, et al. (2002) Review and evaluation of
the potential impact of age- and gender-specific pharmacokinetic differences on
tissue dosimetry. Crit Rev Toxicol. 32(5); 329-389.

Miller MD, Marty MA, Arcus A, Brown J, Morry D, and Sandy M. (2002)
Differences between children and adults: implications for risk assessment at
California EPA. Int J Toxicol. 21(5); 403-418.

Friis-Hansen B. (1961) Body water compartments in children: changes during
growth and related changes in body composition. Pediatrics. 28; 169-181.
Friis-Hansen B. (1971) Body composition during growth. In vivo
measurements and biochemical data correlated to differential anatomical
growth. Pediatrics. 47(1); Suppl 2:264+.

Juberg DR, Dunston A, and Ross GL. (2003) Are children more vulnerable to
environmental chemicals? : scientific and regulatory issues in perspective. New
York: American Council on Science and Health.

Ginsberg G, Hattis D, Sonawane B, et al. (2002) Evaluation of child/adult
pharmacokinetic differences from a database derived from the therapeutic drug
literature. Toxicol Sci. 66(2); 185-200.

Besunder JB, Reed MD, and Blumer JL. (1988) Principles of drug
biodisposition in the neonate. A critical evaluation of the pharmacokinetic-
pharmacodynamic interface (Part I1). Clin Pharmacokinet. 14(5); 261-286.
Anderson BJ, McKee AD, and Holford NH. (1997) Size, myths and the clinical
pharmacokinetics of analgesia in paediatric patients. Clin Pharmacokinet. 33(5);
313-327.

Nadeau V, Truchon G, Brochu M, and Tardif R. (2006) Effect of physical
exertion on the biological monitoring of exposure of various solvents following
exposure by inhalation in human volunteers: I. Toluene. Journal of
Occupational and Environmental Hygiene. 3(9); 481-489.



56.

S7.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Guengerich FP and Shimada T. (1991) Oxidation of toxic and carcinogenic
chemicals by human cytochrome P-450 enzymes. Chem Res Toxicol. 4(4);
391-407.

Wrighton SA and Stevens JC. (1992) The human hepatic cytochromes P450
involved in drug metabolism. Crit Rev Toxicol. 22(1); 1-21.

Lof A, Johanson G, Rannug A, and Warholm M. (2000) Glutathione transferase
T1 phenotype affects the toxicokinetics of inhaled methyl chloride in human
volunteers. Pharmacogenetics. 10(7); 645-653.

Kalberlah F and Sneider K. (1998) Quantification of extrapolation factors. Final
report of the research project NO 116 06 113 of the Federal Environmental
Agency, Schriftenrieche der Bundensanstalt fir  Arbeitsschutz  und
Arbeitsmedizin-Forschung-FB797, Germany.

Nestorov 1. (2001) Modelling and simulation of variability and uncertainty in
toxicokinetics and pharmacokinetics. Toxicol Lett. 120(1-3); 411-420.
Andersen ME. (2003) Toxicokinetic modeling and its applications in chemical
risk assessment. Toxicol Lett. 138(1-2); 9-27.

Andersen ME, Clewell HJ, 3rd, Gargas ML, Smith FA, and Reitz RH. (1987)
Physiologically based pharmacokinetics and the risk assessment process for
methylene chloride. Toxicol Appl Pharmacol. 87(2); 185-205.

Delic JI, Lilly PD, MacDonald AJ, and Loizou GD. (2000) The utility of PBPK
in the safety assessment of chloroform and carbon tetrachloride. Regul Toxicol
Pharmacol. 32(2); 144-155.

Lipscomb JC, Haddad S, Poet T, and Krishnan K. (2012) Physiologically-based
pharmacokinetic (PBPK) models in toxicity testing and risk assessment. Adv
Exp Med Biol. 745; 76-95.

Bois FY. (2000) Statistical analysis of Fisher et al. PBPK model of
trichloroethylene kinetics. Environ Health Perspect. 108 Suppl 2; 275-282.
Bernillon P and Bois FY. (2000) Statistical issues in toxicokinetic modeling: a
bayesian perspective. Environ Health Perspect. 108 Suppl 5; 883-893.

Yuh L, Beal S, Davidian M, et al. (1994) Population Pharmacokinetic-
Pharmacodynamic Methodology and Applications - a Bibliography. Biometrics.
50(2); 566-575.

Smith A and Wakefield J. (1994) The hierarchical Bayesian approach to
population pharmacokinetic modelling. Int J Biomed Comput. 36(1-2); 35-42.
Sheiner LB. (1984) The population approach to pharmacokinetic data analysis:
rationale and standard data analysis methods. Drug Metab Rev. 15(1-2); 153-
171.

Bois FY. (2001) Applications of population approaches in toxicology. Toxicol
Lett. 120(1-3); 385-394.

Jonsson F and Johanson G. (2003) The Bayesian population approach to
physiological toxicokinetic-toxicodynamic models--an example using the
MCSim software. Toxicol Lett. 138(1-2); 143-150.

Gelman A, Bois F, and Jiang JM. (1996) Physiological pharmacokinetic
analysis using population modeling and informative prior distributions. Journal
of the American Statistical Association. 91(436); 1400-1412.

Gelman A and Rubin D. (1992) Inference from iterative simulation using
multiple sequences. Statistical Science. 7; 457-511.

Cowles MK and Carlin BP. (1996) Markov chain Monte Carlo convergence
diagnostics: A comparative review. Journal of the American Statistical
Association. 91(434); 883-904.

OECD. (2004) The 2004 OECD List of High Production VVolume Chemicals.

45



76.

77.

78.

79.
80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

46

Kalapos MP. (2003) On the mammalian acetone metabolism: from chemistry to
clinical implications. Biochim Biophys Acta. 1621(2); 122-139.

U.S. Environmental Protection Agency. (2003) Toxicological review of acetone
(CAS No. 67-64-1). May 2003 draft. Washington, DC.

Gentry PR, Covington TR, Clewell HJ, 3rd, and Anderson ME. (2003)
Application of a physiologically based pharmacokinetic model for reference
dose and reference concentration estimation for acetone. J Toxicol Environ
Health A. 66(23); 2209-2225.

ACGIH, Guide to Occupational Exposure Values. 2013.

U.S. Environmental Protection agency. (2005) Toxicological review of toluene
(CAS No. 108-88-3). September 2005 draft. Washington, DC.

Benignus VA, Boyes WK, and Bushnell PJ. (1998) A dosimetric analysis of
behavioral effects of acute toluene exposure in rats and humans. Toxicol Sci.
43(2); 186-195.

Benignus VA, Bushnell PJ, and Boyes WK. (2005) Toward cost-benefit
analysis of acute behavioral effects of toluene in humans. Risk Anal. 25(2);
447-456.

Haddad S, Tardif R, Charest-Tardif G, and Krishnan K. (1999) Physiological
modeling of the toxicokinetic interactions in a quaternary mixture of aromatic
hydrocarbons. Toxicol Appl Pharmacol. 161(3); 249-257.

Kim H, Wang RS, Elovaara E, et al. (1997) Cytochrome P450 isozymes
responsible for the metabolism of toluene and styrene in human liver
microsomes. Xenobiotica. 27(7); 657-665.

U.S. Environmental Protection Agency. (2005) Toluene. Integrated Risk
Information System (IRIS).

Savolainen H and Pfaffli P. (1977) Effects of chronic styrene inhalation on rat
brain protein metabolism. Acta Neuropathol. 40(3); 237-241.

Mutti A. (1988) Styrene exposure and serum prolactin. J Occup Med. 30(6);
481-482.

Rebert CS and Hall TA. (1994) The neuroepidemiology of styrene: a critical
review of representative literature. Crit Rev Toxicol. 24 Suppl; S57-106.

Murata K, Araki S, and Yokoyama K. (1991) Assessment of the peripheral,
central, and autonomic nervous system function in styrene workers. Am J Ind
Med. 20(6); 775-784.

U.S. Environmental Protection Agency. (1993) Styrene. Integrated Risk
Information System (IRIS).

U.S. Environmental Protection Agency. (1993). Toxicological review of methyl
chloride (CAS No. 74-87-3). June 2001. Washington, DC.

EPA U. (June 2001) Toxicological Review of Methyl Chloride.

Redford-Ellis M and Gowenlock AH. (1971) Studies on the reaction of
chloromethane with human blood. Acta Pharmacol Toxicol (Copenh). 30(1);
36-48.

Jonsson F and Johanson G. (2001) A Bayesian analysis of the influence of
GSTT1 polymorphism on the cancer risk estimate for dichloromethane. Toxicol
Appl Pharmacol. 174(2); 99-112.

Jonsson F and Johanson G. (2001) Bayesian estimation of variability in adipose
tissue blood flow in man by physiologically based pharmacokinetic modeling of
inhalation exposure to toluene. Toxicology. 157(3); 177-193.

U.S. Environmental Protection Agency. (2001) Methyl chloride. Integrated
Risk Information System (IRIS).



97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Ernstgard L, Gullstrand E, Johanson G, and Lof A. (1999) Toxicokinetic
interactions between orally ingested chlorzoxazone and inhaled acetone or
toluene in male volunteers. Toxicol Sci. 48(2); 189-196.

Wigaeus E, Holm S, and Astrand 1. (1981) Exposure to acetone. Uptake and
elimination in man. Scand J Work Environ Health. 7(2); 84-94.

Johanson G and Naslund PH. (1988) Spreadsheet programming--a new
approach in physiologically based modeling of solvent toxicokinetics. Toxicol
Lett. 41(2); 115-127.

Pierce CH, Dills RL, Morgan MS, Nothstein GL, Shen DD, and Kalman DA.
(1996) Interindividual differences in 2H8-toluene toxicokinetics assessed by
semiempirical physiologically based model. Toxicol Appl Pharmacol. 139(1);
49-61.

Carlsson A and Ljungquist E. (1982) Exposure to toluene: concentration in
subcutaneous adipose tissue. Scand J Work Environ Health. 8(1); 56-62.
Carlsson A. (1982) Exposure to toluene: uptake, distribution and elimination in
man. Scand J Work Environ Health. 8(1); 43-55.

Jonsson F and Johanson G. (2002) Physiologically based modeling of the
inhalation kinetics of styrene in humans using a bayesian population approach.
Toxicol Appl Pharmacol. 179(1); 35-49.

Astrand 1, Kilbom A, Ovrum P, Wahlberg I, and Vesterberg O. (1974)
Exposure to styrene. I. Concentration in alveolar air and blood at rest and
during exercise and metabolism. Work Environ Health. 11(2); 69-85.

Engstrom J, Bjurstrom R, Astrand I, and Ovrum P. (1978) Uptake, distribution
and elimination of styrene in man. Concentration in subcutaneous adipose
tissue. Scand J Work Environ Health. 4(4); 315-323.

Lof A and Johanson G. (1993) Dose-dependent Kinetics of inhaled styrene in
man. IARC Sci Publ(127); 89-99.

Jonsson F, Bois FY, and Johanson G. (2001) Assessing the reliability of PBPK
models using data from methyl chloride-exposed, non-conjugating human
subjects. Arch Toxicol. 75(4); 189-199.

Astrand 1, Ovrum P, and Carlsson A. (1975) Exposure to methylene chloride. |
Its concentration in alveolar air and blood during rest and exercise and its
metabolism. Scand J Work Environ Health. 1(2); 78-94.

Thier R, Delbanco EH, Wiebel FA, Hallier E, and Bolt HM. (1998)
Determination of glutathione transferase (GSTT1-1) activities in different
tissues based on formation of radioactive metabolites using 35S-glutathione.
Arch Toxicol. 72(12); 811-815.

Cotes JE. (1975) Lung function assesment and application in medicine.
London: Blackwell.

Droz PO, Wu MM, Cumberland WG, and Berode M. (1989) Variability in
biological monitoring of solvent exposure. I. Development of a population
physiological model. Br J Ind Med. 46(7); 447-460.

Carlin BP and Louis TA. (2000) Bayes and empirical Bayes methods for data
analysis. 2. ed. Texts in statistics science series,. Boca Raton: Chapman &
Hall/CRC.

Lunn DJ and Aarons L. (1998) The pharmacokinetics of saquinavir: a Markov
chain Monte Carlo population analysis. J Pharmacokinet Biopharm. 26(1); 47-
74.

Lunn DJ, Best N, Thomas A, Wakefield J, and Spiegelhalter D. (2002)
Bayesian analysis of population PK/PD models: general concepts and software.
J Pharmacokinet Pharmacodyn. 29(3); 271-307.

47



115.

116.

117.

118.
119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

48

Bois FY and Maszle DR. (1997) MCSim: A Monte Carlo Simulation Program.
J. Stat. Software [electronic publication]. 2; 1-60.

Smith BJ, Bayesian Output Analysis Program (BOA). 2005, The University of
lowa.

ICRP. (2002) Basic anatomical and physiological data for use in radiological
protection: reference values. A report of age- and gender-related differences in
the anatomical and physiological characteristics of reference individuals. ICRP
Publication 89. Ann ICRP. 32(3-4); 5-265.

Statistics 2006. Statistics Sweden.

Warholm M, Alexandrie AK, Hogberg J, Sigvardsson K, and Rannug A. (1994)
Polymorphic distribution of glutathione transferase activity with methyl
chloride in human blood. Pharmacogenetics. 4(6); 307-311.

Hedenstierna G. (2005) Effects of body position on ventilation/perfusion
matching. Anaesthesia, Pain, Intensive Care and Emergency Medicine -
A.P.I.C.E., ed. A. Gullo. Springer Verlag: Milan.

Astrand 1, (1983) Effect of physical exercise on uptake, distribution and
elimination of vapours in man, in Modelling of Inhalation Exposure of
Vapours: Uptake, Distribution and Elimination, V. Fiserova-Bergerova, Editor.
CRC Press: Boca Raton, Florida.

Hopkins SR. (2006) Exercise induced arterial hypoxemia: the role of
ventilation-perfusion inequality and pulmonary diffusion limitation. Adv Exp
Med Biol. 588; 17-30.

Hopkins SR, McKenzie DC, Schoene RB, Glenny RW, and Robertson HT.
(1994) Pulmonary gas exchange during exercise in athletes. I. Ventilation-
perfusion mismatch and diffusion limitation. J Appl Physiol. 77(2); 912-917.
Hedenstierna G, Freyschuss U, Hedlin G, Thoren C, and Wallgren G. (1982)
Ventilation-perfusion relationships in children. Clin Physiol. 2(3); 181-188.
Clewell HJ, 3rd, Gentry PR, Gearhart JM, Covington TR, Banton MI, and
Andersen ME. (2001) Development of a physiologically based pharmacokinetic
model of isopropanol and its metabolite acetone. Toxicol Sci. 63(2); 160-172.
Kumagai S and Matsunaga 1. (1995) Physiologically based pharmacokinetic
model for acetone. Occup Environ Med. 52(5); 344-352.

Clewell RA and Clewell HJ, 3rd. (2008) Development and specification of
physiologically based pharmacokinetic models for use in risk assessment. Regul
Toxicol Pharmacol. 50(1); 129-143.

Jonsson F, Jonsson EN, Bois FY, and Marshall S. (2007) The application of a
Bayesian approach to the analysis of a complex, mechanistically based model. J
Biopharm Stat. 17(1); 65-92.

Jonsson F. (2001) Physiologically based pharmacokinetic modeling in risk
assessment. Development of Bayesian population methods. Thesis. Arbete och
Hélsa. 6.

Niedhammer I, Saurel-Cubizolles MJ, Piciotti M, and Bonenfant S. (2000) How
is sex considered in recent epidemiological publications on occupational risks?
Occup Environ Med. 57(8); 521-527.

Vahter M, Gochfeld M, Casati B, et al. (2007) Implications of gender
differences for human health risk assessment and toxicology. Environ Res.
104(1); 70-84.

Ernstgard L, Norbéack D, Nordquist T, Wieslander G, Walinder R, and Johanson
G. (2013) Acute effects of exposure to vapors of 3-methyl-1-butanol in humans.
Indoor Air. 23(3); 227-235.

Ernstgard L, Sjogren B, and Johanson G. (2012) Acute effects of exposure to
vapors of hydrogen peroxide in humans. Toxicol Lett. 212(2); 222-227.



134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

Ernstgard L, Iregren A, Juran S, Sjogren B, van Thriel C, and Johanson G.
(2009) Acute effects of exposure to vapours of standard and dearomatized white
spirits in humans. 2. Irritation and inflammation. J Appl Toxicol. 29(3); 263-
274.

Walinder R, Ernstgard L, Norback D, Wieslander G, and Johanson G. (2008)
Acute effects of 1-octen-3-ol, a microbial volatile organic compound (MVOC)-
-an experimental study. Toxicol Lett. 181(3); 141-147.

Fiserova-Bergerova V, (1983) Physiological models for pulmonary
administration and elimination of inert vapors and gases, in Modelling of
Inhalation Exposure of Vapours: Uptake, Distribution and Elimination, V.
Fiserova-Bergerova, Editor. CRC Press: Boca Raton, Florida.

SIAR. (1998) SIDS Initial Assessment Report (SIAR) for the 7th SIAM.
Acetone. Presented in Sydney, Australia. March.

Gamis AS and Wasserman GS. (1988) Acute acetone intoxication in a pediatric
patient. Pediatr Emerg Care. 4; 24-26.

Kossoff EH, Pyzik PL, McGrogan JR, Vining E, and Freeman JM. (2002)
Efficacy of the ketogenic diet for infantile spasms. Pediatrics. 109(5); 780-783.
Clewell HJ, Gentry PR, Covington TR, Sarangapani R, and Teeguarden JG.
(2004) Evaluation of the potential impact of age- and gender-specific
pharmacokinetic differences on tissue dosimetry. Toxicological Sciences. 79(2);
381-393.

Nong A and Krishnan K. (2007) Estimation of interindividual pharmacokinetic
variability factor for inhaled volatile organic chemicals using a probability-
bounds approach. Regulatory Toxicology and Pharmacology. 48(1); 93-101.
Nong A, McCarver DG, Hines RN, and Krishnan K. (2006) Modeling
interchild differences in pharmacokinetics on the basis of subject-specific data
on physiology and hepatic CYP2E1 levels: A case study with toluene.
Toxicology and Applied Pharmacology. 214(1); 78-87.

Pelekis M, Nicolich MJ, and Gauthier JS. (2003) Probabilistic framework for
the estimation of the adult and child toxicokinetic intraspecies uncertainty
factors. Risk Analysis. 23(6); 1239-1255.

Sarangapani R, Gentry PR, Covington TR, Teeguarden JG, and Clewell HJ,
3rd. (2003) Evaluation of the potential impact of age- and gender-specific lung
morphology and ventilation rate on the dosimetry of vapors. Inhal Toxicol.
15(10); 987-1016.

Valcke M and Krishnan K. (2010) An Assessment of the Interindividual
Variability of Internal Dosimetry during Multi-Route Exposure to Drinking
Water Contaminants. International Journal of Environmental Research and
Public Health. 7(11); 4002-4022.

Valcke M and Krishnan K. (2011) Assessing the impact of the duration and
intensity of inhalation exposure on the magnitude of the variability of internal
dose metrics in children and adults. Inhalation Toxicology. 23(14); 863-877.
Valcke M and Krishnan K. (2011) An assessment of the impact of physico-
chemical and biochemical characteristics on the human Kkinetic adjustment
factor for systemic toxicants. Toxicology. 286(1-3); 36-47.

Valcke M and Krishnan K. (2011) Evaluation of the impact of the exposure
route on the human kinetic adjustment factor. Regulatory Toxicology and
Pharmacology. 59(2); 258-269.

49



