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1.0 Description of Project 
 

This project has several purposes including the review of existing physiologically-
based pharmacokinetic (PBPK) models for toluene, the use of PBPK models to facilitate 
the interpretation of the human biomonitoring data for toluene and, finally, the estimation 
of human blood and milk concentrations that could correlate with measured or modeled 
exposure data for toluene.  
 
2.0 Literature Review for Human Pharmacokinetics  
 
2.1 Literature Review of Available PBPK Models  
  

The assessment of information regarding human data on inhalation 
pharmacokinetics of toluene was performed using TOXLINE via National Library of 
Medicine, occupational health and biological monitoring literature as well as the 
contractor’s knowledge of published work in this area.   
 

Three lead researchers have been involved in developing human PBPK models 
for toluene, namely, Pierce, Jang and Tardif.  
 

The models constructed by Pierce et al. (1996) are individual-specific but suffer 
from the parameter estimation methods.  These authors estimated pulmonary metabolism 
rate and the blood flow rate to adipose tissues for individual subjects by model fitting. 
The basic biochemical parameters in the model – namely Vmax and Km for hepatic 
metabolism, however, were derived from a previous University of Montreal study, Tardif 
et al. (1993).  The modeling effort by Pierce et al. (1998) was identical to their own 1996 
work, using fitted values of adipose blood flow rates and extrahepatic metabolism rates 
for individual subjects.  The estimation of blood flow rates by fitting is not a preferred 
practice in PBPK modeling.  Therefore, this model and parameter sets are of limited use 
in the present context. 
 

The human models for toluene developed by Jang and Droz (1996) and Jang et al. 
(1999) were based on the metabolic constants determined by Purcell et al. (1990) in an 
animal study, as well as that of Tardif et al. (1993).  The model structure and conceptual 
framework of these models were very similar to those developed by Tardif et al. (1993a, 
1995), with the difference being that Jang and co-workers used very limited blood data 
for validation purposes (i.e., concentration determined in workers at 0.5 hr and 15 hr after 
toluene exposure) whereas Tardif et al. (1993a, 1995) used time-course data following 
more than one exposure concentration for validation purposes.  As a result, we chose to 
use Tardif et al. (1995)’s toluene model in the present project.  The Tardif models have 
been previously used by EPA scientists (Beningus et al. 1998) for conducting dosimetric 
analysis of behavioral effects of acute toluene exposure in rats and humans.  The 
chemical-specific model parameters used in toluene PBPK model for humans are as 
follows:  
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Toluene - partition coefficients 
 

Blood:air       15.6 
Liver:air       83.6 
Fat:air        1021.0 
Richly perfused tissues:air     83.6 
Poorly perfused tissues:air     27.7 

 
Toluene - metabolism constants 
 
 Liver Vmax (mg/hr/kg)      4.8 
 Liver Km (mg/L)      0.55 

 
Table 2.1 presents a summary of the human pharmacokinetic studies, in which 

toluene blood concentrations were measured following inhalation exposures.  These data 
are potentially useful for two purposes: (1) for validating the human PBPK models, and 
(2) to examine the relationship between blood concentration and exposure concentration 
in exposed individuals.   
 

Table 2.1 Controlled human volunteer studies of Toluene BTX pharmacokinetics 
 

Exposure Concentration Exposure -Sampling 
Duration 

Reference 

50 ppm 2 hr Pierce et al. (1998) 
17 ppm 7 hr Tardif et al. (1997) 
1550 – 2500 ug/m3 21 hr Wallace et al. (1997) 
21-66 ppm 7 h/d, 3 days Lapare et al. (1993) 
50 ppm 7 hr Tardif et al. (1991) 
95 ppm 4 hr Tardif et al. (1991) 
3.2 mmol/m3 240 – 420 min Wigaeus-Hjelm (1988) 
3.25 mmol/m3 240 – 420 min Wallen (1986) 
2.17 & 3.24 mmol/m3 250 - 360 min  Wallen et al. (1985) 
184 – 332 ppm 2 weeks Konietzko et al. (1980) 
50, 100, 125,  
150 and 200 ppm 

240 - 480 min Veulemans &Masschelein 
(1978) 

100 & 200 ppm  30 – 90 min Astrand et al. (1972) 
 
 
2.2 Reconstruction of Human PBPK models for Toluene 
 

This section discusses the reconstruction of the human PBPK models for toluene 
(into Microsoft EXCEL® and Advanced Continuous Simulation Language (ACSL®)) 
and the successful reproduction of previously published simulations of toluene kinetics in 
humans. 
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The PBPK model used in this study describes the organism as a set of tissue 
compartments interconnected by systemic circulation and a gas-exchange lung (Figure 
2.1).  The compartments refer to liver, slowly perfused tissues, richly perfused tissues and 
adipose tissue (fat).  The rate of change in the amount of toluene in each non-
metabolizing tissue compartment is described as follows (Note: all abbreviations are 
defined in the legend for Figure 3.2): 
 

)( vtat
t

t CCQ
dt

dCV −=           (1) 

 
The rate of change in toluene concentration in liver is described as follows: 
 

dt
dA

dt
dACCQ

dt
dCV bmmet

vtat
t

t −−−= )]([        (2) 

 
In lay terms, the above equation signifies: 
 

Rate of change in the amount of the chemical in the tissue = (blood flow x 
arteriovenous concentration difference) – rate of loss due to metabolism 

 
The rate of the amount metabolized was described as a saturable process as follows: 
 

vtm

vtmaxmet

CK
CV
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+
=        (3) 

 
In the toluene PBPK model, the mixed venous blood concentration has been calculated as 
follows: 
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The above equation represents the steady-state solution of the mass-balance differential 
equation for venous blood:  
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The arterial blood concentration of toluene is computed with the following equation: 
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The toluene PBPK model is comprised of the above equations, which are interconnected 
as shown in Figure 2.2. 
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FIGURE 2.1:  Conceptual representation of the PBPK model for toluene.  
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FIGURE 2.2: Conceptual and fundamental representations of the PBPK model for 
toluene 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Legend:  Cinh and Calv refer to inhaled and exhaled toluene concentrations. Cv and Ca refer to venous and 
arterial blood concentrations. Pb refers to blood:air partition coefficient.  Qp and Qc refer to alveolar 
ventilation and cardiac output. Cvi, Vi, Pi, Ai and Qi refer to venous blood concentrations leaving tissue 
compartments, tissue volumes, tissue:blood partition coefficients, amount in tissues and blood flow to 
tissues (i.e., f: adipose tissue, s: slowly perfused tissues, r: richly perfused tissues, and l: liver). Vmax, Km 
and Amet refer to the maximal velocity of metabolism, Michaëlis affinity constant, and amount 
metabolized.  dt refers to integration interval.   
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3.0 PBPK Modeling Results  
 

This section describes how the existing PBPK models for toluene were expanded 
and utilized for the Toluene VCCEP Exposure and Risk Assessments.  This includes the 
expansion of the existing rat and human inhalation models to include the oral route of 
exposure and the estimation of human milk concentrations and lactational transfer of 
toluene. 

 
3.1 Rat Model with Integrated Oral Dosing Route  
 

The PBPK model of Tardif et al. (1993a) for toluene inhalation exposure in rats 
was implemented in MS Excel® with physiological and physicochemical parameters as 
described in Tables 1 and 2 of that publication.  The model was modified to incorporate 
oral dosing by adding a virtual gastrointestinal tract compartment with a first-order 
absorption process to the liver.  The model was parameterized against two sets of data. 
 

First, to confirm that the model was implemented correctly, predictions from the 
model were compared to results reported in Tardif et al. (1993a), Figure 2A, which 
showed blood data and model simulations of 5-hr rat inhalation exposure to three 
concentrations of toluene.  Figure 3.1 reproduces Figure 2A from Tardif et al. (1993a) 
and presents the results of the same simulation using the current model implementation:  
the curves are identical.   
 

Second, to parameterize the absorption from oral dosing, the gastrointestinal 
absorption rate was calibrated visually against data from Sullivan and Conolly (1988) for 
the time course of blood toluene concentrations following oral gavage at four different 
dose levels in Sprague-Dawley rats.  The absorption rate from the rat gastrointestinal tract 
was adjusted to result in peak blood concentrations between 2 and 2.5 hours post-gavage, 
as reflected in the Sullivan and Conolly (1988) data set.  All other parameters were 
retained as reported by Tardif et al. (1993a).  Figure 3.2 presents a comparison of Figure 
2 from Sullivan and Conolly (1988) (which shows measured values and a set of fitted 
empirical curves) and model predictions from the current modified PBPK model 
incorporating the oral dosing route.  The maximal levels attained and the general 
behavior of the curves matched the experimental data well. 
 

The parameters used in the rat oral and inhalation toluene PBPK model are 
presented in Table 3.1.   
 
3.2 Adult Human Model with Integrated Oral Dosing Route 
 

The validated human PBPK model of Tardif et al. (1995) with parameters as 
reported by Nong et al. (2006, Table 1) for toluene inhalation exposure was similarly 
implemented in MS Excel® with parameters identical to those reported in the 
publication.  This model was modified in the same way as the rat model to incorporate 
the oral dosing route.  The model was validated for inhalation exposure by simulating a 
data set from Pierce et al. (1998) (see Figure 3.3).  The model was able to accurately 
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reproduce the central tendency of the measured blood and exhaled air concentrations in 
volunteers exposed to 50 ppm toluene for 2 hours. 
 

However, very few data were available for validation of the oral dosing 
component of the model.  Only one data set was found reporting on controlled oral 
exposure to toluene.  Baelum et al. (1993) administered toluene at measured drip rates for 
specified periods of time to human volunteers via nasal-gastric tube and measured the 
concentration of toluene in exhaled “alveolar” air samples; blood samples were not taken.  
The experiment involved 1 or 4 individuals, depending on the dose rates administered.  
At the dose level with 4 individuals sampled, the measured air levels varied by more than 
3 orders of magnitude among the four individuals examined, and are essentially 
uninformative about true air or blood concentrations.  However, the data do indicate an 
apparent time course for the maximal concentrations following the exposure regimen that 
is similar across 3 of the 4 individuals, peaking approximately 15 to 30 minutes following 
cessation of exposure.  This time course was used to calibrate the oral absorption rate to 
liver in the human model.  The resulting predicted blood and air levels were within, but 
on the higher end, of the reported range of exhaled air concentrations from Baelum et al. 
(1993).  The full set of model parameters for the adult human model is included in Table 
3.1.   
 
3.3 Infant and Child Models with CYP2E1-Related Vmax (Implementation of 

Nong et al. 2006) 
 

Nong et al. (2006) recently published a quantitative analysis of the impact of the 
time course of ontogeny of CYP2E1 in infants and children on the predicted 
pharmacokinetics of toluene.  Nong et al. (2006) implemented PBPK models using age-
specific physical parameters and the previously-established physicochemical parameters 
for toluene.  The maximal metabolism rate, Vmax, was calibrated based on data on hepatic 
CYP2E1content in samples collected from autopsies of infants and children of varying 
ages (from Johnsrud et al. 2003).   Vmax for each age was estimated as a fraction of the 
adult Vmax based on the relative amount of total hepatic CYP2E1 (hepatic protein 
concentration times liver volume, VL) for that age compared to adults: 
 

adult
adultLadult

childLchild
child V

VECYP
VECYP

V max_
_

_
max_ ]12[

]12[
=  

 
Nong et al. (2006) reported the means and ranges for all relevant physiological 

parameters for four age groups:  neonates (<1 month), infants (1 m to 1 yr, parameters 
corresponding to approximately 6 to 8 months old), children (1 to 11 yrs, parameters 
corresponding to approximately a 3-yr-old), and adolescents (12 to 17 yrs).  Using these 
reported means and ranges, a PBPK model for two additional age groups of 1 to 3 months 
and 6 to 12 yrs (parameters corresponding to approximately a 9-yr-old) were 
implemented to correspond to the additional age groups of interest for the VCCEP 
exposure and risk assessment.  The absorption rate from the gastrointestinal tract to liver 
was fixed at the same rate identified above for the adult human model.  The full set of 
parameters for all of the age group models is presented in Table 3.1.  The models were 
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implemented in MS Excel® and tested against results reported in Nong et al. (2006) to 
ensure that implementation was correct. 
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Table 3.1:  Model parameters for integrated oral and inhalation PBPK models for rats and humans across different ages. 

Parameter Rata Adultb 
Neonate  
(<1m)c 

Infant  
(1 to 3m)d 

Infant 
(4m to 1y)c 

Child  
(1 to 5y)c 

Child 
(6-13y)d 

Adolescent 
(14 to 18y)c 

Physiological parameters         
Body weight (kg) 0.25 70 1.8 3 8 20.9 30 62.1 
Tissue Volumes (L)         
 Liver 0.01225 1.82 0.07 0.1 0.23 0.61 1 1.42 
 Fat 0.0225 13.3 0.36 0.6 0.84 3.57 5.5 11.43 
 Richly perfused 0.0125 3.5 0.74 1 1.84 2.88 3.3 5.12 
 Poorly perfused 0.18 43.4 0.35 0.5 2.02 11.38 16.5 37.85 
Cardiac output (L/hr) 5.3 417.60 19.80 29.4 69.00 218.40 263.4 400.20 
Alveolar ventilation (L/hr) 5.3 417.60 27.00 39.0 56.4 142.2 200 374.40 
GI Tract emptying rate (hr-1)e 0.23 0.69 
Tissue blood flow rates (L/hr)         
 Liver 1.33 108.58 5.40 7.2 10.80 28.80 42 82.20 
 Fat 0.48 20.88 1.80 2.4 5.40 17.40 19.8 26.40 
 Richly perfused 2.70 183.74 12.00 18 48.60 145.20 159 201.00 
 Poorly perfused 0.80 104.40 0.60 1.8 4.20 27.00 42.6 90.60 
         
Partition coefficients         
 Blood:air 18 15.6 
 Liver:blood 4.64 2.98 
 Fat:blood 56.7 65.8 
 Richly perfused:blood 4.64 2.66 
 Poorly perfused:blood 1.54 1.37 
         
Metabolic constants         
 Vmax  (mg/hr) 1.7 116.2 0.8 2.0 12.1 34.6 60 115.3 
 Km (mg/L) 0.55   0.55  
a From Tardif et al. (1993a) 
b From Tardif et al. (1995) and Nong et al. (2006) 
c From Nong et al. (2006), Table 1 
d Interpolated from Nong et al. (2006), Table 1 
e Fit to data sets as described in text 
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Figure 3.1:  Replication of Tardif et al. (1993a) PBPK model simulations.  Panel A, Figure 2A from Tardif et al. (1993a), shows 
data and model simulations for 5 hours of inhalation exposure at 75, 150, and 225 ppm.  Panel B demonstrates replication of 
the model. 
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Figure 3.2:  Verification of rat oral toluene PBPK model.  Panel A displays measured blood concentrations following gavage 
dosing with 86.7, 216.7, 433.4, or 866.7 mg/kg in Sprague-Dawley rats (Figure 2 from Sullivan and Conolly 1988).  Note the 
wide spread in measured blood concentrations at each time point and dose level.  Panel B displays the predicted blood 
concentration profiles for the same gavage doses using the rat inhalation PBPK model as modified to include a gastrointestinal 
compartment and first-order absorption to the liver.   
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Figure 3.3:  Verification of human oral toluene PBPK model.  Panel A displays data for 33 individuals exposed to 50 ppm (188 
mg/m3) toluene for 2 hours (Pierce et al., 1998).  Model results in Panel B were generated using the Tardif et al. (1995) PBPK 
model as described in the text. 
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3.4 PBPK modeling of human lactational (milk) transfer of Toluene 
 

The objectives of this work were: (1) to reconstruct the PBPK model for 
simulating lactational transfer of toluene, and (2) to calculate toluene dose ingested by 
infants through the nursing exposure pathway.  The milk concentrations and infant 
exposure dose associated with maternal exposure to toluene were obtained using human 
PBPK models.  The maternal exposure data used in this modeling is from the Toluene 
VCCEP Exposure Assessment (Section 7).  
 

The PBPK model was used to simulate the lactational transfer of toluene based on 
information on maternal exposure from Toluene VCCEP Exposure Assessment (Section 
7).  The exposure concentration and duration specified in the model are presented in 
Table 3.2.   

 
The simulation of breast feeding and lactational transfer of toluene was done 

according to a conservative schedule described by Fisher et al. (1997).  Accordingly, 
during the workday, the mother was assumed to be exposed at the respective workplace 
TWA concentrations for 8 hours and background concentrations of toluene for the 
remainder of the day.  Eight nursing events were assumed to occur each day, lasting 12 
minutes each, with 115 mL of milk ingested per nursing event, yielding a daily milk 
consumption of 0.92 L.  Three individual nursing events were assumed to occur during 
working hours and the remainder five nursing events were assumed to occur after 
working hours.  The nursing events that occurred during working hours all occurred after 
the toluene blood concentrations had reached steady-state with the workplace exposures 
and occurred at 2.1, 4.1 and 7.1 hours into the workday.  The remaining five nursing 
events occurred at 2, 5, 10, 13 and 15 hours post-work-shift.  If the working day were 
assumed to begin at 8:00 a.m., this would amount to nursing events occurring at 2:00 
a.m., 5:00 a.m., 7:00 a.m., 10:00 a.m., 12:00 p.m., 3:00 p.m., 6:00 p.m., and 9:00 p.m.  
The exposure concentration and duration specified in the model are presented in Table 
3.2.   

 
Table 3.2.  Summary of Mothers’ Toluene Exposures  

 

Exposure Scenario 

Milk 
Concentration 
(μg/L) 

Mother’s 
Exposure 
Duration  
(hrs) 

Rural, typical 0.0019 24 
Rural, high end 0.0069 24 
Urban, typical 0.0022 24 
Urban, high end 0.0077 24 
Occupational, Typical 24 8 
-      Background, Urban typical 0.021 16 
Occupational, high end 87 8 
-     Background, Urban high end 0.065 16 
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All parameters for the PBPK model of toluene were obtained from Fisher et al. 
(1997), except the metabolic rate constants for toluenee which were obtained from Tardif 
et al. (1995).  The Fisher et al. (1997) model was reproduced successfully before using it 
to simulate the lactational transfer of toluene according to the defined exposure scenarios. 
The parameters of the model and the simulations of lactational transfer are included in 
Section 3.5.  Additionally, all model codes in MS Excel® and modeling results are 
recorded in the Compact Disc accompanying this report.  

 
The PBPK modeling results are presented in Table 3.3.  The model predicted that 

the mass of toluene transferred via human milk in the lactating mother ranges 2.6 x 10-5 
mg/kg/day for a 3-12 month old of a typically exposed rural mother to 7.4 x 10-2 for a 7-
12 week old child of an upper-bound occupational exposed, urban mother. 
 

Table 3.3. PBPK model predictions of amount transferred to milk  
in lactating mothers exposed to toluene.   

Exposure Category 

Mass of 
Toluene 

Consumed by 
Child 

(mg/day) 

0-6 wk 
Dose 

mg/kg-d 

7-12 wk 
Dose 

mg/kg-d 

3 – 12 
months 
Dose 

mg/kg-d 

Rural, typical 0.0002 6.1E-05 4.1E-05 2.6E-05
Rural, Upper Bound 0.0008 2.2E-04 1.5E-04 9.5E-05
Urban, typical 0.0003 7.0E-05 4.7E-05 3.0E-05
Urban, Upper Bound 0.0009 2.5E-04 1.6E-04 1.1E-04
Occupational, Typical 

Background, Urban typical 0.1 7.0E-05 2.0E-02 1.3E-02 

Occupational, Upper Bound 
Background, Urban Upper Bound

0.4 2.5E-04 7.4E-02 4.8E-02 

* Note that the human milk ingestion rate is similar across age groups, thus for each age 
group, the dose was calculated by dividing the mass ingested by the age-specific body 
weights. 
 
3.5 Model Parameters and the Simulations of Lactational Transfer  
 

In order to establish the amount transferred via milk following inhalation 
exposure to toluene, the contractor used the PBPK model and the parameters published 
by Fisher et al. (1997).  These PBPK models describe the lactating mother as a set of 
tissue and milk compartments interconnected by systemic circulation and a gas-exchange 
lung.  The tissue compartments refer to liver, slowly perfused tissues, richly perfused 
tissues and adipose tissue (fat).  The rate of change in the amount of toluene in each non-
metabolizing tissue compartment was described as follows (Note: all abbreviations are 
defined following Equation 14): 
 

)( vtat
t

t CCQ
dt

dCV −=           (7) 

 



Toluene VCCEP Submission   
Appendix C - PBPK Modeling   

18

 The rate of change in toluene concentration in liver was described as follows: 
 

dt
dACCQ

dt
dCV met

vtat
t

t −−= )]([         (8) 

 
In lay terms, the above equation signifies: 
 

Rate of change in the amount of the chemical in the tissue = (blood flow x 
arteriovenous concentration difference) – rate of loss due to metabolism 

 
The rate of the amount metabolized was described as a saturable process as follows: 
 

vtm

vtmaxmet

CK
CV

dt
dA

+
=        (9) 

 
 
 The mixed venous blood concentration of toluene was calculated as follows: 
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The above equation represents the steady-state solution of the mass-balance differential 
equation for venous blood:  
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The arterial blood concentration of toluene was computed with the following 

equation: 
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The equation describing the rate of change in the amount of toluene in breast milk 
(mg/hr) was calculated as: 

 
RAmilk = Qm (Ca – Cvm) – Rnurse     (13) 
 
where, 
 
Rnurse = Cmilk x Vmilk x Nurse x Szone    (14) 
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The amount of milk in the mammary tissue lumen was computed as the difference 
between the rate of production and rate of loss.  The loss rate was set equal to the nursing 
rate and the volume of milk in the mammary tissue. 
 

In the above equations, Cinh, Cv and Ca refer to inhaled, venous and arterial 
blood concentrations of toluene. Pb refers to blood:air partition coefficient.  Qp and Qc 
refer to alveolar ventilation and cardiac output. Cvi, Vi, Pi, Ai and Qi refer to venous 
blood concentrations leaving tissue compartments, tissue volumes, tissue:blood partition 
coefficients, amount in tissues and blood flow to tissues (t) . Vmax, Km and Amet refer 
to the maximal velocity of metabolism, Michaëlis affinity constant, and amount 
metabolized.  dt refers to integration interval. 

 
Regarding the milk-related parameters, the abbreviations are as follows: 

 
RAmilk = rate of change in amount of chemical in breast milk 
Rnurse = rate of change in amount of chemical ingested by nursing infant 
Cmilk = concentration of chemical in breast milk 
Vmilk = volume of milk currently in the mammary tissue lumen 
Nurse = infant nursing rate 
Szone = switch function to turn on or turn off the nursing over a 24-hr period 
Cvm = venous blood leaving the milk compartment 
Qm = blood flow to the mammary tissue 



Toluene VCCEP Submission   
Appendix C - PBPK Modeling   

20

4.0 References 
 
Angerer J, Scherer G, Schaller KH and Muller J. (1991). The determination of benzene in 
human blood as an indicator of environmental exposure to volatile aromatic compounds.  
Fresenius J Anal Chem 339: 740-742.  
 
Ashley DL, Bonin MA, Cardinali FL, McCraw JM and Wooten JV. (1994). Blood 
concentrations of volatile organic chemicals in a non-occupationally exposed US 
population and in groups with suspected exposure.  Clin Chem 40: 1401-1404. 
 
Astrand, I., Ehrner-Samuel, H., Kilbom, A. and Ovrum, P. (1972).  Toluene exposure I. 
Concentration in alveolar air and blood at rest and during exercise.  Work-Environ. 
Health. 9, pp. 119-130. 
 
Astrand I, Engstrom J and Ovrum P. (1978).  Exposure to xylene and ethylbenzene. I, 
uptake, distribution and elimination in man.  Scan J Work Environ Health 4: 185-194. 
 
Baelum, J., Molhave, L., Honore Hansen, S., and Dossing, M.  1993.  Hepatic 
metabolism of toluene after gastrointestinal uptake in humans. Scand J Work Environ 
Health 19: 55-62. 

Baker GL. 1969. Human adipose tissue composition and age.  American Journal of 
Clinical Nutrition 22: 829-835. 
 
Benignus, V. A., Boyes, W. K., and Bushnell, P. J. (1998). A dosimetric analysis of 
behavioral effects of acute toluene exposure in rats and humans. Toxicol Sci. 43, 186-
195. 
 
Bonate, H. A., Swann, A., and Silverman, P. B. (1996). Simulation of toluene kinetics in 
the rat by a physiologically based pharmacokinetic model with application of 
biotransformation parameters derived independently in vitro and in vivo. J Pharmaceut 
Sci 85, 878-883. 
 
Brugnone, F., Gobbi, M., ayyad, K., Giuliari., C., Cerpelloni, M. and Perbellini, L.  
(1995).  Blood toluene as a biological index of environmental toluene exposure in the 
“normal” population and in occupationally exposed workers immediately after exposure 
and 16 hours later.  Int. Arch. Occup. Environ. Health.  66, pp. 421-425.  
 
Brugnone, F., Perbellini, L., Faccini, G.B., Pasini, F., Maranelli, G., Romeo, L., Gobbi, 
M. and Zedde, A.  (1989).  Breath and blood levels of benzene, toluene, cumene and 
styrene in non-occupational exposure.  Int. Arch. Occup. Environ. Health. 61, pp. 303-
311. 
 
Brugnone, F., Perbellini, L., Remeo, L., Bianchin, M., Tonello, A., Pianalto, G., Zambon, 
D., and Zanon, G.  (1998).  Benzene in environmental air and human blood.  Int. Arch. 
Environ. Health. 71, pp. 554-559. 
 



Toluene VCCEP Submission   
Appendix C - PBPK Modeling   

21

Brugnone, F., Perbellini, L., Romeo, L., Cerpelloni, M.,  Bianchin, M., amd Tonello, A. 
(1999).  Benzene in Blood as a Biomarker of low level Occupational Exposure.  Sci. 
Total. Environ.  235, pp.247-252. 
 
Brugnone, F., Perbellini, L., Faccini, G.B., Pasini, F., Danzl, B., Maranell, G., Romeo, L., 
Gobbi, M., and Zedde, A.  (1989).  Benzene in the Blood and Breath of Normal People 
and Occupationally Exposed Workers.  Amer. J. Ind. Med.  16, 385-399. 
 
Brugnone, F., Perbellini, L., Maranelli, G., Romeo, L., Guglielmi, G., and Lombardini, F. 
(1992).  References value for Blood Benzene in the Occupationally Unexposed General 
Population.  Int. arch. Occup. Environ. Health.  64, 179-184.   
 
Chriske HW, Brockus A and Ewers U. (1991). Arbeitsmed. Sozialmed. Praventimed. 26: 
483-485. 
 
de Jongh, J., and Blaauboer, B. J. (1996). Simulation of toluene kinetics in    the rat by a 
physiologically based pharmacokinetic model with application of biotransformation 
parameters derived independently in vitro and in vivo. Fundamental and Applied 
Toxicology 32, 260-268. 
 
Droz, P.O., Cumberland, W.G. and Berode, M. (1989). Variability in biological 
monitoring of solvent exposure.  I. Development of population physiological model.  Br J 
Ind Med 46: 447-460. 
 
Fisher J, Mahle D, Bankston L, Greene R and Gearhart J. 1997. Lactational transfer of 
volatile chemicals in breast milk. American Industrial Hygiene Association  Journal 58: 
425-431. 
 
Fustinoni, S., Buratti, M., Giampiccolo, R., Colombi, A. (1996). Med Lav 87 : 63-75 
 
Gargas, M. L., Burgess, R. J., Voisard, D. E., Cason, G. H., and Andersen, M. E. (1989). 
Partition coefficients of low-molecular-weight volatile chemicals in various liquids and 
tissues. Toxicol Appl.Pharmacol. 98, 87-99. 
 
Goergens HW, Kurosinski I, Hahimiragha H, U. Ewers and A. Brockhaus.  (1991). 
Arbeitsmed. Sozialmed. Praventimed. 26: 50-54. 
 
Haddad, S., Tardif, R., Viau, C., and Krishnan, K. (1999). A modeling approach to 
account for toxicokinetic interactions in the calculation of biological hazard index for 
chemical mixtures. Toxicol Lett. 108, 303-308. 

Haddad, S., Beliveau, M., Tardif, R., and Krishnan, K. (2001). A PBPK modeling-based 
approach to account for interactions in the health risk assessment of chemical mixtures. 
Toxicol Sci. 63, 125-131. 



Toluene VCCEP Submission   
Appendix C - PBPK Modeling   

22

Haddad, S., Tardif, R., Charest-Tardif, 0G., and Krishnan, K. (1999). Physiological 
modeling of the toxicokinetic interactions in a quaternary mixture of aromatic 
hydrocarbons. Toxicol Appl.Pharmacol. 161, 249-257. 

Haddad, S., Charest-Tardif, G., and Krishnan, K. (2000). Physiologically based modeling 
of the maximal effect of metabolic interactions on the kinetics of components of complex 
chemical mixtures. J.Toxicol Environ.Health A 61, 209-223. 

Haddad, S., Charest-Tardif, G., Tardif, R., and Krishnan, K. (2000). Validation of a 
physiological modeling framework for simulating the toxicokinetics of chemicals in 
mixtures. Toxicol Appl.Pharmacol.  167, 199-209. 

Hajimiragha, H., Ewers, U., Brockhaus, A., and Boettger, A. (1989).  Levels of Benzene 
and other Volatile Aromatic Compounds in the Blood of Non-Smokers and Smokers.  Int. 
Arch. Occup. Environ. Health. 61, 513-518. 
 
Hilderbrand, R. L., Andersen, M. E., and Jenkins, L. J., Jr. (1981). Prediction of in vivo 
kinetic constants for metabolism of inhaled vapors from kinetic constants measured in 
vitro. Fundam.Appl.Toxicol 1, 403-409. 
 
Hjelm, E.W., Naslund, P.H., and Wallen, M. (1998).  Influence of cigarette smoking on 
the Toxicokinetics of Toluene in Humans.  J. Toxi. Environ. Health. 25, pp.155-163. 
 
Jang, J. Y., and Droz, P. O. (1997). Ethnic differences in biological monitoring of several 
organic solvents. II. A simulation study with a physiologically based pharmacokinetic 
model. Int.Arch.Occup.Environ.Health 70, 41-50. 

Jang J.Y., Droz, P.O. and Chung, H.K. (1999). Uncertainties in PBPK models caused by 
several input parameters.  Int Archs Occup Environ Health 72: 247-254. 

Johnsrud, E. K., Koukouritaki, S. B., Divakaran, K., Brunengraber, L. L., Hines, R. N., 
and McCarver, D. G.  2003.  Human hepatic CYP2E1 expression during development. J 
Pharmacol Exp Ther 307: 402-7. 

Kaneko, T., Horiuchi, J., and Sato, A. (2000). Development of a physiologically based 
pharmacokinetic model of organic solvent in rats. Pharmacol.Res. 42, 465-470. 
Ref ID: 120 

Kok PW and Ong CN. (1994). Blood and urinary benzene determined by headspace gas 
chromatography with photoionization detection: application in biological monitoring of 
low level nonoccupational exposure. Int Archs Occup Environ Health 66: 195-201. 
 
Konietzko, H., Keilbach, J. and Drysch, K. (1980).  Cumulative effects of daily toluene 
exposure.  Int. Arch. Occup. Environ. Health. 46, pp. 53-58. 
 



Toluene VCCEP Submission   
Appendix C - PBPK Modeling   

23

Krewski, D., Wang, Y., Bartlett, S., and Krishnan, K. (1995). Uncertainty, variability, 
and sensitivity analysis in physiological pharmacokinetic models. J.Biopharm.Stat. 5, 
245-271. 

Krishnan, K., and Pelekis, M. (1995). Hematotoxic interactions: occurrence, mechanisms 
and predictability. Toxicology 105, 355-364. 

Laparé, S., Tardif, R., and Brodeur, J. (1993). Effect of various exposure scenarios on the 
biological monitoring of organic solvents. I. Toluene and xylene. International Archives 
of Occupational and Environmental Health 64, 569-580. 

Leung HW. (1992).  Use of PBPK models to establish biological exposure indices.  
AIHA Journal 53: 369-374. 

Loizou, G. D., Jones, K., Akrill, P., Dyne, D., and Cocker, J. (1999). Estimation of the 
dermal absorption of m-xylene vapor in humans using breath sampling and 
physiologically based pharmacokinetic analysis. Toxicol Sci. 48, 170-179. 

Mannino DM, Schreiber J, Aldous K, Ashley D, Moolenar R and Almaguer D. (1995).  
Human exposure to volatile organic compounds – a comparison of organic vapor 
monitoring badge levels with blood levels.  Int Archs Occup Environ Health 67: 59-64. 
 
Needham LL, Hill RH, Ashley DL, Pirkle JL and Sampson EH. (1995) The priority 
toxicant reference range study interim report.  Environ Health Perspect 103 (Suppl 3): 89-
94. 
 
Nong, A., McCarver, D. G., Hines, R. N., 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. Toxicol Appl Pharmacol 214: 78-87. 

Pekari, K., Vainiotalo, s., Heikkila, P., Palotiea., Luotamo, M., and Riihimaki, V. (1992).  
Biological Monitoring of Occupational Exposure to Low Levels of Benzene.  Scand. J. 
Work. Environ. Health. 18, pp, 317-322. 
 
Perbellini, L., Faccini, G.B., Pasini, F., Cazzoli, F., Pistoia, S., Rosellini, R., Valsecchi, 
M., and Brugnone, F. (1988).  Environmental and Occupational exposure to Benzene by 
Analysis of Breath and Blood.  Br. J. Ind. Med.  45, pp. 345-352. 
 
Pierce, C. H., Dills, R. L., Morgan, M. S., Vicini, P., and Kalman, D. A.  1998.  
Biological monitoring of controlled toluene exposure. Int Arch Occup Environ Health 71: 
433-44. 

Pierce, C. H., Dills, R. L., Morgan, M. S., Nothstein, G. L., Shen, D. D., and Kalman, D. 
A. (1996). Interindividual differences in 2H8-toluene toxicokinetics assessed by 
semiempirical physiologically based model. Toxicol Appl.Pharmacol. 139, 49-61. 



Toluene VCCEP Submission   
Appendix C - PBPK Modeling   

24

Price K, Haddad S and Krishnan K. 2003. Physiological modeling of age-specific 
changes in the pharmacokinetics of organic chemicals in children.  Journal of Toxicology 
and Environmental Health 66 A: 417-433. 
 
Purcell, K. J., Cason, G. H., Gargas, M. L., Andersen, M. E., and Travis, C. C. (1990). In 
vivo metabolic interactions of benzene and toluene. Toxicol Lett. 52, 141-152. 
 
Riihimaki V, Pfaffli P, Savolainen K and Pekari K. (1979a).  Kinetics of m-xylene in 
man: general features of absorption, distribution, biotransformation and excretion in 
repetitive inhalation exposure.  Scand J Work Environ Health 5: 217-231. 
 
Riihimaki V, Pfaffli P and Savolainen K. (1979b).  Kinetics of m-xylene in man.  
Influence of intermittent physical exercise and changing environmental concentrations on 
kinetics.  Scand J Work Environ Health 5: 232-246. 
 
Roy, A., and Georgopoulos, P. G. (1998). Reconstructing week-long exposures to volatile 
organic compounds using physiologically based pharmacokinetic models. 
J.Expo.Anal.Environ.Epidemiol. 8 , 407-422. 

Sato A, Nakajima T, Fujiwara Y and Murayama N. (1974).  Pharmacokinetics of toluene 
and benzene.  Int Arch Arbeitsmed 33: 169-182. 
 
Sato A, Nakajima T, Fujiwara Y and Murayama N. (1975).  Kinetic studies on sex 
differences in susceptibility to chronic benzene intoxication – with special reference to 
body fat content.  Br J Ind Med 32: 169-182. 
 
Spear, R. C., and Bois, F. Y. (1994). Parameter variability and the interpretation of 
physiologically based pharmacokinetic modeling results. Environ.Health Perspect. 102 
Suppl 11, 61-66. 

Srbova J, Teisinger J and S Skramovsky. (1950).  Absorption and elimination of inhaled 
benzene in man. Arch Ind Hyg Occup Med 2: 1-8. 
 
Sullivan MJ, Conolly RB. 1988. Comparison of blood toluene levels after inhalation and 
oral administration. Environ Res. 1988 Feb;45(1):64-70. 
 
Tardif, R., and Charest-Tardif, G. (1999). The importance of measured end-points in 
demonstrating the occurrence of interactions: a case study with methylchloroform and m-
xylene. Toxicol Sci. 49, 312-317. 
 
Tardif R, Charest-Tardif G, Brodeur J and Krishnan K. (1997).  Physiologically based 
pharmacokinetic modeling of a ternary mixture of alkyl benzenes in ras and humans.  
Toxicol Appl Pharmacol 144: 120-134. 
 
Tardif R, Lapare S, Charest-Tardif G, Brodeur J and Krishnan K. 1995.  Physiologically 
based modeling of a mixture of toluene and xylene in humans. Risk Analysis 15: 335-
342. 



Toluene VCCEP Submission   
Appendix C - PBPK Modeling   

25

 
Tardif R, Sato A, Lapare S and Brodeur J. (1994). Ethanol induced modification of m-
xylene toxicokinetics in humans.  Occup Environ Med 51: 187-191. 
 
Tardif, R., Lapare, S., Krishnan, K., and Brodeur, J.  1993a.  Physiologically based 
modeling of the toxicokinetic interaction between toluene and m-xylene in the rat. 
Toxicol Appl Pharmacol 120: 266-73.  

Tardif, R., Laparé, S., Krishnan, K. and Brodeur, J.  (1993b).  A descriptive and 
mechanistic study of the interaction between toluene and xylene in humans.  Int. Arch. 
Occup. Environ. Health. 65, pp. S135-S137. 

Tardif R, Laprae S, Plaa GL and Brodeur J. (1991).  Effect of simultaneous exposure to 
toluene and xylene on their respective biological exposure indices in humans.  Int Archs 
Occup Environ Health 63: 279-284. 
 
Teisinger J and Fiserova-Bergerova V. (1955). Valeur comparee de la determination des 
sulfates et du phenol contenus dans l’urine pour l’evaluation de la concentration du 
benzene dans l’air.  Arch Mal Prof Med Trav 16: 221-232. 
 
Thomas, R. S., Lytle, W. E., Keefe, T. J., Constan, A. A., and Yang, R. S. (1996). 
Incorporating Monte Carlo simulation into physiologically based pharmacokinetic 
models using advanced continuous simulation language (ACSL): a computational 
method. Fundam.Appl.Toxicol 31 , 19-28. 

Thomas, R. S., Bigelow, P. L., Keefe, T. J., and Yang, R. S. (1996). Variability in 
biological exposure indices using physiologically based pharmacokinetic modeling and 
Monte Carlo simulation. Am.Ind.Hyg.Assoc.J. 57, 23-32. 

Thrall, K. D., and Poet, T. S. (2000). Determination of biokinetic interactions in chemical 
mixtures using real-time breath analysis and physiologically based pharmacokinetic 
modeling. J.Toxicol Environ.Health A 59, 653-670 
Veulemans, H. and Masschelein, R. (1978).  Experimental human exposure to Toluene.  
Int. Arch. Occup. Environ. Health. 42, pp. 105-117. 
 
Wallace LA, Nelson WC, Pellizzari ED and Raymer JH. (1997).  Uptake and decay of 
volatile organic compounds at environmental concentrations: application of a a four-
compartment model to a chamber study of five human subjects.  J Exp Anal Environ 
Epidemiol 7: 141-163. 
 
Wallen M. (1986). Toxicokinetics of toluene in occupationally exposed volunteers.  
Scand J Work Environ Health 12: 588-593. 
 
Wallen, M., Holm, S. and Byféalt Nordqvist, M. (1985).  Coexposure to toluene and p-
xylene in man:  uptake and elimination.  Br. J. Ind. Med. 42, pp. 111-116. 
 



Toluene VCCEP Submission   
Appendix C - PBPK Modeling   

26

Wang, G., Maranelli, G., Perbellini, L., Guglielmi, G. and Brugnone, F.  (1993).  
Reference values for blood toluene in the occupationally nonexposed general population.  
Int. Arch. Occup. Environ. Health. 65, 201-203. 
 
Watanabe, K. H., and Bois, F. Y. (1996). Interspecies extrapolation of physiological 
pharmacokinetic parameter distributions. Risk Anal. 16, 741-754. 

White DR, Widdowson EM, Woodard HQ and Dickerson WT. 1991.  The composition 
of body tissues.  British Journal of Radiology 64: 149-159. 
 
Wigaeus-Hjelm E, Naslund PH and Wallen M. (1988). Influence of cigarette smoking on 
the toxicokinetics of toluene in humans.  J Toxicol Environ Health 25: 155-163. 
 
Woodruff, T. J., Bois, F. Y., Auslander, D., and Spear, R. C. (1992). Structure and 
parameterization of pharmacokinetic models: their impact on model predictions. Risk 
Anal. 12, 189-201. 


