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Abstract

Biotransformation rates extrapolated from in vitro data are used increasingly in human 

physiologically based pharmacokinetic (PBPK) models. This practice requires use of scaling 

factors, including microsomal content (mg of microsomal protein/g liver, MPPGL), enzyme 

specific content, and liver mass as a fraction of body weight (FVL). Previous analyses indicated 

that scaling factor variability impacts pharmacokinetic (PK) outcomes used in adult population 

dose-response studies. This analysis was extended to pediatric populations because large inter-

individual differences in enzyme ontogeny likely would further contribute to scaling factor 

variability. An adult bromodichloromethane (BDCM) model (Kenyon, E. M., Eklund, C., Leavens, 

T. L., and Pegram, R. A. (2016a). Development and application of a human PBPK model for 

bromodichloromethane (BDCM) to investigate impacts of multi-route exposure. J. Appl. Toxicol. 
36, 1095–1111) was re-parameterized for neonates, infants, and toddlers. Monte Carlo analysis 

was used to assess the impact of pediatric scaling factor variation on model-derived PK outcomes 

compared with adult findings. BDCM dose metrics were estimated following a single 0.05-liter 

drink of water or a 20-min bath, under typical (5 μg/l) and plausible higher (20 μg/l) BDCM 

concentrations. MPPGL, CYP2E1, and FVL values reflected the distribution of reported pediatric 

population values. The impact of scaling factor variability on PK outcome variation was different 

for each exposure scenario, but similar for each BDCM water concentration. The higher CYP2E1 

expression variability during early childhood was reflected in greater variability in predicted PK 

outcomes in younger age groups, particularly for the oral exposure route. Sensitivity analysis 

confirmed the most influential parameter for this variability was CYP2E1, particularly in neonates. 

These findings demonstrate the importance of age-dependent scaling factor variation used for in 
vitro to in vivo extrapolation of biotransformation rates.
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For pediatric populations, physiologically based pharmacokinetic (PBPK) models provide a 

powerful computational framework to integrate knowledge related to growth-related changes 

in physiology with age-dependent changes in molecular parameters related to xenobiotic 

biotransformation, protein binding, and transporter function (Prasad et al., 2016; Sethi et al., 

2016; Yoon and Clewell, 2016). PBPK models provide a means to evaluate age-dependent 

changes in pharmacokinetics (eg, measures of internal dose) as one factor contributing to the 

potential for age-dependent sensitivity to chemical exposures, particularly when combined 

with age-appropriate exposure scenarios (Yoon and Clewell, 2016).

Biotransformation rate parameters (Vmax, Km) determined in vitro using human hepatic 

subcellular fractions (microsomes, cytosol) or hepatocytes are increasingly available for 

use in human PBPK models. Use of human biotransformation rate parameters eliminates 

the uncertainty associated with biotransformation rate parameter interspecies extrapolation, 

but adds a new source of uncertainty in that in vitro to in vivo extrapolation (IVIVE) is 

necessary. IVIVE for Vmax is accomplished computationally within a PBPK model using 

scaling factors such as mg microsomal protein (MSP) per gram of liver (MPPGL) or the 

number of hepatocytes per gram of liver depending on the experimental system used, as well 

as liver mass as a fraction of body weight (FVL). Also, in some cases, expression levels 

of a specific enzyme are incorporated if the enzyme primarily responsible for a specific 

biotransformation step is known (Lipscomb and Poet, 2008).

Historically, most PBPK models treat parameters (physiological and molecular) as constants 

or point estimates, although in reality, they are associated with marked interindividual 

variability within the human population. This intrinsic variability is particularly notable 

for pediatric biotransformation rate parameters needed for IVIVE. Specifically, changes in 

xenobiotic metabolizing enzyme (XME) expression are substantial during both the fetal 

period and first one to two years after birth and are highly dependent on the particular XME 

(Hines, 2008, 2012). For example, in the case of CYP2E1, which metabolizes many low 

molecular weight organic chemicals, 80-fold variation was seen in hepatic expression levels 

during the neonatal period (0–30 days) in a large study that encompassed both pre-natal 

and postnatal periods (Johnsrud et al., 2003). In this same study, expression was low in the 

neonatal age group (0–70 pmol/mg MSP; median = 8.8 pmol/mg MSP) and less than older 

infants (31–90 days, 10–43 pmol/mg MSP; median = 23.8 pmol/mg MSP) or children (91 

days–18 years, 18–95 pmol/mg MSP; median = 41.4 pmol/mg MSP).

High variability and altered XME expression levels do not necessarily result in altered 

pharmacokinetics. For example, Kedderis (1997) found that although enzyme induction 

has the effect of increasing the rate and extent of biotransformation in vitro, this may 

not be quantitatively reflected in vivo due to physiological limitations such as blood 

flow to liver. Specifically, at typical low environmental exposure levels, highly variable 

enzyme expression or level of activity may not affect clearance if the rate-limiting step 

in metabolic biotransformation is rate of chemical delivery in blood to the liver rather 

than biotransformation of the parent chemical. Given the high level of XME expression 

variability and reduced XME expression in the neonatal and/or infant period for some 
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enzymes, there is a strong case for using a PBPK framework to evaluate the effect of such 

differences in the context of realistic physiological and exposure scenarios.

Bromodichloromethane (BDCM) is a drinking water disinfection byproduct (DBP) and is 

the second most prevalent of the trihalomethane class of DBPs. At low exposure levels, 

BDCM is predominantly metabolized in humans by CYP2E1 (Zhao and Allis, 2002). 

BDCM was selected for this case study because its volatility and skin permeability make 

multi-route exposure a concern; multiple pharmacokinetic (PK) outcomes also are of interest 

as measures of internal dose or biomarkers of exposure (Kenyon et al., 2016a; USEPA, 

2005). In addition, based on water use patterns (Lynberg et al., 2001; Nuckols et al., 2005), 

BDCM exposure is a concern across all age groups.

In our previous work (Kenyon et al., 2016b), we found that variability in the IVIVE 

biotransformation rate scaling factors can have important route-dependent impacts on PK 

outcomes under environmentally relevant exposure scenarios in adults. Because of the 

known large variability in the ontogeny of various XMEs during fetal development and 

early childhood, including CYP2E1 (Hines, 2008; Johnsrud et al., 2003), we have extended 

this earlier work to evaluate the extent to which variability in CYP2E1 hepatic protein 

expression, relative liver mass and MPPGL during early childhood is reflected in predicted 

PK outcomes. Monte Carlo analysis was used with BDCM as a model chemical under 

environmentally relevant exposure scenarios (Thomas et al., 1996; USEPA, 1997).

MATERIALS AND METHODS

A published adult human PBPK model for BDCM (Kenyon et al., 2016a) was re-

parameterized for three pediatric age groups: 0–30 days (neonate), 31–90 days (infant), 

and 91 days–2 years of age (toddler). These intervals were selected based on the age groups 

identified in Johnsrud et al. (2003) that correspond to the CYP2E1 developmental trajectory 

that minimizes differences within while maximizing differences between age groups. The 

pediatric CYP2E1 hepatic protein expression data are described in greater detail in the 

Supplementary material and are part of a larger published database for XME ontogeny 

(McCarver et al., 2017).

The model structure (see Supplementary Figure 1) and assumptions have been described in 

detail elsewhere; this model adequately predicted BDCM blood concentrations in studies 

of adult volunteers during water use exposures involving drinking, bathing and showering 

(Kenyon et al., 2016a). Model structure, assumptions, and chemical-specific parameters 

for this analysis are the same as those used previously (Kenyon et al., 2016a,b). Adult 

physiological parameters are provided in Table 1, and many are the same as those 

used previously with some specific exceptions. Alveolar ventilation rate (QPC), alveolar 

deadspace, ratio of QPC to cardiac output and fat volume were updated to use the more 

comprehensive sources used for pediatric parameters (Brochu et al., 2006, 2011, 2012; 

Brown et al., 1997; Haddad et al., 2001). Organ volumes (Table 1) for pediatric age groups 

were calculated on the basis of the equations presented in Haddad et al. (2001) with total 

body fat calculated on the basis of Price et al. (2003). Blood flows for pediatric populations 

were primarily derived from Edginton et al. (2006) and other physiological parameters were 
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obtained from the literature as detailed in footnotes to Table 1 (Brochu et al., 2006, 2011, 

2012; Laurent et al., 2007; Saitoh et al., 2015).

Chemical-specific parameters are provided in Table 2. Partition coefficients were treated as 

invariant across age groups. Available data indicate that blood: air partition coefficients for 

volatile organic compounds do not differ between adult and pediatric populations (Mahle et 

al., 2007). In addition, tissue lipid and water composition does not differ substantively as a 

function of age from newborn to young adult for healthy tissues (White et al., 1991). Other 

chemical-specific parameters were the same as used in our previous analysis (Kenyon et al., 

2016b) and treated as invariant across age groups. The Vmax for hepatic CYP2E1-mediated 

BDCM metabolism (VmaxBDCM) in units of μg/h-kg was made specific for each age group 

and calculated within the model code during each simulation using the equation:

VmaxBDCM = in vitro Vmax × MPPGL × CYP2E1 × FVL, (1)

where the in vitro Vmax is in units of μg/h-pmol CYP2E1 (Table 2), MPPGL is in units 

of mg MSP/g liver, CYP2E1 is in units of pmol CYP2E1 protein/mg MSP and FVL is 

in units of g liver/kg BW (Table 3). Distributional characteristics are provided in Table 3 

and were based on data from Johnsrud et al. (2003), McCarver et al. (2017), Lipscomb 

et al. (1997, 2003a,b), and Young et al. (2009). These data sets were selected because 

the complete original data were available enabling calculation of all needed distributional 

descriptors (Table 3) and descriptive statistics (Supplementary Table 1). Because subject 

age was available in these data sets, but measured data for MPPGL were not collected, 

MPPGL was estimated for each subject using the age-based equation published by Barter et 

al. (2008). FVL, MPPGL, and CYP2E1 were assumed to vary independently (Lipscomb et 

al., 2003a,b).

Distributions for FVL and MPPGL, normal and lognormal, respectively, were selected 

consistent with USEPA (2011b). Lower and upper bounds for FVL and MPPGL were 

set at the minimum and maximum values from the original data sets. Distributions for 

CYP2E1 were fitted using the SAS SEVERITY procedure (SAS Institute Inc, 2013) because 

8 of the 42 neonatal CYP2E1 protein expression measurements were below the limit of 

detection. The SAS SEVERITY procedure is appropriate when there are below-detection, 

left-censored data and uses maximum likelihood to estimate distribution parameters. 

Lognormal and gamma distributions were considered for each of the age groups using 

the Akaike information criterion (AIC), corrected AIC (AICC), and Bayesian information 

criterion (BIC) as the selection criteria. For consistency, the gamma distribution was selected 

for all age groups because it was either a better fit (neonates) or virtually indistinguishable 

from the lognormal distribution (Supplementary Table 2). Input parameter distributions and 

values are given in Table 3.

Monte Carlo analysis was used to assess effects of variability in model input parameters, 

CYP2E1, MPPGL, and FVL, on PK outcomes (Figure 1). The Monte Carlo method was 

used to randomly sample CYP2E1, MPPGL, and FVL from defined distributions (Table 3) 

to estimate Vmax for BDCM within the model. Running the model for 10 000 iterations 

provided PK outcome data for which summary descriptive statistics were calculated. Two 
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exposure scenarios (single 0.05-liter drink or 20-min bath) were simulated to encompass the 

range of relevant exposure routes for BDCM (Kenyon et al., 2016b) at typical (5 μg/l) and 

plausibly high (20 μg/l) water concentrations across age groups; total simulation length was 

2 h for all scenarios. PK model outcomes evaluated were area under the curve (AUC) for 

BDCM in venous blood (AUCv), amount of BDCM metabolized in liver (AML), maximum 

BDCM concentration in blood (CVmax), and maximum concentration of BDCM in exhaled 

breath (CalvMax). Model responses selected for evaluation were those that were either 

likely to be measured in water use studies (blood concentration, exhaled breath) as well as 

pharmacokinetically-relevant measures of internal dose (AUCv, AML). The workflows for 

the methods used in this analysis are illustrated in Figure 1.

Global sensitivity analysis (GSA) was performed in AcslXtreme 3.0.2.1 using the Morris 

method (Morris, 1991) to provide a relative ranking of importance for all model parameters. 

To implement the Morris GSA method in AcslXtreme, it is necessary to set ranges for 

input parameters that are allowed to vary under the assumption of a uniform distribution, 

which is considered appropriate for a screening level analysis. For physiological parameters, 

partition coefficients and the dermal absorption coefficient, ranges were set as ± one 

standard deviation from the average value used in the model (Tables 1 and 2) assuming 

a coefficient of variation of 30%. This assumption has been used in reverse dosimetry 

applications of PBPK models (Tan et al., 2007). Variation in VmaxBDCM was set based on 

available data (Table 3) and the range of variation for all other chemical-specific parameters 

was as described in Kenyon et al. (2016b). Algorithmic settings used in the analysis were 

100, 25, and 1000, for p, jump, and Ns, respectively. p is the number of values in discretized 

parameter range (divides parameter range into p-1 ranges or hypercubes); jump is the step 

size in computing effects (effectively computing a number of local sensitivities); Ns is the 

number of samples (AEgis Technologies, 2010). These algorithmic settings were selected to 

optimize analysis performance; ie, multiple test runs were done until no changes were seen 

in the overall ranking.

RESULTS

Pharmacokinetic outcome results from the Monte Carlo simulations for oral exposure at 5 

μg/l across age groups are shown in Figures 2A and 2B and Table 4 for AUCv, AML, and 

CVmax, respectively. Corresponding figures and tables for the 20 μg/l oral exposure are in 

Supplementary material (Supplementary Figs 2A and 2B, Table 3). For all PK outcomes, 

variability was greater in the neonate compared with other pediatric age groups or adults as 

assessed by coefficient of variation (%CV) and ratio of 95th to 5th percentile. For AUCv, 

CVmax and CalvMax, concentrations were higher in pediatric age groups compared with 

adults due to the smaller body mass in the former (eg, 3.81 kg neonate vs 80.8 kg adult, 

Table 1), ie, the same absolute amount is distributed into a smaller volume. For CalvMax, 

the % CV and ratio of 95th to 5th percentile values are the same as CVmax, and the 

concentrations are uniformly approx. 17-fold lower across age groups for CalvMax (model 

results not shown) compared with CVmax. The total amount of BDCM metabolized in liver 

(Figure 2B) was similar across age groups because metabolism is not saturated under this 

oral exposure scenario and overall liver metabolic capacity is not exceeded (Kenyon et al., 

2016a). Results were essentially the same for the 20 μg/l exposure scenarios; the observed 
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dose-dependent differences in the parameters were approx. 4-fold because the processes of 

absorption, disposition, metabolism and excretion are within the linear range at this exposure 

level.

Results from the Monte Carlo simulations for bathing exposure at 5 μg/l across age groups 

are shown in Figures 3A and 3B and Table 5 for AUCv, AML, and CVmax, respectively. 

Corresponding figures and tables for the 20 μg/l bathing exposure are in Supplementary 

material (Supplementary Figs 3A and 3B, Table 4). As with the oral exposure, all PK 

outcomes for bathing exposure displayed greater variability in the neonate compared with 

other pediatric age groups and adults based on %CV and ratio of 95th to 5th percentile 

values. However, compared with oral exposure, the extent of variability was not as large 

between PK outcomes. Concentrations for AUCv, and CVmax were generally greater 

for younger age groups although cross-age group differences were not substantial. For 

CalvMax, the % CV and ratio of 95th to 5th percentile values are the same as CVmax, 

and the concentrations are uniformly approx. 17-fold lower across age groups for CalvMax 

(model results not shown) compared with CVmax. The total amount of BDCM metabolized 

in liver was greater in adults compared with pediatric age groups (Figure 3B) due to 

relatively greater uptake of parent chemical and delivery to the liver via combined dermal 

and inhalation exposure for adults during bathing.

Quantitative results for GSA using the Morris screening method are illustrated graphically 

in Figure 4 (AUCv) and Figure 5 (AML) for oral and Figure 6 (AUCv) and Figure 7 

(AML) for bathing exposure to 5 μg/l BDCM in water; the A and B panels in these figures 

reflect neonates and adults, respectively, because these two age groups show the largest 

and smallest variation in PK outcomes, respectively. In these figures, the mean sensitivity 

coefficient for each parameter (averaged over the time period of the simulation) is plotted 

on the x-axis (μ) and the corresponding standard deviation (σ) is plotted on the y-axis to 

display the overall screening level GSA results. This presentation format provides an overall 

quantitative sense of how parameters compare with each other in terms of their relative 

influence on the PK outcome of interest (McNally et al., 2011). Further detail is presented in 

corresponding Supplementary Tables 5–8 in the Supplementary material. For oral exposure 

in both neonates and adults, the parameters that were most influential for AUCv were those 

governing absorption (KABDCM), relative liver mass (FVL), and biotransformation via the 

CYP2E1 pathway (CYP2E1, KM1BDCM). These same parameters also were influential 

for the amount of BDCM metabolized in liver (AML). CYP2E1 was the most influential 

parameter for AUCv and AML for both adults and neonates, although by comparison this 

was more strongly evident in neonates for AML. For the bathing exposure scenario, a 

number of parameters were highly influential for both AUCv and AML in neonates and 

adults; the parameters identified as influential in adults were similar to previous sensitivity 

analysis for this model (Kenyon et al., 2016a). What is evident for both neonatal AUCv and 

AML PK outcomes compared with adults is the relatively higher ranking of CYP2E1 in 

neonates. MPPGL was generally in the middle third of relative rankings among parameters 

for all PK outcomes in both adults and neonates.
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DISCUSSION

Our results clearly demonstrate that variability in the development of hepatic XMEs in 

early childhood contributes to greater variability in predicted pharmacokinetic outcomes for 

early life stages compared with adults. The PBPK modeling framework is a particularly 

strong approach for this purpose because it incorporates relevant environmental exposures 

and known pediatric-specific physiological and molecular parameters using a validated 

model that estimates both internal dose measures and biomarkers of exposure. Use of this 

framework allowed for the integration of diverse information to provide a physiologically 

and environmentally realistic context in which to evaluate the impact of observed 

interindividual differences in XME ontogeny. This framework also can account for other 

physiological factors that may differ across life stages (Yoon and Clewell, 2016) including 

plasma binding protein expression (Sethi et al., 2016) and hepatic drug transporters (Prasad 

et al., 2016; Thomson et al., 2016).

In this case study, PK outcomes exhibited greater variability (as assessed by %CV and 

ratio of 95th to 5th percentile values) at younger postnatal ages for both oral and bathing 

exposure, although variability was generally less pronounced for the bathing exposure 

scenario. For the oral exposure scenario, variation in hepatic scaling factors for pediatric age 

groups had the greatest impact on pharmacokinetic outcomes (AUCv, CVmax, CalvMax) 

compared with adults. There was also greater variability in neonates compared with adults 

for hepatic biotransformation (AML), although it was relatively less compared with other 

pharmacokinetic outcomes. The overall findings in adults were similar to our earlier work 

in adults (Kenyon et al., 2016b). The most likely explanation for the relatively lower 

variation across age groups in AML compared with other PK outcomes is that at typically 

low environmental exposure concentrations, hepatic biotransformation is not saturated 

(Kenyon et al., 2016a); delivery of parent chemical to liver in blood is the rate limiting 

step in hepatic biotransformation under these exposure conditions. For bathing exposures, 

there was relatively greater variability in neonates compared with adults, although the 

magnitude of variation (% CV, ratio of 95th to 5th percentiles) was relatively less compared 

with oral exposures. Lesser impact for bathing compared with oral exposures is partially 

attributable to the physiology of inhalation and dermal absorption; compounds absorbed 

into the systemic circulation are not immediately subject to first-pass metabolism in liver or 

intestine, as are compounds delivered orally (Lehman-McKeeman, 2013).

Global sensitivity analysis for all model parameters using a screening method such as 

Morris (1991) provides a relative sense of specific parameter influence for a given exposure 

scenario and PK outcome for individual age groups; another advantage of GSA in general 

is that it allows incorporation of observed parameter variability (McNally et al., 2011). In 

this analysis, we looked at neonatal and adult groups because these groups demonstrated 

the largest and smallest predicted variability in PK outcomes, respectively, based on the 

Monte Carlo analysis. For neonates, CYP2E1 specific content was consistently either the 

most influential parameter or in the top 10% of influential parameters for all PK outcomes 

for both oral and bathing exposure scenarios. In adults, this was also true for oral, but 

not bathing exposure. Relative liver mass (FVL) was generally in the top 1/3 of influential 

parameters for neonates in all cases, but for adults, only for oral, not bathing exposure.
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A novel aspect of our model is use of the gamma distribution without lower and upper 

bounds to parameterize CYP2E1. Most PBPK models assume a lognormal distribution 

for XME content or biochemical parameters such as Vmax (Lipscomb et al., 2003a,b; 

Tan et al., 2007; USEPA, 2011b). Use of the gamma distribution in our analysis for 

CYP2E1 parameterization has both statistical, and biological rationale. Based on AIC, 

AICC, and BIC information criteria, gamma distributions gave better fits for the neonate 

and infant CYP2E1 data than lognormal distributions and the lognormal distribution was not 

compellingly superior to the gamma distribution for other age groups (Supplementary Table 

2). The gamma CYP2E1 parameterization without truncation for neonates has an important 

biological basis in that it supports representation of no functional protein present, the mode 

for neonate CYP2E1 in the Johnsrud et al. (2003) data. An empirical assessment of the 

effect of the seed used to randomly sample CYP2E1 for model input to the Monte Carlo 

analysis for neonate oral exposure demonstrated that the ratio of 95th to 5th percentiles was 

relatively stable in contrast to the ratio of the max to the min (Supplementary Table 9).

In general, MPPGL ranked in the middle third or lower among influential parameters 

for both neonates and adults. The relatively lesser influence of MPPGL in our model, in 

part, corresponds to the dependence of its input distribution on values predicted by the 

2008 Barter regression equation, which is a function of age. One limitation of the Barter 

equation is that it accounted for only 10% of the variability in observed data used in its 

development (Barter et al., 2008). Using this equation results in less variability in MPPGL 

in younger age groups which also contributes to making this parameter relatively lower 

in influence on PK outcomes in general, particularly in neonates. Reassuringly, recently 

published measurements of MPPGL in neonates as determined using the total cytochrome 

P450 method (De Bock et al., 2014) fall within the range of values predicted by the equation 

of Barter et al. (2008).

Another source of uncertainty in model outputs is the assumption that FVL, MPPGL and 

CYP2E1 are independent. If this assumption is inaccurate, the model outputs may reflect 

excess variability (Thomas et al., 1996). Chemical-specific model parameters were treated 

as invariant across age groups and there is data to support this assumption for partition 

coefficients (Mahle et al., 2007; White et al., 1991). However, in the case of the skin 

diffusion coefficient (KABDCM), evidence suggests that the skin of the neonate is more 

fragile and permeable to pharmaceuticals compared with adult skin (Blume-Peytavi et al., 

2016). This could result in increased absorption of BDCM into the systemic circulation 

following dermal exposure in pediatric populations.

This work was possible because of the existence of a large data base on pediatric 

XME expression in liver spanning both pre-natal and early childhood life stages for a 

large array of enzymes (McCarver et al., 2017). The unique value of such a database 

is that the information can be utilized to predict biotransformation and its associated 

variability for pediatric age groups for any chemical provided the XMEs responsible for 

its biotransformation and an in vitro rate of biotransformation for the specific chemical 

are known. Further classifying XMEs according to expression trajectories during pre- and 

post-natal development can facilitate identification of chemicals that are a higher priority 
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for evaluation when considered together with information on exposure potential in pediatric 

populations.

Another PBPK-based risk analysis application for XME ontogeny data was demonstrated by 

Nong et al. (2006). These authors assessed the impact of variability in both physiological 

parameters and CYP2E1 expression on AUC for toluene in blood using a scenario of 1 ppm 

toluene exposure for 24 h. Using the 5th, 50th, and 95th percentiles for predicted AUC, 

Nong et al. (2006) calculated intragroup and adult-child factors; the intragroup variability 

factor was calculated as the ratio of the 95th percentile value over the 50th percentile value 

for the same age group, and the adult-child variability factor was calculated as the ratio of 

the 95th percentile value for the child over the 50th percentile value for the adult. Intragroup 

factors varied between 1.07 and 1.48 and adult-child variability factors ranged from 3.88 

to 1.35 from neonate to adolescent. The intragroup variability factor provides an another 

way to compare variability between age groups, much as the %CV and ratio of 95th to 

5th percentile used in Tables 4 and 5, and Figures 2 and 3, Supplementary Figures 2 and 

3 in this study. The calculated adult-child variability factor is specific for this chemical 

exposure scenario (inhalation) and dose metric (AUC). The adult-child variability factor is 

analogous to the PK portion of the default uncertainty factor for interindividual variability 

(UFHTK = 3) and has also been used in risk analysis as a chemical-specific adjustment 

factor (CASF; IPCS, 2005) or data-derived extrapolation factor (DDEF; USEPA, 2014) to 

avoid the application of default uncertainty factors.

We performed a similar analysis to that of Nong et al. (2006) for AUCv (Table 6) and 

AML (Table 7) based on both oral and bathing exposures for BDCM (1) to compare general 

intragroup trends across lifestages and (2) to examine the impact of exposure scenario 

and choice of internal dose metric on the adult-child variability factor. For AUCv (Table 

6), we observed increased intragroup variability at younger ages following the same trend 

as Nong et al. (2006) for both bathing and oral exposures with the differences between 

scenarios being more pronounced for oral exposure (see also Figs. 2A and 3A). For AML all 

intragroup variability factors approach unity. As discussed in the context of data in Figures 

2B and 3B, this is due to metabolism being blood flow limited at environmental exposure 

levels.

The adult-child variability factor differed substantially between dose metrics and exposure 

scenarios. Results in Table 6 for parent BDCM exposures (AUCv) differ appreciably 

between exposure routes. These values demonstrate adult-child factor values for the bathing 

scenario that range from near-unity (toddler) to a value roughly similar to the assumed 

default value for toxicokinetic differences among humans (neonate), whereas values for 

the oral route may exceed five hundred-fold. Differences for the oral route likely reflect 

the overall higher VmaxC (Supplementary Table 1) and overall metabolic capacity of the 

adult compared with that of the neonate, combined with a higher internal dose developed 

following the more temporally concentrated oral exposure scenario as compared with the 

bathing scenario. Overall trends across age groups were similar to those reported by Nong 

et al. (2006). Amount metabolized in liver (Table 7) presents a dramatically different picture 

compared with AUCv. The adult-child factor values for bathing are substantially lower than 
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1, whereas adult-child factors for the oral exposure approximate unity. Together, these data 

suggest minimal differences between adults and younger age groups for this dose metric.

The magnitude of differences observed for the adult-child variability factor across exposure 

scenarios and dose metrics illustrates the importance of identifying the dose metric of 

greatest concern and considering multiple routes of exposure when appropriate. In the case 

of a possible role for BDCM in DBP-associated human bladder cancer, available data 

suggests that extrahepatic metabolism (ie, metabolic activation within urothelial cells) is 

a key carcinogenic event (Cantor et al., 2010; Ross and Pegram, 2003, 2004). Previous 

work demonstrated that combined dermal and inhalation exposure results in greater levels of 

BDCM reaching the systemic circulation compared with ingestion, and thus being available 

for extrahepatic metabolism (Backer et al., 2000; Kenyon et al., 2016a; Leavens et al., 2007). 

Taken together, these data highlight the importance of evaluating lifetime, age-specific 

exposure across multiple routes of exposure to provide the most complete analysis of BDCM 

internal exposure and hence risk.

When data on the developmental trajectory is available for a variety of XMEs it is 

also possible to evaluate the impact of transitions in the specific enzymes involved in 

biotransformation for particular chemicals. For example, Yang et al. (2006) modeled 

predicted changes in methadone kinetics in pediatric populations 0–24 months of age 

compared with adults based on measured variability and changes in CYP3A4, CYP3A5, and 

CYP3A7 expression levels, as well as other physiological parameters using a PBPK model. 

In addition to the CYP3A family of enzymes (Stevens et al., 2003), similar transitions 

have been reported for FMO1 transitioning to FMO3 (Koukouritaki et al., 2002). In the 

case of BDCM, CYP2E1 is the predominant biotransformation enzyme at low substrate 

concentrations, but both CYP1A2 and CYP3A4 can make substantial contribution to 

biotransformation at higher substrate concentrations. This raises the question of whether 

these other enzymes could augment BDCM metabolism if CYP2E1 is not expressed or 

expressed only at very low levels. Both CYP3A4 and CYP1A2 were measured in the same 

pediatric livers from which CYP2E1 data used in this study were obtained (McCarver et 

al., 2017). However, both CYP3A4 and CYP1A2 protein levels were low in the neonate 

and increased only slowly during the first 6 months to 15 months of life, respectively 

(Song et al., 2017; Stevens et al., 2003). Thus, in the absence of sufficient CYP2E1 

enzyme, substantial CYP3A4 or CYP1A2 contributions to BDCM metabolism would only 

be predicted in the older age groups and adults.

Our results also demonstrate the potential for higher internal extrahepatic exposure to 

BDCM in neonates and infants compared with adults (as shown by predicted CVmax 

and AUCv values), which could be toxicologically significant depending on the chemical. 

BDCM is carcinogenic in rodents with oral gavage exposure resulting in kidney carcinomas 

in both rats and mice, as well as large intestine carcinomas in rats (USEPA, 2005). An 

increased risk for bladder and colon cancer have been reported in epidemiologic studies 

(Villanueva et al., 2014), with the most compelling evidence being for bladder cancer 

(Cantor et al., 2010). For environmental contaminants such as BDCM concerns related to 

metabolism in both target and non-target tissues can be critical (Ross and Pegram, 2004), 
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and overall there is a paucity of data needed to scale in vitro metabolism data to the in vivo 
situation for extrahepatic metabolism, and to characterize the associated variability.

In summary, this work demonstrates that variation observed in XME expression in early life 

results in greater predicted variability in PK outcomes compared with adults across multiple 

PK outcomes and routes of exposure. That this variability is observed during simulation 

of environmentally relevant exposures makes a strong case for its explicit quantitative 

consideration when performing child-specific risk analyses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Diagram illustrating workflow and methodology. The model and subsequent analyses were 

implemented in acslXtreme 3.0.2.1 (The AEgis Technologies Group; Huntsville, AL).
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Figure 2. 
Comparison of AUC for (A) venous blood BDCM (μg-h/l, x ± SD) and (B) amount 

of BDCM metabolized in liver (μg, x ± SD) across age groups based on Monte Carlo 

simulations (2 h) utilizing the distributional characteristics for FVL, CYP2E1, and MPPGL 

shown in Table 3 for an oral exposure to water containing 5 μg/l BDCM as a single 0.05-liter 

drink. The number associated with each bar is the coefficient of variation (%).
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Figure 3. 
Comparison of AUC for (A) venous blood BDCM (μg-h/l, x ± SD) and (B) amount BDCM 

metabolized in liver (μg, x ± SD) across age groups based on Monte Carlo simulations (2 h) 

utilizing the distributional characteristics for FVL, CYP2E1 and MPPGL shown in Table 3 

for a 20-min bath in water containing 5 μg/l BDCM. The number associated with each bar is 

the coefficient of variation (%).
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Figure 4. 
Morris screening level global sensitivity analysis for oral exposure scenario of a single 0.05 

L ingestion of water containing 5 μg/l BDCM for AUCv in (A) neonate and (B) adult. 

Parameter abbreviations are defined in Tables 1 and 2. Due to space constraints, only the 

most influential parameters were annotated.
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Figure 5. 
Morris screening level global sensitivity analysis for oral exposure scenario of a single 0.05 

L ingestion of water containing 5 μg/l BDCM for AML in (A) neonate and (B) adult. 

Parameter abbreviations are defined in Tables 1 and 2. Due to space constraints, only the 

most influential parameters were annotated.
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Figure 6. 
Morris screening level global sensitivity analysis for bathing exposure for 20 min in water 

containing 5 μg/l BDCM for AUCv in (A) neonate and (B) adult. Parameter abbreviations 

are defined in Tables 1 and 2. Due to space constraints, only the most influential parameters 

were annotated.
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Figure 7. 
Morris screening level global sensitivity analysis for bathing exposure for 20 min in water 

containing 5 μg/l BDCM for AML in (A) neonate and (B) adult. Parameter abbreviations 

are defined in Tables 1 and 2. Due to space constraints, only the most influential parameters 

were annotated.
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Table 2.

Chemical-Specific Parameters in the Human BDCM Model

Parameter, Units Symbol Value Note

Partition coefficients, unitless

 Blood:air PBBDCM 15.97 1

 Liver:blood PLBDCM 1.93 1

 Gut:blood PGBDCM 1.93 2

 Kidney:blood PKBDCM 2.08 1

 Fat:blood PFBDCM 33.2 1

 Skin:blood PSKBDCM 2.91 3

 RPTG:blood PRPBDCM 1.93 2

 PPTG:blood PPPBDCM 0.78 1

Skin diffusion coefficient, cm/h KBDCM 0.18 4

Skin:water partition coefficient PWSBDCM 5.6 4

Oral absorption coefficient, h−1 KABDCM 8.3 5

Vmax CYP Liver, μg/h-pmol CYP2E1 IVVMAX 0.201 6

KM CYP Liver, μg/l KM1BDCM 221 6

Kf GST Liver, 1/h-kg BW0.75 VFCBDCM 0.0079 7

1
Calculated by dividing rat tissue:air partition coefficient (Lilly et al., 1997) by human blood:air partition coefficient from Kenyon et al. (2016a,b).

2
Gut:air and rapidly perfused tissue:air partition coefficients were assumed to be the same as liver:air.

3
Skin:air partition coefficient (Haddad et al., 2006) used with human blood air partition coefficient to calculate skin:blood partition coefficient.

4
Skin diffusion coefficient determined with method using aqueous solution across human skin (Xu et al., 2002). Skin:water partition coefficient 

calculated on basis of water:air partition coefficient (Batterman et al., 2002) divided by skin:air partition coefficient (Haddad et al., 2006).

5
Estimated on basis of Tmax from oral time course data of Leavens et al. (2007) and assumed to be the same across age groups.

6
Experimentally determined in pooled adult human microsomes as 1.74 nmoles/min–mg MSP (Kenyon et al., 2016a) and converted to 17.14 

mg/h-mg MSP in (Kenyon et al., 2016b) analysis. Converted to basis of CYP 2E1 for this analysis using known average CYP2E1 content (85 pmol 
CYP2E1/mg MSP) for independent set of adult samples for which both CYP2E1 content and P450 content are known at the level of the individual 
subject Lipscomb (personal communication).

7
Estimated from in vitro clearance of BDCM from pooled human liver cytosol (Ross and Pegram 2003).
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Table 4.

Statistical Characteristics for Maximum Concentration of BDCM in Blood (CVmax) Based on Monte Carlo 

Analysis Following Oral Exposure (Single 0.05 L Drink, 5 μg/l BDCM in Water, 2 h Simulation)

Age Group Mean ± SD (ng/l) % CV 5th Percentile 95th Percentile Ratioa

Neonate 24.1 ± 19.1 79.2 2.57 58.6 22.8

Infant 5.39 ± 2.09 38.7 2.83 9.28 3.28

Toddler 1.32 ± 0.77 57.9 0.52 2.75 5.28

Adult 0.23 ± 0.10 43.4 0.11 0.41 3.75

a
Ratio of 95th to 5th percentile values.
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Table 5.

Statistical Characteristics for Maximum Concentration of BDCM in Blood (CVmax) Based on Monte Carlo 

Analysis Following Bathing Exposure (20 min, 5 μg/l BDCM in Water, 2 h Simulation)

Age Group Mean ± SD (ng/l) % CV 5th Percentile 95th Percentile Ratioa

neonate 86.8 ± 23.0 26.5 63.53 132.3 2.08

infant 61.8 ± 2.35 3.80 59.06 66.20 1.12

toddler 56.5 ± 1.39 2.45 55.17 59.08 1.07

adult 49.0 ± 0.49 1.00 48.39 49.87 1.03

a
Ratio of 95th to 5th percentile values.
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