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Background: Associations between serum levels of polybrominated diphenyl ether (PBDE) and timing of
pubertal development in adolescent girls (e.g., menarche) have been reported in both a cross-sectional
and in a longitudinal study. The associations may be biased by growth dilution and pharmacokinetic
changes during pubertal development.
Objectives: To use a physiologically-based pharmacokinetic (PBPK) model to assess how much of the
epidemiologic association between PBDE and altered timing of menarche might be attributable to
growth dilution and pubertal maturation.
Methods: We developed a PBPK model of BDE-47, a major congener of PBDE, to perform Monte Carlo
(MC) simulation of plasma BDE-47 levels in a hypothetical target population aged 2 to 22 years old. The
model used realistic distributions of physiological parameters including timing of growth spurts and
menarche. The simulated data were analyzed as if they had come from an epidemiologic study. We
compared the results based on the simulated population to those reported.
Results: The population characteristics, including age and body mass index (BMI) were similar between
the simulated and reported groups. In the cross-sectional study design, the association between pro-
portion of subjects with menarche before age 12 years and BDE-47 serum concentration was inverse in
our simulated population, whereas the reported association was positive. In the longitudinal study de-
sign, simulated data were not suggestive of an association, whereas a delay in pubertal onset with higher
concentrations of BDE-47 was observed in the epidemiologic study.
Conclusion: Results of our simulation suggest that in the previous cross-sectional study there was a small
negative bias due to pharmacokinetics in the reported relationship between BDE-47 and age at me-
narche. However, in the longitudinal study there was little evidence of bias. Our study showed how PBPK
modeling can be used to quantify the potential bias in epidemiological studies and also suggested that
further studies on the optimal approach to modeling exposure are warranted to better understand and
quantify the potential bias in the epidemiological associations with BDE-47 due to pharmacokinetics.

& 2016 Elsevier Inc. All rights reserved.
1. Introduction

Quantitative methods for evaluating potential biases in epide-
miologic studies, called bias analysis, has been used to estimate
the effects of unmeasured confounders, misclassification, and
, Research Triangle Park, NC

).
selection bias (Rothman et al., 2008). We have developed a new
type of bias analysis using Monte Carlo pharmacokinetic modeling,
which extends the previously described approaches with a prob-
abilistic, physiologically relevant method that can evaluate con-
founding and reverse causality related to physiology and phar-
macokinetics. For example, we have conducted pharmacokinetic
bias analyses of associations between serum concentration of
polychlorinated biphenyls and birthweight (Verner et al., 2013)
and perfluoroalkyl substances (PFAS) and birthweight (Verner
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et al., 2015). Recently, we used our approach to evaluate bias in an
epidemiological report linking serum PFAS with delayed menarche
(Wu et al., 2015). In that recent report, we found that one third of
the observed association between serum PFAS concentrations and
age at menarche was explained on the basis of pharmacokinetics.
Thus, we speculated that the associations between serum poly-
brominated diphenyl ethers (PBDEs) and age at menarche ob-
served in epidemiological studies might be similarly biased.

PBDEs are a class of chemicals used as flame retardants in a
wide variety of consumer products. Though production has been
increasingly regulated and reduced, exposure is ongoing (Law
et al., 2014). 2, 2′, 4, 4′-tetrabromodiphenyl ether (BDE-47) is the
most abundant congener detected in human samples. Toxic effects
of BDE-47 have been found in animals, although at much higher
concentrations than those observed in humans (Darnerud et al.,
2007). In humans, PBDEs are suspected of endocrine activity at
relatively low concentrations and have been associated with al-
tered thyroid hormone levels and decreased fecundability (Costa
et al., 2009; Harley et al., 2010). Two epidemiologic studies of
PBDE and timing of puberty have been published, one from a
cross-sectional study of adolescent females (Chen et al., 2011) and
another from a longitudinal study of girls (Windham et al., 2015).
We hypothesized that the association observed in these types of
studies would depend on study design and that results could be
biased by growth-spurt induced “dilution” of PBDE body burden in
a cross-sectional study like Chen et al. (2011). As shown in pre-
vious studies, pharmacokinetic modeling is particularly well-sui-
ted to quantify potential bias related to physiologic and
Fig. 1. A) Structure of PBPK model compartments B) Dynamic exposure is calculated base
of age 13, 16, and 19 years in mid-2003). Note that for the simulated subject who in 2003
lower. When this subject was 2 years old, it was after the age of crawling, and dust expos
point in calendar time when exposure was at its height. In comparison, for the simulated
of maximal exposure to dust, this was when BDE exposure levels were much higher. Whe
was at its height. The small difference in exposure in 1999 among subjects of different a
Growth of compartment volumes (median values are shown).
pharmacokinetic processes in epidemiologic studies.
To quantify potential bias in these two epidemiologic studies of

BDE-47 and timing of menarche, we developed a physiologically-
based pharmacokinetic (PBPK) model of BDE-47 for humans. The
PBPK model describes BDE-47 pharmacokinetics during growth
and development and includes a submodel that describes BDE-47
exposure. A Monte Carlo process was implemented to simulate
plasma BDE-47 concentrations and age at menarche for subjects in
epidemiologic studies. The simulated data were analyzed statisti-
cally as if they had come from an epidemiologic study. Any asso-
ciation observed between BDE-47 exposure metrics, such as
plasma concentration, and the timing of menarche in the statis-
tical analysis of the simulated sample reflects a potential phar-
macokinetic bias in the epidemiologic results. Because no phar-
macodynamic models are involved, associations apparent in the
statistical analysis of simulated data must arise from the correla-
tions that exist among variables in the PBPK model rather than
toxic activity of the contaminant. Using this approach, we simu-
lated the two epidemiological studies noted above (Chen et al.,
2011; Windham et al., 2015).
2. Materials and methods

2.1. PBPK model for BDE-47

The PBPK model for BDE-47 presented here is, to our knowl-
edge, the first human PBPK model for PBDEs. The only other PBPK
d on Age and Calendar date (trajectories represent median exposures for individuals
was 19 years old, their year of birth, 1984, was at a time when exposure was much
ure would have been decreasing. Their second peak in exposure corresponds to the
subject who in 2003 was 13 years old, when they were 2 years old and after the age
n this subject was aged 9, it was again at the point in calendar time when exposure
ges is due to differences in mean body weights for the different age groups, and C)
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model of BDE-47 was developed for rats by Emond et al. (2010).
The model consists of four compartments including blood, liver,
adipose tissue, and the rest of the body (Fig. 1A). These compart-
ments were selected based on their relevance to the pharmaco-
kinetics of BDE-47 in humans (Geyer et al., 2004). For this highly
lipophilic compound, we used tissue neutral lipid content as the
basis to describe BDE-47 partitioning between blood and tissue as
suggested by Haddad et al. (2000), and adipose tissue was in-
cluded as a major storage compartment BDE-47 (ASTDR, 2004).
Hepatic metabolism was assumed to account for BDE-47 clearance
(Erratico et al., 2013). A perfusion-limited description was con-
sidered adequate for all the tissue compartments given the long
half-life of BDE-47 in humans in this long-term exposure simula-
tion study. Chemical specific and physiologic parameters used for
the human PBPK model for BDE-47 are described in Supplemen-
tary Tables S1 and S2. Intrinsic hepatic clearance (Clint) was esti-
mated to yield a 1.4 years half-life for BDE-47 in adults. There is
considerable disagreement among published estimates of the
BDE-47 half-life, as discussed by Wong et al. (2013), and 1.4 years
is a moderate value that aligns with the median estimate of Trudel
et al. (2011).

Daily exposure to BDE-47, estimated from the exposure sub-
model (Fig. 1B) and described below, was modeled as a continuous
input to the blood compartment to take into account combined
daily intake of BDE-47 from multiple pathways (Trudel et al., 2011;
Lorber, 2008). To describe physiological changes throughout ado-
lescence, the life stage model of changes in body growth (e.g., body
weight, height, and BMI) reported in Wu et al. (2015) was used
(Fig. 1C, and Supplementary Fig. S1), and is also described in more
detail below. The model was run for females aged 2–22 years of
age.

Data for BDE-47 concentrations at age 2 in females in the US
are not available. Serum concentration of BDE-47 in newborn (cord
blood) reported by Toms et al. (2009) was used to estimate plasma
BDE-47 concentration at age 2 (12 ng/g lipid in serum). The
modeled concentrations of BDE-47 later in childhood were not
sensitive to the initial concentration (data not shown). The initial
concentrations in each tissue compartment were calculated using
the tissue to plasma partition coefficients. The complete model
code and script, implemented in acslX (3.0.2.1) are included in
Supplementary materials.

2.2. Exposure model

Exposure data for simulated subjects from age 2–22 years was
generated by Eq. (1).
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( )DX age date,i , the individual daily exposure, was calculated as
function of age and date. ( )D age is a function that describes the
age-dependence of exposure that is believed to be a consequence
of behavioral changes throughout life. ( )D age was based on ex-
posure estimates published by Lorber (2008). ( )BW agem represents
the mean body weight of the population at a given age (See
Growth Model, below). The temporal exposure factor, ( )F dateT ,
depends only on the calendar date. It can be thought of as re-
presenting the general trend of environmental contamination le-
vels. The exponential increase in exposure, with a doubling time of
4–6 years, ending around 1999, has been well characterized (Hites,
2004). Evidence for a decline thereafter is less well documented,
but has some support (Ryan and Rawn, 2014; EFSA 2011). In-
dividual exposure variability is represented by the factor, Vi. Fi-
nally, M is an empirical multiplier, and it was manually adjusted to
fit observed BDE-47 plasma concentrations. Even though most
exposure to BDE-47 is from dust, few data are available about the
concentration of BDE-47 in dust. Lorber's exposure estimates, on
which we relied, were based on just 10 dust samples. In addition,
the estimated daily exposure is highly sensitive to the BDE-47 half
life in the body, the most uncertain parameter in the exposure
estimation process, as stated in Lorber (2008). The half-life we
selected was shorter than the one Lorber used to estimate ex-
posure, so it is not surprising that a correction factor, M, was
needed. Therefore, substantial uncertainty in exposure levels ex-
ists, and thus the need for a 3-fold correction factor may not be
very surprising. (Note that our results were not sensitive to FT or
M, as discussed below.) Detailed descriptions of the exposure
model factors can be found in the Supplementary materials.

2.3. Growth model

Models of growth described by others were tuned to match
age-specific distributions of height, weight, and BMI reported in
NHANES (Wu et al., 2015). In these models, growth in height was
primarily a function of age and a parameter controlling the age of
the adolescent growth spurt; related parameters were varied
across subjects to create realistic variation in individual trajec-
tories. Similarly, growth in weight was primarily a function of age,
height, and a parameter controlling the age of the adolescent
growth spurt; related parameters varied across subjects to create
realistic variation in individual trajectories. Age at menarche was a
function of the growth spurt parameter noted above, the average
length of time between peak height velocity and age at menarche,
and related parameters that varied across subjects. In the growth
model, the age-specific BMI calculated from height and weight had
a realistic correlation with age at menarche (Wu et al., 2015). The
age-specific body height and weight were used to calculate phy-
siological parameters in the PBPK model, such as tissue volume
and tissue blood flow. The growth model (Wu et al., 2015) in-
cluded blood loss from menstruation. Relevant details of the
growth model are summarized in the Supplementary materials,
Supplementary Table S3.

2.4. Monte Carlo population variability

Variability in simulated populations was introduced through
independently sampling values for a number of model parameters
that determine characteristics of simulated individuals. This
method of inducing variability was applied to physiological and
chemical specific parameters in the PBPK model, and it was also
applied in the exposure model. The distributions of parameters (i.
e., mean, SD, range) were drawn independently from distributions
that were either normal or loge-normal, and the type of distribu-
tion, mean, variance, and truncation limits, if any, are described in
Supplementary Tables S2 and S3. The parameters were selected to
produce simulated populations comparable to NHANES 2003–
2004 participants in terms of distributions of body height, body
weight, body mass index (BMI), age at menarche, and plasma
concentration of BDE-47.

2.5. Simulation of study populations

We simulated data to replicate the population from the Chen
et al. (2011) study (Chen study hereafter), a cross-sectional study
of 271 adolescent females from the National Health and Nutrition
Examination (NHANES) Survey 2003–2004 database. The Chen
study population was simulated by generating lifetime data for
40,000 individuals, which was sufficient for convergence of the
epidemiologic regression results. BMI, body height, body weight,
and plasma concentration of BDE-47 were recorded once for each



Table 1
Comparison of sample characteristics for simulated and reported epidemiologic
studies.

Variable Chen et al. Windham et al.

Simulated Reported† Simulated Reported

Age (y)
6.0–6.9 28.0% 30.4%
7.0–7.9 68.4% 66.7%
Z8.0 3.6% 3.0%
12–15 49.9% 53.1%
16–19 50.1% 46.9%

Age at menarche
Mean (y) 12.3 12.1
% o 12 24.8% 24.0%

BMI
o 85th %ile 71.6% 70.9%
Z85%ile 28.4% 29.2%

2nd Quartile [kg/m2]a 19.2 19.6
3rd Quartile 22.5 21.8
4th Quartile 26.7 24.9

Serum BDE-47 concentration
(ng/g)
Median 24.5 26.2
Geometric mean 24.6 24.1 51.7 42.2

a Means within category.
† Secondary analysis of the Chen study was completed in R using the ‘survey’

package, Lumley (2004, 2014). NHANES 2003–2004 data were obtained from CDC.
The same filtering criteria described in Chen et al. (2011) were applied to arrive at
the same sub-sample of 271 subjects. In this way, it was possible to obtain statistics
of the Chen study sample that were not previously reported, such as some of those
in Table 1.
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simulated individual, at the blood sampling time. Each individual's
age at blood sampling time was randomly selected from a discrete
uniform distribution of 0.1 year increments in the range of 12.0–
19.9 years old. The calendar date at measurement (July 1, 2003)
was constant for all subjects. The calendar date is relevant only to
the exposure sub-model.

We also simulated data to replicate the population from the
Breast Cancer and the Environment Research Program (BCERP)
study described in Windham et al. (2015) (BCERP study hereafter).
This study was an investigation of determinants of puberty within
the BCERP study, a longitudinal study in which 1170 girls between
the ages of 6 and 8 years in 2004–2007 were enrolled and mon-
itored for seven years with annual follow-up for pubertal devel-
opment. This study was simulated by generating data for 40,000
individuals. In the simulation, BMI, body height, body weight, and
plasma concentration of BDE-47 were recorded at enrollment.
Calendar date at enrollment (January 1, 2006) was constant for all
subjects. Age and BMI at enrollment for each individual was se-
lected from a distribution defined by the distribution of age at
enrollment for the subjects of the BCERP study.

2.6. Statistical analysis

We evaluated the relationship between simulated BDE-47 le-
vels and age at menarche using the statistical approaches selected
by Chen et al. (2011) and Windham et al. (2015). The regression
analysis of the simulated population data for comparison to the
results from Chen study was done by fitting a log-binomial model
using the ‘glm’ function in the R software package (v. 3.1.2). Re-
lative risks were determined, for the quartiles and for the natural
logarithm of BDE-47 concentration, with age as the only covariate.

The BCERP simulation study was analyzed by fitting an ac-
celerated failure time (AFT) model using the SAS package (Version
9.3). Time ratios were calculated to compare the median age at
menarche among girls in each of the higher 3 quartiles of BDE-47
in comparison to the girls in the reference category (the first
quartile of BDE-47). The age at enrollment and BMI at enrollment
were included as covariates in the AFT model.

2.7. Sensitivity analyses

2.7.1. One-at-a-time and global sensitivity analyses
The sensitivity of plasma concentration for simulated subjects

at three ages: 7.5 years, 15 years, and 19 years were evaluated.
First, one-at-a-time (OAT) sensitivity coefficients were obtained by
varying each of the input parameters by 1% and noting the re-
sulting changes in the output. The OAT sensitivity coefficients were
expressed as the ratio of the percentage change in the BDE-47
serum concentration to the percentage change in a model input
parameter (Clewell et al., 1999). Pearson correlations of plasma
concentrations of BDE-47 with the values of input parameters in
the dataset from Monte Carlo simulations were also analyzed
(Clewell et al., 1999). The parameters with higher correlation
coefficients were considered more influential. Lastly, a sensitivity
analysis of the BDE-47 plasma concentration was conducted using
the Morris global sensitivity method implemented in acslX
v3.0.2.1. The list of parameters varied and their ranges are given in
Supplementary Table S4.

2.7.2. Regression sensitivity analyses
The sensitivity of the coefficients from the regression models

(e.g., for risk ratios or time ratio) to our assumptions were studied
by altering the simulation in significant ways, repeating the entire
population generation process under the new assumptions, and
analyzing the risk ratios or time ratios of the new population as
described above. Specifically, we tested our assumption about
description of age-dependent exposure: a) with an alternative step
function so that exposure was directly based on Lorber's (2008)
estimates, (i.e., with M¼1), and b) with individual body weight
scaling rather than mean body weight for the population at a given
age. We also evaluated the effect of removing time trends in ex-
posure levels. In addition, different half-lives of BDE-47 in humans
(0.7 years and 2.8 years) were tested in comparison to the 1.4 years
value used in the baseline simulation scenario. We also evaluated
the changes in risk ratios or time ratios made by altered average
menstrual blood loss (i.e., no menstrual blood loss). The preceding
set of specific assumptions was chosen for examination because
the sensitivity analyses described in Section 2.7.1 indicated that
these parameters affected the PBPK model output and because
these were the parameters about which we had the least certainty.
Finally, for the age at puberty (BCERP) simulation, we also ex-
amined the effect of using onset of puberty (breast development)
as the outcome, calculated as age at menarche – 1.96 y (Martí-
Henneberg and Vizmanos, 1997; Largo and Prader, 1983).
3. Results

3.1. Characteristics of the simulated and reported study populations

The simulated and reported characteristics of the Chen study
population were similar with respect to age, age at menarche, BMI,
and geometric mean serum BDE-47 concentration (Table 1). BDE-47
serum concentrations by age in the simulated population were in
good agreement with the reported data (Fig. 2). For two of the three
key characteristics of the Windham et al. (2015) study population
that were available (age and BMI), the simulated and reported va-
lues were also similar; the geometric mean BDE-47 in the simulated
population, however, was about 20% higher (Table 1).



Fig. 2. Comparison of simulated and observed BDE-47 blood levels in a cross-
sectional study by age group. Small rectangle, mean; horizontal line bisecting large
rectangle, median; large rectangle, lower and upper quartiles; whiskers, 5th and
95th percentiles. Observed data from NHANES 2003–2004. At age 18, for the ob-
served value, the estimate of the 95th percentile is not stable because of the small
number of 18 year old females (n¼35) and the use of the weights, clustering, and
stratification factors in the analysis.
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3.2. Epidemiologic analysis of the simulated data

In the simulation of the Chen study the association between
proportion of subjects with menarche before age 12 years and
BDE-47 serum concentration was inverse, with relative risks just
slightly below one (Table 2). In contrast, the relative risks reported
by Chen et al. (2011) were greater than one. In the simulated
BCERP study, the association between age at menarche and BDE-
47 serum concentration was null, whereas in the results reported
by Windham et al. (2015) pubertal transition was later across in-
creasing quartiles of BDE-47 (Table 2).

3.3. Sensitivity analysis

The sensitivity of serum BDE-47 concentration for simulated
subjects at 7.5 years, 15 years, and 19 years were evaluated (Ta-
ble 3). The parameters identified as most influential on serum
BDE-47 concentrations by the OAT sensitivity analysis were:
maximum height in cm (H1), intrinsic hepatic clearance (ClintC),
empirical correction factor (Dosemultiply, M), fraction of neutral
lipid in blood (NLPB), a timing parameter controlling the age of the
growth spurt (THETA), maximumweight in the later section of the
growth curve (MWADULT), maximum weight for the early hy-
perbolic section of the growth curve (MWCHILD), exposure dou-
bling time constant for BDE-47 between 1982 and 2004 (XPDLTI-
MEC), prepubertal linear growth (S0), and time difference (years)
between the beginning of the exponential decline of BDE-47 ex-
posure and the epidemiological study (CUT1). The same para-
meters were also identified as significant by the correlation ana-
lysis, with the exception of CUT1. The sensitivity of the model
results to these parameters was similar at different ages. The
Table 2
Comparison of association between serum BDE-47 concentrations and age at menarche

Chen study (Chen et al. 2011) Adjusted Relative Risks (95% CI) for
menarcheo12 yearsa

Simulated Reported

BDE-47
1st Quartile 1.00 (Reference) 1.00
2nd Quartile 0.98 (0.93–1.04) 2.73 (1.07–6.92)
3rd Quartile 0.91 (0.86–0.97) 1.94 (0.51–7.42)
4th Quartile 0.93 (0.88–0.99) 4.17 (1.52–11.44)
ln([BDE-47]) 0.95 (0.92–0.98) 1.54 (1.07–2.23)

a The simulated and adjusted results for the Chen study are both adjusted for age.
† In the BCERP study (Windham et al., 2015), the onset of puberty was based on age

age at menarche. See text for discussion. The simulated and reported results are both a
results for the Morris global sensitivity analysis were also similar
and a ranking of the top 10 parameters for each of the three ages
from the Morris analysis is described in Supplementary Table S5.

3.4. Regression sensitivity analyses

In the regression sensitivity analyses, for the Chen study, the
results were essentially unaffected by a different method of
modeling age-specific exposure, by setting menstrual clearance to
zero, by removing the time trend in exposure, or by using sub-
stantially different half-lives (Table 4). Whether exposure was
calculated on the basis of individual body weight or mean body
weight for age, however, did affect the association, and changed its
direction from negative to positive in the simulation of Chen study.
For the BCERP simulation, the regression results were sensitive to
the same factor as for the Chen study, though the effect was not as
large as for Chen study. Of particular note is that the regression
results were not sensitive to the half-life, the absolute exposure
level (the correction factor M was set to 1 when the alternative
age-dependent exposure was used), or having the age-dependent
exposure held constant across calendar time (with FT¼0). In ad-
dition, when we considered pubertal onset instead of age at me-
narche in our simulation of the BCERP study, the Adjusted Time
Ratio was not sensitive to the altered pubertal timing (onset vs.
menarche).
4. Discussion

Our analysis indicated that, under the values we chose for the
baseline simulation parameters, the epidemiologic results ob-
tained in the cross-sectional study by Chen et al. (2011) would
have a slight negative bias because of growth dilution. In other
words, in the absence of the pharmacokinetic bias we character-
ized, the associations observed by Chen et al. would have been
slightly larger (10%, using relative risk – 1 as the effect size) than
what they reported. On the other hand, using the prospective and
longitudinal design in the BCERP program, our simulation in-
dicates little bias would be expected. Because of the different
statistical approaches used by Chen et al. (2011) and Windham
et al. (2015), it may not be obvious that Chen et al.'s results mean
higher BDE-47 exposure was associated with earlier age at me-
narche (RR41), while Windham et al.'s results mean higher ex-
posure was associated with later menarche (TR41). A complete
discussion of potential reasons for the discrepancy is beyond the
scope of the present exercise. However, the study designs were
different and, in general, the results of a prospective, longitudinal
study would be expected to have higher validity.

In the Chen cross-sectional study based on NHANES it was
assumed that serum PBDE concentrations measured after
in simulated and reported epidemiologic studies.

BCERP study (Windham et al. 2015) Adjusted Time Ratio (95% CI) for
puberty†

Simulated Reported

1.0000 1.00
1.0001 (0.9979–1.0023) 1.02 (0.99–1.05)
0.9987 (0.9965–1.0009) 1.02 (0.99–1.05)
0.9983 (0.9962–1.0005) 1.04 (1.01–1.07)

at Tanner Stage 2þ breast development. In the simulation, the onset was based on
djusted for age and body mass index at the beginning of follow-up.



Table 3
Calculated one-at-a time sensitivity coefficients (SCs) and correlation coefficients for model parameters for BDE-47 with respect to serum concentrations of BDE-47 (ng/g) at
7.5, 15, and 19 years old.

Parameter 7.5 years old 15 years old 19 years old

SC Correlation coefficient SC Correlation coefficient SC Correlation coefficient

NLPB �0.99 �0.20 �0.99 �0.18 �0.99 �0.19
ClintC �1.13 �0.18 �1.95 �0.17 �1.11 �0.17
MWCHILD 0.37 0.06 0.16 0.13 0.12 0.03
MWADULT 0.39 0.04 0.93 0.04 0.52 0.11
S0 �0.31 �0.04 �0.15 �0.03 �0.11 �0.02
Dosemultiply 1.00 0.03 1.00 0.03 1.00 0.04
THETA 0.89 0.03 0.66 0.01 0.23 0.00
XPDBLTIMEC 0.25 �0.03 0.26 �0.03 0.33 �0.03
PR 0.01 0.01 0.06 0.01 0.11 0.01
H1 �1.42 �0.01 �1.47 �0.01 �1.45 �0.01
CUT1 0.08 0.00 0.11 0.00 0.18 0.00

NLPB: fraction of neutral lipid in blood, ClintC: intrinsic hepatic clearance, MWCHILD: maximum weight for early hyperbolic section curve (kg), MWADULT: maximum
weight for late hyperbolic section curve (kg), S0: prepubertal growth, Dosemultiply: empirical correction factor exposure, THETA: a timing parameter controlling the location
of the adolescent growth spurt along the time axis, XPDBLTIMEC: exposure doubling time constant for BDE-47 from 1982 to 2004, PR: BDE-47 Rest of body: plasma partition
coefficient, H1: maximum height in cm, CUT1: time difference between the year beginning the exponential decline of BDE-47 and the epidemiological study.

Table 4
Regression result sensitivity analysis.

Modification Chen study
simulation

BCERP study simulation

Adjusted Risk Ratio
ln([bde47])

Adjusted Time Ratio
([bde47 Q4 vs. Q1])

None (baseline simulation) 0.95 (0.92–0.98) 0.9983 (0.9962–1.0005)
Alternative age-dependent
exposurea

0.95 (0.92–0.98) 0.9997 (0.9953–0.9996)

BWi
† 1.04 (1.01–1.07) 0.9969 (0.9947–0.9991)

Age-dependent exposure
held constant
No time trend§ 0.94 (0.92–0.97) 0.9980 (0.9959–1.0002)

Alternative elimination T1/2
0.7 years 0.95 (0.92–0.98) 0.9979 (0.9958–1.0000)
2.8 years 0.94 (0.91–0.97) 0.9986 (0.9965–1.0008)

Menstrual clearance¼0 0.95 (0.92–0.98) 0.9983 (0.9961–1.0005)
Age at puberty onset 0.9983 (0.9958–1.0008)

a Step function based directly on Lorber estimates (Lorber, 2008). Estimated
BDE-47 exposure for those of age 0–6 years is 12.8 (ng/kg/day), for those of age 6–
11 years is 3.7 (ng/kg/day), for those of age 11–20 years is 2.4 (ng/kg/day), and for
those of age 20þ years is 2.0 (ng/kg/day).

† Exposure calculated based on individual body weight rather than mean for
age.

§ With FT¼0, exposure is constant across calendar time.
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menarche would approximate the perimenarcheal concentrations
(Chen et al., 2011). However, the physiological changes accom-
panied by the pubertal onset may have a significant impact on the
serum concentrations of BDE-47 in girls. The adolescent growth
spurt, a period of rapid growth in height and weight during pub-
erty, begins at 10 years of age for girls on average (Bogin, 2010)
and is related to the timing of menarche (Power et al., 1997). The
growth spurt can lead to growth dilution where a rapid increase in
body volume causes a decrease in BDE-47 concentrations. Other
than growth, the physical manifestations of puberty begin with
the development of pubic hair and of the breasts and conclude
with menarche (Martí-Henneberg and Vizmanos, 1997; Largo and
Prader, 1983). Thus, in a cross-sectional study of postmenarcheal
girls, those experiencing earlier pubertal development would have
lower BDE-47 levels, whereas girls with later onset of growth spurt
and menarche would have higher BDE-47 levels. The regression
sensitivity analysis showed that in the Chen study, the bias was
due to growth dilution, with no contribution from menstrual on-
set. This result is qualitatively similar to our related analysis in
perfluoroalkyl substances and menarche, where the bias was also
due to growth dilution (Wu et al., 2015).

Accurate Monte Carlo simulation requires correct specification
of the correlations among variables (Ferson, 1995). Many of the
correlations among variables in our simulation stem from the
growth model. Even though the inputs for the growth model are
selected independently and at random, together they determine a
simulated person's rate of development, growth trajectory, relative
size, and body composition. Because body size determines organ
size and organ blood flow, many correlations among variables
derive from functional relationships. Dosing and elimination rate
were also assigned independently and at random. Dosing rate was
not dependent on individual body size, but elimination rate was,
as the final elimination rate was a function of individual liver size,
which in turn was dependent on body size. Other than the func-
tional relationships mentioned, correlations were not induced
between exposure, elimination, or variables affecting body size.

The regression results were sensitive to how we modeled ex-
posure. We scaled daily exposure to BDE-47 by average body
weight in the population at a given age. With exposure scaled by
individual body weight, the direction of the association changed
for the simulation of the Chen study. Because dust ingestion is the
major route of BDE-47 exposure, Lorber (2008) estimated the
PBDE intake dose per average body weight per age group. How-
ever, individual body weight at a given age could have some re-
sidual ability to improve the dose estimate because weight is re-
lated to inhalation rate (USEPA, 1997), and it could also improve
prediction of the minor portion of exposure that comes from food.
More data on the best way to express PBDE exposure in relation to
body weight could improve the accuracy of our PBPK model and
simulation. Nonetheless, with dose expressed per average body
weight or per individual body weight, the amount of bias indicated
by the simulation was relatively small in either case. In addition,
when the dose was expressed by average body weight for age, the
regression results were not sensitive to the accuracy of the BDE-47
half-life or to the levels of daily exposure at each age in the PBPK
model. This implies that more precise simulation of the geometric
mean serum concentration in the BCERP study would not have
been critical for evaluating the BDE-47 and age at menarche as-
sociation. Although it did not affect the conclusions from the si-
mulation, the fact that an empirical multiplier, M, was needed in
the exposure submodel to reproduce the serum BDE-47 con-
centrations in the epidemiological studies indicates uncertainty
about half-life, exposure, or both, which may be important to
address in future applications of the PBPK model.
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We have developed a PBPK model for BDE-47 in humans and,
using this PBPK model, demonstrated that growth dilution can
influence the association between PBDE and age at menarche.
The growth model linked to our PBPK model was developed so
that the age-specific distributions of BW, BH, and BMI for females
matched that of the general U.S. population (Wu et al., 2015).
Selection probabilities for simulated subjects can be applied as
needed to make the characteristics of a given population match a
given target population. In addition, the correlation between BMI
and age at menarche was incorporated into the growth model.
Although the onset of breast and pubic hair development used in
the BCERP study has been shown to be highly correlated with the
age at menarche (Largo and Prader, 1983; Martí-Henneberg and
Vizmanos, 1997), these reflect slightly different aspects of the
maturational process. However, we demonstrated that the re-
gression results were not sensitive to timing of the specific
pubertal outcome used. Our results demonstrated that quanti-
tative assessment of bias using Monte Carlo-pharmacokinetic
models allows incorporation of current knowledge of physiology
and pharmacokinetic variability into simulations of diverse
populations.
5. Conclusion

Given our assumptions, we found clear evidence of bias due to
kinetics in the cross-sectional epidemiologic results on BDE-47
and age at menarche, although the amount of bias was modest.
The tools we have developed here can be applicable to other
chemicals and health end points to evaluate potential bias in
epidemiological associations due to pharmacokinetics. The most
important data gap identified was how best to model exposure as
a function of weight: individual body weight or of mean weight for
a given age? Additional studies on this data gap would improve
the assessment of the bias introduced by the physiologic con-
tributions to the epidemiological association.
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