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Abstract

Lipophilic persistent environmental chemicals (LPECs) can accumulate in a woman’s body 

and transfer to her developing child across the placenta and via breast milk. To assess health 

risks associated with developmental exposures to LPECs, we developed a pharmacokinetic (PK) 

model that quantifies mother-to-offspring transfer of LPECs during pregnancy and lactation and 

facilitates internal dosimetry calculations for offspring. We parameterized the model for mice, 

rats, and humans using time-varying functions for body mass and milk consumption rates. 

The only required substance-specific parameter is the elimination half-life of the LPEC in the 

animal species of interest. We used the model to estimate whole-body concentrations in mothers 

and offspring following maternal exposures to hexachlorobenzene (HCB) and 2,2′,4,4′,5,5′-
hexachlorobiphenyl (PCB 153) and compared these with measured concentrations from animal 

studies. We also compared estimated concentrations for humans to those generated using a 

previously published human LPEC PK model. Finally, we compared human equivalent doses 

(HEDs) calculated using our model and an allometric scaling method. Estimated and observed 

whole-body concentrations of HCB and PCB 153 in offspring followed similar trends and differed 

by less than 60%. Simulations of human exposure yielded concentration estimates comparable to 

those generated using the previously published model, with concentrations in offspring differing 
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by less than 12%. HEDs calculated using our PK model were about 2 orders of magnitude lower 

than those generated using allometric scaling. Our PK model can be used to calculate internal 

dose metrics for offspring and corresponding HEDs and thus informs assessment of developmental 

toxicity risks associated with LPECs.
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environmental chemicals; pregnancy; lactational transfer

Lipophilic persistent environmental chemicals (LPECs) are resistant to degradation and tend 

to accumulate in the “body lipids” of animals (Lehmann et al., 2014). These chemicals may 

be released into the environment directly (eg, via agricultural application as a pesticide), 

as byproducts (eg, via incineration of a precursor substance), or by leaching from products 

(eg, through release from plastics or adhesives over time) (El-Shahawi et al., 2010). Once 

released, LPECs can disperse via air, water, and soil, leading to contamination of a variety of 

ecosystems (El-Shahawi et al., 2010).

Due to their resistance to degradation and metabolism, LPECs remain in the environment 

following their introduction, and many of them have half-lives on the order of years in both 

the environment and in biological organisms (Geyer et al., 2002; Terzaghi et al., 2018). 

They enter animals through consumption of contaminated food (Di Guardo et al., 2020; 

Duttagupta et al., 2020), leading to especially high concentrations of LPECs in animals at 

higher trophic levels (Daley et al., 2014; Han and Currell, 2017). Humans are subject to 

bioaccumulation of LPECs via dietary exposure (Fromme et al., 2016), and they may also 

be exposed through inhalation (Ampleman et al., 2015; Iakovides et al., 2021; Lehmann et 

al., 2015) and dermal absorption (Abdallah and Harrad, 2018; Pius et al., 2020). Because of 

the many potential routes of exposure and their persistence in the human body, LPECs are 

ubiquitous in humans (Huetos et al., 2014; Woodruff et al., 2011).

Following absorption, LPECs partition into adipose tissue and they are metabolized and 

excreted relatively slowly. Scenarios involving continuous or recurring exposure therefore 

lead to a buildup of LPECs in the body over the course of the life of an individual. Excretion 

of stored LPECs can occur when lipids are mobilized from the contaminated adipose tissue 

during lactation (Lerch et al., 2016; Nickerson, 2006) and this can lead to exposure of 

nursing offspring via breast milk (ATSDR, 2015; Lehmann et al., 2014; Nickerson, 2006). 

Figure 1 conceptually illustrates how bioaccumulation and lactational transfer can lead to 

relatively high offspring exposures to LPECs.

Toxicological studies of prenatal and lactational exposure in laboratory animals are often 

used as a basis for determining health guidance values such as oral reference doses, minimal 

risk levels, and tolerable daily intakes. These studies typically report the dosing regimen 

applied to the maternal animal, but maternal dose may not be an adequate surrogate for the 

dose that is effectively delivered to offspring due to factors such as placental transport of 

the substance, partitioning of the substance into maternal lipids, and concentrated delivery of 

the substance from mother to offspring through nursing. For systemic toxicants, quantifying 
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the association between external and internal doses in both developing laboratory animals 

and human children is a critical step in determining an appropriate point of departure, and 

subsequently in calculating a human equivalent dose (HED).

Pharmacokinetic (PK) models allow for translation of applied doses to internal dose metrics, 

including concentrations in offspring. In fact, multiple PK models have been developed to 

estimate internal levels of LPECs in pregnant and lactating laboratory animals and their 

offspring (Lee et al., 2007; Weijs et al., 2010; You et al., 1999), as well as in pregnant and 

lactating women and their offspring (Emond et al., 2016; Gentry et al., 2003; Redding et al., 

2008; Stigum et al., 2015; Trapp et al., 2008; Verner et al., 2009, 2013). However, to our 

knowledge, no multispecies, multichemical model of gestational and lactational exposure 

has been previously published, making HED calculations difficult.

We developed a generic, multispecies PK model that quantifies the transfer of LPECs from 

mother to offspring during gestation and lactation. It is generic in the sense that it can 

be used for any LPEC if a half-life describing first-order elimination (in animal species 

of interest) is available. Our model can be used for estimation of HEDs and interspecies 

comparisons of exposure scenarios that occur before or during pregnancy and nursing; 

therefore, it may serve as a useful tool for risk assessment of LPECs that bioaccumulate and 

transfer from mothers to offspring.

MATERIALS AND METHODS

All analyses and simulations described herein were performed using R version 4.0.3 (R Core 

Team, 2020) on a Dell Latitude E7270 computer running Microsoft Windows 10. Dynamic 

models were implemented using the MCSim model specification language (Bois, 2009) and 

were subsequently translated to C (using the MCSim utility “mod”) and compiled for use 

in R. Supplemental source code and data files are available through the U.S. Environmental 

Protection Agency’s Environmental Dataset Gateway (https://doi.org/10.23719/1524467).

Pharmacokinetic Models

To analyze in utero and lactational exposure scenarios, we developed a generic PK 

model for lipophilic substances that describes transfer from a mother to her offspring. 

We parameterized the model for 2 laboratory animal species (rats and mice) and humans 

so that it can be used for interspecies dose conversions. This model accounts for the 

substantial changes (eg, in body mass) associated with pregnancy (for the mother) and in 
utero and postnatal periods (for the offspring) and can estimate instantaneous concentrations 

(in mg of substance per kg of body mass) in the mother and offspring following oral 

or intravenous dosing or dietary intake. Furthermore, this model can be used to calculate 

various internal “dose metrics” for specific exposure scenarios. By determining an exposure 

level for humans that produces a dose metric equivalent to that experienced by animals in a 

well-defined, controlled exposure scenario, one can use the model to compute an HED.

Model assumptions.—The model equations are based on the conservation of the total 

mass of substance in the mother-offspring system, which consists of a maternal animal and 

any associated offspring. That is, at any given time the total amount of substance that has 
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entered the system equals the total amount of substance that is in the system plus the total 

amount that has been eliminated. The following list describes additional assumptions that 

were made in developing the model.

• A fixed percentage of the nominal dose administered to an animal (mother or 

offspring) is absorbed by that animal. (We assume that the unabsorbed fraction of 

the administered dose does not enter the system and therefore we do not track the 

fate of that portion of the dose in our model.)

• During gestation and up through the instant birth occurs, the ratio of the 

fetal concentration (mg of substance per kg of body mass) to the maternal 

concentration is constant.

• Once the substance enters the animal, it is immediately and completely 

distributed into the lipids of the animal. Although we assume the substance 

resides only in lipids, average whole-body concentrations (mg/kg) are computed 

based on total body mass. (This assumption impacts the rate of lactational 

transfer of the substance as well as estimation of the ratio of fetal concentration 

to maternal concentration during pregnancy.)

• The concentration of the substance in milk lipids equals the concentration of the 

substance in the lipid fraction of the mother’s body.

• The proportion of the mother’s body which is lipid is constant with respect to 

time.

• The proportion of breast milk which is lipid is constant with respect to time.

• All (100%) of the substance in the breast milk ingested by the offspring is 

absorbed by the offspring.

• The elimination rates of the substance in mothers and offspring, excluding losses 

due to birth or lactation, are equal to one another and are proportional to the 

amount of substance in the body; these rates are characterized by a half-life that 

is a fixed constant for any given animal species.

• For pregnancies that result in the birth of more than one offspring, which 

are common in nonprimate laboratory mammals, all the sibling offspring are 

identical. That is, at any given time, they each have the same body mass and 

milk consumption rate, and each of their bodies contains the same amount of 

substance.

• If there is a decrease in total body mass at birth (ie, if the difference between the 

mass of mother before birth and the sum of the masses of mother and offspring 

after birth is greater than zero), then the lost body mass (eg, mass of placenta, 

amniotic sac, etc.) has the same concentration of substance as does the mother.

Model equations.—The diagram in Figure 2A illustrates the model for the (nonpregnant) 

mother at times prior to conception as well as the maternal-fetal system (ie, the mother and 

any in utero fetuses) during pregnancy. Before conception and during pregnancy, the model 

can be represented by a single ordinary differential equation (ODE) describing the rate of 
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change of the amount of substance in the maternal body or the maternal-fetal system. The 

time rate of change of the amount in the maternal body or maternal-fetal system (mg/day) is 

given by

d
dtAmf(t) = Fabs ⋅ Dm(t) ⋅ Mmf(t) − k ⋅ Amf(t), (1)

where Amf(t) is the amount (mg) of substance in the maternal body (prior to conception) 

or maternal-fetal system (during pregnancy), Fabs is the dose absorption fraction, Dm(t) is 

the rate of dose administration to the mother (mg/kg/day), Mmf(t) is the mass (kg) of the 

maternal body (prior to conception) or maternal-fetal system (during pregnancy),  is the 

first-order rate of elimination (days−1) of the substance, and t is the time elapsed (days) since 

some initial time. The initial time is typically chosen to be the beginning of a controlled 

exposure study in animals, or the moment of birth of the mother for humans.

The diagram in Figure 2B illustrates the model for the mother and “infant(s)” (ie, offspring) 

after birth. During this time, 2 ODEs are required to track changes in the amount of 

substance in the mother and the infant(s). The time rate of change of the amount in the 

mother (mg/day) is given by

d
dtAm(t) = Fabs ⋅ Dm(t) ⋅ Mm(t) − k ⋅ Am(t) − ni ⋅ Rmilk(t) ⋅ Fmilk

⋅ Am(t)
Fm ⋅ Mm(t) ,

(2)

where Am(t) is the amount (mg) of substance in the maternal body, Mm(t) is the mass (kg) 

of the maternal body, ni is the number of infants, Rmilk(t) is the rate of breast milk ingestion 

by each infant (kg/day), Fmilk is the proportion of breast milk that is lipid, and Fm is the 

proportion of the maternal body that is lipid. Fabs, Dm(t), , and t are all defined as for 

equation 1. The time rate of change of the amount in each infant (mg/day) is given by

d
dtAi(t) = Fabs ⋅ Di(t) ⋅ Mi(t) − k ⋅ Ai(t) + Rmilk(t) ⋅ Fmilk ⋅ Am(t)

Fm ⋅ Mm(t) , (3)

where Ai(t) is the amount (mg) in the infant’s body, Di(t) is the rate of dose administration 

or exposure (not including breast milk ingestion) for the infant (mg/kg/day), and Mi(t) is the 

mass (kg) of the infant’s body. The other quantities in this equation (Fabs, , Rmilk(t), Fmilk, 

Fm, Am(t), Mm(t), and t) are defined as described previously.

Equation 1 has a single state variable, Amf (t), and values for this variable at all times t after 

some initial time t0 (possibly t0 = 0, which corresponds to the moment of conception) up 

through tgest (the moment of birth) can be obtained by solving the initial value problem that 

consists of equation 1 and an initial condition, typically Amf(t0) = 0. Similarly, during the 

post-partum period, equations 2 and 3 and initial conditions that provide values for Am (tgest) 

and Ai(tgest) describe an initial value problem, so one can compute Am(t) and Ai(t) for all 

times t > tgest.
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As stipulated in the Model Assumptions, the ratio of the concentrations in the fetus(es) and 

the mother is a fixed constant throughout pregnancy. For continuity, this ratio, denoted by 

Rfm, also equals the ratio of the concentrations in the infant(s) and the mother at the instant 

of birth, when t = tgest. Thus,

Rfm = Ci(tgest)
Cm(tgest)

, (4)

where Ci (tgest) = Ai(tgest)/Mi(tgest) and Cm(tgest) = Am(tgest)/Mm(tgest) are the concentrations 

in the infant(s) and mother, respectively, at the instant of birth. Suppose that the total body 

mass is conserved at the instant of birth (ie, Mmf(tgest) = Mm(tgest) + ni · Mi(tgest)). Then, at 

this instant, the maternal-fetal system should have an overall concentration given by

Cmf(tgest) =
Amf(tgest)
Mmf(tgest)

=
Am(tgest) + ni ⋅ Ai(tgest)

Mm(tgest) + ni ⋅ Mi(tgest)
.

This implies

Cmf(tgest) =
Cm(tgest) ⋅ Mm(tgest) + ni ⋅ Ci(tgest) ⋅ Mi(tgest)

Mm(tgest) + ni ⋅ Mi(tgest)
,

and substituting equation 4, we obtain

Cmf(tgest) =
Cm(tgest) ⋅ Mm(tgest) + ni ⋅ Rfm ⋅ Cm(tgest) ⋅ Mi(tgest)

Mm(tgest) + ni ⋅ Mi(tgest)

= Cm(tgest) ⋅
Mm(tgest) + ni ⋅ Rfm ⋅ Mi(tgest)

Mm(tgest) + ni ⋅ Mi(tgest)
.

Rearranging, we can compute the concentration in the mother at birth as

Cm(tgest) = Cmf(tgest) ⋅ Mm(tgest) + ni ⋅ Mi(tgest)
Mm(tgest) + ni ⋅ Rfm ⋅ Mi(tgest)

. (5)

Also, we can compute the concentration in the infant(s) at the instant of birth as

Ci(tgest) = Rfm ⋅ Cm(tgest) .

To compute the concentrations in the mother and in utero fetus(es) throughout pregnancy, 

we assume that the ratio of concentrations in the mother (ie, in tissues belonging to the 

mother alone) and the maternal-fetal system transitions linearly from a value of 1 at 

conception (when the conceptus is very small) to the value shown as a fraction on the 

right-hand side of equation 5 at the instant of birth. That is,

Cm(t) = Cmf(t) ⋅ Mm(tgest) + ni ⋅ Mi(tgest)
Mm(tgest) + ni ⋅ Rfm ⋅ Mi(tgest)

− 1 ⋅ t
tgest

+ 1 (6)
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for t ∈ [0, tgest). Furthermore, the concentration in the fetus(es) can be computed as

Ci(t) = Rfm ⋅ Cm(t) (7)

for t ∈ [0, tgest). Note that we use the same symbol, Ci(t), to denote concentrations in the 

fetus(es) during gestation and concentrations in infant(s) (ie, offspring) after birth.

To run a simulation for a period of time that includes the moment of birth, we first solve 

the initial value problem involving equation 1 up through the instant of birth (ie, when t = 

tgest). We then compute the concentrations in the mother and fetus(es) at this instant using 

equations 6 and 7 and use these concentrations to set initial conditions for a second initial 

value problem involving equations 2 and 3. Specifically, we set Am(tgest) = Cm(tgest) · Mm 

(tgest) and Ai(tgest) = Ci(tgest) · Mi(tgest), where the values of Cm (tgest) and Ci (tgest) are taken 

from results of the pregnancy simulation.

If total body mass is not conserved at birth (eg, because products of conception such as 

placenta and amniotic fluid are discarded and not considered further in simulations) we 

assume that any lost body mass was “maternal” body mass; thus, that lost body mass is 

assumed to contain substance at the maternal concentration level Cm (tgest). In this case, the 

value of Mm(tgest), the “mass of the maternal body,” is decreased by the appropriate amount 

before starting the simulation of the postnatal period. If we let Mm tgest+  denote the mass of 

the maternal body after discarding all products of conception (ie, after subtracting the mass 

of the placenta, amniotic fluid, etc.), then the initial amount in the mother at the beginning of 

the postnatal period is Am(tgest) = Cm(tgest) ⋅ Mm tgest+ .

Model parameters.—We parameterized our PK model for 2 laboratory animal species 

commonly used in toxicological studies (ie, rats and mice), as well as for humans. Species- 

and substance-specific values of the model parameters are described in the following 

paragraphs.

The parameter tgest represents the duration (days) of pregnancy (ie, the time from conception 

to birth). Default values of this parameter are 273.75 days (approximately 9 months, or 

75% of 365 days) for humans, 22 days for rats (U.S. EPA, 1988a), and 18 days for mice 

(Al Jothery et al., 2014). Note that the default value used for humans (3 quarters of 1 

year) is slightly larger than the median number of days from ovulation to birth observed by 

Jukic et al. (2013), which is 268 days, but is a convenient approximation that can easily be 

represented as a fraction of a year.

The parameter Fabs, which represents the fraction of the administered dose that is absorbed, 

can be chosen to reflect a given dosing scenario. For example, one might assume that Fabs 

= 1.0 for a dose delivered intravenously and that Fabs < 1.0 for a dose delivered orally. In 

their PK models, Maruyama et al. (2003) used absorption fractions between 80% and 99% 

for various dioxins (a class of lipophilic substances), citing McLachlan (1993) and Liem and 

Theelen (1997). We applied a default value of 0.9 for Fabs.
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The parameters Fm and Fmilk represent the fraction of the maternal body and the breast milk, 

respectively, that are lipid. Default values of these parameters are shown in Table 1.

The parameter , which represents the first-order rate of elimination, can be chosen to 

reflect the half-life of a given substance in an animal of a given species (eg, rat or human). In 

practice, we assumed a fixed half-life t1/2 (days) for the chemical in the species of interest, 

and computed the elimination rate parameter as

k = log(2) ∕ t1 ∕ 2,

where “log” denotes the natural (base e) logarithm. The parameter ni, which represents the 

number of infants (offspring) born to the mother, can be specified by the user. By default, we 

assumed ni is 1 for humans, 10 for rats (Chahoud and Paumgartten, 2009), and 6 for mice 

(Al Jothery et al., 2014), but an alternate value can be substituted for each of the laboratory 

animal species (eg, if the litter size is specified in a given study). The value of this parameter 

can be changed at parturition or any time thereafter (eg, to reflect culling of pups in an 

animal study).

The parameter Rfm, which represents the ratio of the concentrations in the fetus(es) and 

the mother during pregnancy, will take on default values unless a value is assigned. Ando 

(1978) observed that newborn rat pups have a total body lipid fraction of 3.3%. Because this 

number is assumed to be 9.4% for adult rats (cf. Table 1), and because the model assumes 

the substance resides entirely in the lipids of the animal, the ratio of the concentrations at the 

end of pregnancy is assumed to be 0.35, which is approximately equal to the ratio of 3.3 and 

9.4. We assume that the ratio is the same throughout pregnancy. Deans et al. (1989) observed 

average human fetal body fat proportion to be 17.15% at 40 weeks of gestation. Because the 

value for the (adult human) mother is assumed to be 34.6% (cf. Table 1), we estimate the 

ratio of the concentration in a human fetus and mother to be 0.5, which is approximately 

equal to the ratio of 17.15 to 34.6. We assumed that the ratio is the same for mice as for rats. 

All default values of the parameter Rfm are shown in Table 1.

The values of the model parameters Mm(t), Mi(t), Dm(t), Di(t), and Rmilk(t) are all time 

dependent. The following paragraphs describe these parameters in detail.

Mm(t) and Mi(t) represent the masses of the mother and infant(s) (or offspring), respectively. 

However, during pregnancy, we let Mm(t) represent the combined mass of the mother and 

in utero fetus(es); that is, Mmf(t) = Mm(t) for t ∈ [0, tgest). For experiments in laboratory 

animals, we allow the user to set values for 12 parameters that describe body masses of the 

mother and the offspring:

• tmj , the jth time (days) since conception at which the mass of the mother is 

observed/known, and

• Mm
j , the mass of the mother at time tmj ,

for j ∈ {1, 2}, and
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• tik, the th time (days) since birth at which the mass of the infant(s) is observed/

known, and

• Mi
k, the mass of one infant at time tmk ,

for  2 {1, 2, 3, 4}. Default values for body mass parameters for rats and mice are shown in 

Table 2.

For laboratory animals, the body mass functions Mm and Mi are defined in such a way that

• they yield the appropriate body masses at certain times (as specified in the above 

parameter list);

• they are piecewise linear and are continuous except at the instant of birth (t = 

tgest);

• the mother gains sufficient body mass during gestation so that losing the mass 

of the infant(s) at birth will not cause her body mass to fall below the first 

observed/known body mass prior to birth (Mm
1 ) if all observations of body mass 

occurred before birth (ie, tm1 < tm2 ≤ tgest) or the second observed body mass if it 

occurred after birth (ie, tm1 < tgest < tm2 ); and

• total body mass of the mother and infant(s) is conserved at birth.

This last condition is achieved by requiring that (1) the mother’s body mass at time tgest is 

at least ni ⋅ Mi
1 greater than the preconception or post-birth body mass, and (2) the mother’s 

body mass decreases by ni ⋅ Mi
1 at tgest. However, note that ni can be changed at any time 

after the instant of birth to reflect culling. The default body mass functions for rat dams and 

their offspring (for the default rat mass parameter values) are depicted in Figure 3.

For a human mother, the body mass function Mm is defined in such a way that

• it is piecewise linear and is continuous except at the instant of birth, which 

corresponds to age 25 years;

• it reproduces values from Figure 2 (sampled at 3-month intervals starting with 

age 0 months and ending with age 36 months) of Kuczmarski et al. (2002), 

which depicts human female body mass versus age for ages 0–36 months;

• it reproduces values from Figure 10 (sampled a 1-year intervals starting with age 

4 years and ending with age 20 years) of Kuczmarski et al. (2002), which depicts 

human female body mass versus age for ages 2–20 years; and

• it reproduces values from Table 3 for body mass of an adult woman before, 

during, and after for a human offspring, the body mass function Mi is defined in 

such a way that

• it is zero before the instant of birth;

• it is piecewise linear and continuous for ages greater than zero;
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• it reproduces values from Figure 2 (sampled at 3-month intervals starting with 

age 0 months and ending with age 36 months) of Kuczmarski et al. (2002), 

which depicts human female body mass versus age for ages 0–36 months;

• it reproduces values from Figure 10 (sampled at 1-year intervals starting with age 

4 years and ending with age 20 years) of Kuczmarski et al. (2002), which depicts 

human female body mass versus age for ages 2–20 years; and

• it has values of 67.9, 70.2, 72.7, 73.6, 73.9, and 69.0 kg at ages 25, 35, 45, 55, 

65, and 75 years in agreement with Table 8-5 of Chapter 8 of U.S. EPA (2011a).

We used human female body mass values for the offspring to allow for multigenerational 

simulations (ie, cases in which the offspring becomes a mother). The human offspring body 

mass function is depicted in Figure 4.

Dm(t) and Di(t) represent the rates of dose administration to the mother and the infant(s) 

(or offspring), respectively, in mg per kg of body mass per day (mg/kg/day). Typically, 

these rates will be nonzero and constant during a “dosing” or “exposure” period and will be 

zero for times outside this period. For experiments in animals, we allow the user to set 6 

parameters that define a dosing regimen:

• dm, the dose administered to the mother in mg per kg of body mass per day 

(mg/kg/day) or in mg per kg of food (mg/kg);

• tmstart, the time (days) since conception at which dose administration to the mother 

begins;

• tmend, the time (days) since conception at which dose administration to the mother 

ends;

• di, the dose administered to the infant(s) (not including lactational transfer) in mg 

per kg of body mass per day (mg/kg/day) or in mg per kg of food (mg/kg);

• tistart, the time (days) since conception at which dose administration to the 

infant(s) begins; and

• tiend, the time (days) since conception at which dose administration to the 

infant(s) ends.

An additional Boolean (true or false) parameter indicates if the dose is administered in food 

(and, consequently, whether dm and di have units of mg/kg/day or mg/kg). When the dose 

(dm or di) is provided in mg/kg/day, we can express the time-dependent dose administration 

rates as

Dx(t) = dx for txstart ≤ t < txend

0 otherwise
, (8)

where x is replaced by m or i for the mother or infant, respectively. On the other hand, when 

the dose is provided in mg/kg, we use an estimate of food consumption rate (in kg/day) 

given by
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Rfood(M) = 0.065 ⋅ M0.7919,

where M is the body mass (in kg) of the animal (cf. equation 6-1 of U.S. EPA [1988a]). 

Thus, when the dose (dm or di) is provided in mg/kg (ie, mg of chemical per kg of food), we 

can convert to mg/kg/day (ie, mg of chemical per kg of body mass per day) by using

Dx(t) = dx ⋅ Rfood(Mx(t))
Mx(t) for txstart ≤ t < txend

0 otherwise
, (9)

where x is replaced by m or i for the mother or infant (offspring) respectively.

Rmilk(t) represents the rate at which an offspring consumes breast milk (kg/day). We allow 

the user to set 5 parameters (for rats or mice) that describe milk consumption rate:

• rmilk
0 , the starting milk consumption rate in kg milk per day (kg/day);

• rmilk
1 , the (average) milk consumption rate (kg/day) during the first week of 

lactation (and nursing);

• rmilk
2 , the (average) milk consumption rate (kg/day) during the second week of 

lactation (and nursing);

• rmilk
3 , the (average) milk consumption rate (kg/day) during the third week of 

lactation (and nursing); and

• tlact, the total duration (days) of the lactation (nursing) period.

For rats and mice, the function Rmilk is defined such that

• it is piecewise linear and continuous, except for discontinuities at t = tgest and t = 

tgest + tlact;

• the linear segments are defined on the intervals [tgest, tgest + 7), [tgest + 7, tgest + 

14), [tgest + 14, tgest + 21), and [tgest + 21, ∞);

• Rmilk(t) = 0 for t < tgest and t > tgest + tlact;

• Rmilk(tgest) = rmilk
0 ;

• Rmilk(tgest + 3.5) = rmilk
1 , where tgest + 3.5 is the midpoint of the first post-partum 

week;

• Rmilk(tgest + 10.5) = rmilk
2 , where tgest + 10.5 is the midpoint of the second post-

partum week; and

• Rmilk(tgest + 17.5) = rmilk
3 , where tgest + 17.5 is the midpoint of the third post-

partum week.
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Default values for milk consumption rate parameters for rats and mice are shown Table 

4. The animal milk consumption rate function (for the default rat pup milk consumption 

parameter values) is shown in Figure 5.

For humans, the milk consumption function Rmilk is defined such that

• it is piecewise linear and continuous, except for discontinuities at t = tgest and t 
= tgest + tlact, where tgest is assumed to be 273.75 days (as discussed previously) 

and tlact is assumed to be 365 days;

• the linear segments are defined on the intervals [tgest, tgest + 30), [tgest + 30, tgest 

+ 90), [tgest + 90, tgest + 180), [tgest + 180, tgest + 365), and [tgest + 365, ∞);

• the milk consumption rates for ages 15, 60, 135, and 272.5 days (which 

correspond to the midpoints of the intervals defined above) are 0.510, 0.690, 

0.770, and 0.620 kg/day, respectively, which correspond to “recommended 

values for human milk intake rates” for “birth to < 1 month,” “1 to < 3 months,” 

“3 to < 6 months,” and “6 to < 12 months” as reported in Table 15-1 of Chapter 

15 of U.S. EPA (2011a) (assuming a milk density of 1 kg/l);

• the milk consumption rate for age 0 day is 0.477 kg/day, which can be 

extrapolated from the linear function that gives 0.510 kg/day at 15 days and 

0.690 kg/day at 60 days; and

• the milk consumption rate for ages greater than or equal to 365 days is 0 kg/day.

As asserted in the bulleted list above, the default value of tlact for humans is assumed to be 

365 days. The human infant milk consumption rate function is depicted in Figure 6.

Finally, the parameter tage represents the number of days after conception at which the 

simulation should end. The value of this parameter should reflect the time at which the 

observation of a particular health outcome in an animal developmental toxicology study 

occurred, or, for humans, the time at which the possibility of the health outcome ends or 

concern about the health outcome is greatly diminished (eg, at the end of an expected human 

lifetime).

Model simulations and output.—PK model simulations generate estimates of amounts 

(mg), concentrations (mg/kg), and cumulative areas under the concentration curve 

(mg·day/kg) for the mother and the offspring. The symbol Cx represents a concentration 

and the symbol AUCx represents area under the concentration curve, where x is replaced by 

m or i for the mother or infant (offspring), respectively.

The instantaneous concentration of substance in the in utero offspring can be calculated 

using equation 7 (for 0 ≤ t < tgest) and the comparable concentration in the postnatal 

offspring can be calculated as

Ci(t) = Ai(t) ∕ Mi(t)
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after parturition (ie, for t ≥ tgest). Furthermore, the concentration in offspring is assumed to 

be zero before conception (ie, for t < 0). The area under the concentration curve for the 

offspring is computed as

AUCi(t) = ∫t0
t
Ci(τ)dτ,

where t = t0 coincides with the beginning of the simulation, and the average concentration 

(mg/kg) in the offspring during a given period is computed as

C̄i(tstart, tend) =
AUCi(tend) − AUCi(tstart)

tend − tstart
,

where tstart and tend are the start and end times (days) for the period. For example,

• for the gestational period, tstart = 0 and tend = tgest;

• for the lactation (nursing) period, tstart = tgest and tend = tgest + tlact;

• for the entire gestation and lactation period of a given study, tstart = 0 and tend = 

tgest + tlact; and

• for the entire period of a given study, tstart = 0 and tend = tage, where tage is 

the time (days) since conception corresponding to observation or sacrifice of the 

offspring.

Dose Metrics

We used 5 distinct dose metrics to compute HEDs for in utero and lactational exposure 

scenarios. Each dose metric was related to the concentration in the offspring before birth (in 
utero), after birth, or both. The dose metrics were:

1. peak concentration (mg/kg) during gestation and the nursing period (ie, the 

period from conception to weaning);

2. average concentration (mg/kg) during gestation and the nursing period (ie, the 

period from conception to weaning);

3. average concentration (mg/kg) during gestation (ie, the period from conception 

to birth);

4. average concentration (mg/kg) during the nursing period (ie, the period from 

birth to weaning); and

5. average concentration (mg/kg) during the period from conception to observation 

of the health outcome of interest (ie, the period from conception to t = tage).

Recall that the parameter tgest represents the duration (days) of pregnancy and gestation (ie, 

the time from conception to birth). As stated previously, default values of this parameter are 

22 days for rats and 18 days for mice. The parameter tlact represents the duration (days) of 

lactation and nursing (ie, the time from birth to weaning). Default values for this parameter 

for rats and mice are stated in Table 4. For humans, we assume that pregnancy begins 
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when the mother is exactly 24.25 years old, the birth of the infant occurs when the mother 

is exactly 25 years old, and the weaning of the infant occurs when the mother is exactly 

26 years old. Thus, for humans, tgest and tlact have default values of 273.75 days and 365 

days, respectively. For computing dose metric 5, the “observation” of the filial human was 

assumed to occur at age 78 years, or 78.75 years after conception based on the average 

human life expectancy value recommended in Chapter 18 of the U.S. EPA’s Exposure 

Factors Handbook (U.S. EPA, 2011a). However, another age can be provided by the user.

Experimental Data and Model Evaluation

We evaluated our model using PK data from a developmental study of HCB in rats 

(Nakashima et al., 1997) and a developmental study of PCB 153 in mice (Vodicnik and 

Lech, 1980). These 2 studies met the following essential criteria: (1) a lipophilic substance 

(LPEC) was administered to maternal animals; (2) the animals were rats or mice (ie, 

laboratory animal species for which we had parameterized our PK model); (3) the LPEC 

was one for which we were able to identify independent PK data sets for determination 

of an elimination half-life in the relevant animal species; (4) substance concentrations in 

the maternal animals and/or offspring were observed and reported; and (5) at least some 

of the concentrations were whole-body concentrations (which can be directly compared 

with our model predictions). We also compared our PK model predictions for humans 

to predictions generated using the human PK model of Verner et al. (2013), which was 

previously evaluated using data from 2 human studies.

Nakashima et al. (1997) dosed 5 rat dams with 35.1 nmol of hexachlorobenzene (HCB) per 

100 g of food (0.1 mg/kg food) during pregnancy and lactation. Two dams were sacrificed 

1 day before parturition, and concentrations were observed in maternal blood, subcutaneous 

fat, and perirenal fat, as well as in whole (homogenized) fetuses. Three dams and their 

pups were sacrificed 16 days after parturition, and concentrations were observed in blood, 

subcutaneous fat, and perirenal fat of 3 dams and their (suckling) pups. In order to simulate 

the conditions of the study of Nakashima et al. (1997), we set the simulation parameters as 

follows:

• the concentration in food was dm = 0.1 mg/kg;

• the maternal dose start time was tmstart = 0 day (ie, dosing begins at conception);

• the maternal dose end time was tmend = 38 days (ie, dosing ends 38 days after 

conception or 16 days after parturition);

• the starting maternal mass was Mm
1 = 0.247 kg at tm1 = 1 day, which is slightly 

less than the default value of 0.25 kg, because the dam’s mass after parturition 

is assumed (in this case) to be equal to both Mm
1  and her mass at the first 

observation after parturition, which is 0.247 kg based on the average mass of 3 

rat dams in the study at 16 days after parturition;

• the maternal mass at the end of pregnancy was Mm
2 = 0.3905 kg at tm2 = 21 based 

on the average mass of 2 rat dams in the study at 1 day prior to parturition;
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• the number of pups was ni = 14.33 after parturition, as this was the mean number 

of pups in the 3 litters nursed by the 3 dams in the study;

• the number of fetuses was ni = 21.74 (before parturition), as this ensures that the 

mass of the simulated dam at birth returns the maternal body mass from 0.3905 

kg (the average mass of 2 dams just before parturition) to 0.247 kg (the average 

mass of 3 dams at 16 days after parturition);

• the pup mass was Mi
3 = 0.0286 kg at ti3 = 16 days (after birth), as this corresponds 

to the average mass of the pups at 16 days after parturition;

• the default masses (and corresponding times) were used for all other offspring 

mass parameters;

• the half-life was t1/2 = 92.4 days based on a Bayesian analysis (cf. 

Supplementary Material) of the data of Koss et al. (1983) describing HCB PKs in 

rats;

• the fraction of dose absorbed was Fabs = 0.56 in order to ensure that the total 

estimated absorption of the nominal dose at 21 days after conception matched 

90% (ie, the default absorption fraction) of the total estimated ingestion of HCB 

for dams between the second day of pregnancy and one day before parturition 

(ie, 120 nmol or 0.034 mg) reported by Nakashima et al. (1997) for a different 

but comparably treated group of rat dams;

• the end time for the simulation was tage = 38 days after conception because the 

default gestation duration is tgest = 22 days and the last observation was at 16 

days after birth; and

• the duration of lactation was set to tlact = 16 days to coincide with the time at 

which the pups were sacrificed.

Note that the value of the parameter ni was changed (from 21.74 to 14.33) at the moment 

of birth to account for a loss of body mass greater than that expected based on the number 

of pups nursed (ni = 14.33) and the (default) initial pup mass (Mi
1 = 0.0066 kg). Essentially, 

we accounted for a loss of both body mass and substance mass, ostensibly due to the loss of 

the placenta and other products of conception, by assuming that approximately 7 additional 

pups were “culled” just after birth. This approach leads to a different treatment of the “other 

products of conception” than was described previously (at the end of the Model Equations 

section). For humans, more maternal body mass observations inform the function describing 

maternal mass, and “other products of conception” are assumed to contain LPECs at the 

same concentration as maternal tissue (not the same concentration as fetal tissue). For the 

rats involved in this study, we had only 2 observations of maternal body mass. We used 

this information to construct a plausible body mass versus time trajectory of the rat dam by 

setting the maternal mass parameters and adjusting ni at the moment of birth.

The time-varying value of Dm was calculated using equation 9 because the dose was 

delivered via food. Default values listed in Tables 1, 2, and 4 were used for all other 
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parameters. The Supplementary File “hcb_nakashima1997_study1.R” contains a script that 

performs the model simulation and generates plots showing the concentration profiles.

To characterize uncertainty in our model predictions, we ran Monte Carlo (MC) simulations 

using half-lives randomly selected from a Markov chain Monte Carlo (MCMC) sample 

generated via the previously mentioned Bayesian half-life analysis (cf. Supplementary 

Material). For the MC simulations, we also randomly selected values for the parameters 

Fabs, Fm, Fmilk, and Rfm, which we determined to be some of the most influential 

parameters in determining the values of the dose metrics we considered (cf. Sensitivity 

Analysis section). We sampled values for those parameters from normal distributions 

with mean values of 0.56 (the value for Fabs for this study), 0.094, 0.154, and 0.35 

(cf. Table 1), respectively, and standard deviations equal to 30% of the mean values. 

Although the selection of 30% as the value for these coefficients of variation was somewhat 

arbitrary, this value is typical for distributional representations of PK model parameters 

(Clewell and Clewell, 2008). The Supplementary File “hcb_nakashima1997_study1_mc.R” 

contains a script that performs the MC model simulations and generates plots showing the 

concentration profiles.

We also used data reported by Vodicnik and Lech (1980) to evaluate the model. 

Briefly, Vodicnik and Lech (1980) provided a bolus dose of 50 mg of 2,4,5,2′,4′,5′-
hexachlorobiphenyl (PCB 153) per kg of body mass to mouse dams 2 weeks prior to mating. 

They then observed whole-body concentrations of PCB 153 in the dams and their fetuses at 

approximately 21 days after conception and in the dams and pups at 5, 10, 15, and 20 days 

after birth. In order to simulate the conditions of the study of Vodicnik and Lech (1980), we 

set the simulation parameters as follows:

• the start of the simulation was t0 = −14 days because the bolus dose was 

administered approximately 2 weeks (ie, 14 days) prior to conception;

• the initial amount of substance in the dam was Amf(t0) = (50 mg/kg) · (0.0255 

kg) = 1.275 mg because the bolus dose was 50 mg/kg and the default initial mass 

for a mouse dam is Mm
1 = 0.0255 kg;

• the maternal dose rate was dm = 0 mg/kg/day because the administered dose was 

a bolus (1-time) dose;

• the half-life was t1/2 = 38.5 days based on a Bayesian analysis (cf. 

Supplementary Material) of the data of Anderson et al. (1993), de Jongh et al. 

(1993), and Rignall et al. (2013) describing PCB 153 PKs in mice;

• the duration of gestion was tgest = 21 days;

• the end time for the simulation was tage = 41 days after conception because the 

last observation was at 20 days after birth; and

• the duration of lactation was set to tlact = 20 days to coincide with the time at 

which the last pups were sacrificed.

Default values listed in Tables 1, 2, and 4 were used for all other parameters. We also ran 

simulations using half-lives of 24.4 and 51.6 days, as these were the lower and upper bounds 
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for a 90% highest density credible interval for half-life determined in our half-life analysis 

(cf. Supplementary Material). The Supplementary File “pcb153_vodicnik1980_study2.R” 

contains a script that performs the model simulation and generates plots showing the 

concentration profiles.

To characterize uncertainty in our model predictions, we ran MC simulations using half-lives 

randomly selected from a sample generated via the previously mentioned Bayesian MCMC 

half-life analysis (cf. Supplementary Material). For the MC simulations, we also randomly 

selected values for the parameters Fm, Fmilk, and Rfm, which we determined to be influential 

in determining the values of the dose metrics we considered (cf. Sensitivity Analysis 

section). We sampled values for those parameters from normal distributions with mean 

values of 0.229, 0.264, and 0.35 (cf. Table 1), respectively, and standard deviations equal 

to 30% of the mean values. The Supplementary File “pcb153_vodicnik1980_study2_mc.R” 

contains a script that performs the MC model simulations and generates plots showing the 

concentration profiles.

For comparisons with the human PK model of Verner et al. (2013), we conducted 

simulations of human mothers exposed to HCB and PCB 153 and their offspring. Like 

our model, the Verner et al. (2013) model is not a physiologically based pharmacokinetic 

(PBPK) model, but a simpler PK model with one compartment for the maternal animal 

and another for the offspring. Both models assume that the substance is immediately and 

completely distributed into lipids and that elimination of the substance (via metabolism and 

excretion) can be estimated using a single biological half-life. In the Verner et al. (2013) 

model, all transfer of substance between mother and offspring occurs either in utero (via 

placental transfer) or through breast milk lipids (via breast feeding). This is also true of our 

model, though the 2 models describe in utero transfer differently.

Despite apparent similarities, there are several fundamental differences between our PK 

model and that of Verner et al. (2013). In many cases, we made different design choices 

in developing our model because of differences in our intended applications: Verner et al. 

(2013) focused on estimating bioaccumulation of LPECs in humans, but we designed our 

PK model for interspecies comparisons of LPEC bioaccumulation and for estimation of 

HEDs. In our model, there is a single compartment representing the entire body mass of the 

mother and fetus(es) during pregnancy and there are 2 distinct compartments representing 

the body of the mother and the body of one of the offspring after birth. In the Verner et al. 

(2013) model, on the other hand, there are 2 distinct compartments representing the body 

lipids of the mother and the body lipids of the offspring during pregnancy as well as after 

birth. Verner et al. (2013) parameterized their model for humans only, but our model can 

be used to simulate exposure scenarios for humans, rats, and mice (as well as any other 

animal species for which appropriate parameters can be determined). Our model has been 

parameterized for simulations that cover the period from the birth of the mother up through 

the end-of-life of the filial animal for all these species. Verner et al. (2013) were able to 

develop data-based models for body lipid mass versus time for human mothers, in utero 
offspring, and postnatal offspring, but we were unable to find data to develop comparable 

body lipid models for all laboratory animal species of interest. Therefore, we chose to 

use model compartments that represent the whole bodies of the mother (during pregnancy) 
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or the mother and offspring (after birth of the offspring) rather than compartments that 

represent only body lipids. The model of Verner et al. (2013) accounts for changes in 

(human) maternal and child body lipid proportion and the lipid proportion of (human) 

milk over time, whereas we assumed these lipid proportions are constant (for all species). 

Furthermore, the model of Verner et al. (2013) accounts for changes in (human) infant milk 

consumption using an algebraic formula that depends on time, whereas we used a piecewise 

linear interpolation of data points describing “recommended values for human milk intake 

rates” reported in Table 15-1 of Chapter 15 of the U.S. EPA Exposure Factors Handbook 

(U.S. EPA, 2011a). The Verner et al. (2013) model describes the rate of in utero placental 

transfer as a first-order process, whereas we assumed that the ratio of the concentrations in 

the in utero fetus(es) and the pregnant mother is a constant (defined by a model parameter). 

Finally, Verner et al. (2013) assumed 100% absorption of an orally ingested substance, 

whereas we allow the fraction absorbed to be determined by a user-provided parameter 

(with a default value of 90%). For substance contained in breast milk, however, our model 

assumes 100% absorption (like the model of Verner et al. [2013]).

For comparisons with the Verner et al. (2013) model, we set the simulation parameters for 

our PK model as follows:

• the start of maternal dosing was tmstart = − 8851.25 days (ie, 24.25 years before 

conception) because we assumed exposure of the human mother would begin at 

her birth and we assumed she would conceive at age 24.25 years;

• the maternal dose rate was dm = 1 mg/kg/day; and

• the half-life was t1/2 = 2190 days for HCB (To-Figueras et al., 2000; Verner et 

al., 2013) and t1/2 = 5256 days for PCB 153 (Ritter et al., 2011; Verner et al., 

2013).

Default human values (as described in Model Parameters section) were used for all other 

parameters in our PK model. We conducted comparable simulations using the Verner et 

al. (2013) model by assuming the same dose rate, dosing start time, and half-lives, as 

well as the same fractional absorption rate (0.9) and prepregnancy body mass (62.7 kg). 

Furthermore, to ensure breast milk consumption rates comparable to the defaults used for 

our model (cf. Figure 6), we set parameters in the Verner et al. (2013) model to effect 3 

months of exclusive breastfeeding followed by a gradual decline in the fraction of food 

intake attributed to breast milk until 12 months of age when performing simulations with 

that model. The Verner et al. (2013) model estimates concentrations in body lipids rather 

than whole-body concentrations, so appropriate conversions were made by accounting for 

body lipid proportions and total body masses used in that model. The Supplementary File 

“compare_verner2013.R” contains a script that performs model simulations and generates 

plots showing concentration profiles predicted by the present model and the Verner et al. 

(2013) model.

Sensitivity Analysis

To assess the relative influence of the various parameters on the output of the PK model, 

we computed local sensitivity indices. For this analysis, we conducted model simulations of 
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the developmental rat study of Nakashima et al. (1997), the developmental mouse study of 

Vodicnik and Lech (1980), and a hypothetical exposure scenario in which a human mother 

receives a continuous dose of 1 mg of HCB per kg of body mass per day from the time 

she is born up until the weaning of her infant. We adjusted parameter values one at a time 

and examined the impact on the first 4 dose metrics described above. We did not consider 

dose metric 5 (the average concentration during the period from conception to observation) 

because it is equivalent to dose metric 2 (the average concentration during gestation and the 

nursing period) in the context of the 2 animal studies (because all pups were sacrificed 

before weaning) and the hypothetical human exposure scenario. The normalized local 

sensitivity index for each parameter for a given dose metric was computed as

Sj =
f q + ℎj ⋅ e j − f(q)

ℎj
⋅ qj

f(q) , (10)

where q is a vector containing a “local” set of values for all model parameters, f( q ) is the 

value of the dose metric for the parameter values in a vector q , e j is the jth standard basis 

vector (with a 1 in the jth position and zeros elsewhere), qj is the local value of the jth 

parameter (ie, the jth component of the vector q), and hj is a “small” perturbation to the ith 

parameter. We computed the small perturbation as

ℎj =
ϵ ⋅ qj if qj ≥ ϵ ∕ (1 + ϵ),

ϵ − qj if qj < ϵ ∕ (1 + ϵ) and qj ≥ 0,
−ϵ − qj if qj < ϵ ∕ (1 + ϵ) and qj < 0,

where ϵ = 10−2.

The normalized local sensitivity index represents the ratio of the relative change in the 

dose metric to the relative change in a single parameter. We computed one sensitivity 

index per dose metric for each model parameter based on the local set of parameter 

values described for the model evaluation simulations. The sensitivity analysis algorithms 

can be found in the Supplementary Files “sensitivity_analysis_nakashima1997.R,” 

“sensitivity_analysis_vodicnik1980.R,” and “sensitivity_analysis_human.R.”

Human Equivalent Dose

To compute an HED for a particular animal study exposure scenario and a specified 

dose metric, one can first compute the value of the dose metric using the PK model and 

parameters that correspond to the animal species and the exposure scenario. Then, one 

can find the exposure dose (mg/kg/day) that would result in the same value of the dose 

metric when using the PK model parameters that correspond to humans that are exposed 

continuously.

In the context of our PK model, the HED is a continuous rate of exposure for the human 

mother (dm) and possibly also for the human infant (di). To demonstrate the overall process, 

we computed HEDs for the rodent (rat and mouse) dosing regimens described by Nakashima 

et al. (1997) and Vodicnik and Lech (1980). For the human simulations, we assumed 
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maternal exposure (ie, nonzero values of dm) started at birth of the mother, which was 

assumed to occur 24.25 years before conception of the filial human. Because all pups were 

sacrificed before weaning in these studies, we assumed no direct dosing to infants (ie, no 

nonzero values of di) for the human simulations. In general, one could assume that direct 

dosing of human infants begins at weaning or at any other time after parturition. For the 

HED calculations for the Nakashima et al. (1997) and Vodicnik and Lech (1980) studies, we 

simulated dosing up until the mother was 26 years of age and the infant was 1 year of age, 

which is the weaning age for humans based on the default duration of breastfeeding (tlact = 

365 days). HEDs were computed for the first 4 dose metrics described in the Dose Metrics 

section of the Materials and Methods.

To compute an HED for the rat HCB dosing regimen described by Nakashima et al. (1997), 

we used a half-life of 6 years (t1/2 = 2190 days) for HCB in humans (To-Figueras et al., 

2000; Verner et al., 2013). To compute an HED for the mouse PCB 153 dosing regimen 

described by Vodicnik and Lech (1980), we used a half-life of 14.4 years (t1/2 = 5256 

days) for PCB 153 in humans (Ritter et al., 2011; Verner et al., 2013). In each case, we 

calculated an HED that produces the same value of a given dose metric in humans as that 

estimated for the animals subjected to the relevant dosing regimen. Specifically, we used 

numerical optimization to find an HED that minimized the square of the difference between 

the human dose metric and the precomputed animal dose metric for the given animal study. 

The HED calculations are implemented in the Supplementary Files “hed_nakashima1997.R” 

and “hed_vodicnik1980.R.”

In order to provide a point of comparison for HEDs, we generated using our PK model, 

we also calculated an HED for the rat dose level and regimen of Nakashima et al. (1997) 

using an alternative dosimetry method based on allometric scaling (U.S. EPA, 2011b). We 

first converted the nominal dose applied to rat dams, 0.1 mg per kg of food, into a dose 

rate per unit of body mass using equation 9 (which describes food consumption rate as a 

function of body mass) with the dam body mass reported in the study, 0.247 kg. Next we 

accounted for PK differences between rats and humans by applying an allometric adjustment 

factor (Ma/Mh)1/4, where Ma and Mh are the representative body masses of the animal and 

human, respectively (U.S. EPA, 2011b). To calculate the adjustment factor, we again used 

0.247 kg as the rat dam mass (Nakashima et al., 1997) and we used 75 kg as the mass of 

a pregnant human woman (based on Table 8-29 of Chapter 8 of the U.S. EPA Exposure 

Factors Handbook [U.S. EPA, 2011a]). We multiplied the rat continuous dose estimate by 

the PK adjustment factor to obtain an HED.

RESULTS

Model Evaluation

We used our PK model to simulate experiments of Nakashima et al. (1997) and Vodicnik 

and Lech (1980) and compared simulation results to data reported by those authors. We also 

compared simulation results generated using our model and the model of Verner et al. (2013) 

for hypothetical human exposures.
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Figure 7 shows HCB concentrations in maternal animal (rat dam) tissues observed by 

Nakashima et al. (1997) and estimated whole-body HCB concentrations based on MC model 

simulations of that study design. The model-estimated whole-body concentrations fall within 

the range of the tissue concentration data at each of the 2 observation time points. Given 

the high lipid content of subcutaneous and perirenal fat tissues relative to the whole body, 

we expect HCB concentrations to be higher in these tissues than the average concentrations 

in the whole body; we also expect the whole-body concentrations to be greater than the 

observed concentrations blood, which has relatively low lipid content.

Figure 8 shows HCB concentrations in homogenized (whole) rat fetuses and rat pup tissues 

observed by Nakashima et al. (1997) and estimated whole-body HCB concentrations based 

on MC model simulations. The median model-estimated whole-body concentration one day 

before parturition (at gestation day 21) exceeds the observed whole-body concentration by 

a factor of about 5 (110.7 vs 22.72 nmol/kg), but the lower-bound 95% credible interval 

estimate is only about 51% larger than the observed concentration (34.31 vs 22.72 nmol/kg). 

The model-estimated whole-body concentration at 16 days after parturition falls within the 

range of observed tissue concentration data.

Figure 9 shows whole-body PCB 153 concentrations in maternal animals (mouse dams) 

observed by Vodicnik and Lech (1980) and estimated whole-body PCB 153 concentrations 

based on MC model simulations of that study design (described above). The central 

(median) estimate whole-body concentrations are all higher than the observed concentrations 

but they follow a similar trend. Percent differences between central estimates and 

observations are less than 135% at all observation times, and all observations fall within 

the 95% credible interval estimate bounds.

Figure 10 shows PCB 153 concentrations in homogenized (whole) mouse pups observed by 

Vodicnik and Lech (1980) and estimated whole-body PCB 153 concentrations. The central 

(median) estimate whole-body concentrations are all lower than the observed concentrations, 

but the percent differences between central estimates and observations are less than 60% 

at all observation times and 3 of the 4 observations fall within the 95% credible interval 

estimate bounds.

Comparisons of predictions generated using our model and the Verner et al. (2013) human 

PK model are shown in Figure 11 (for HCB simulations) and Figure 12 (for PCB 153 

simulations). In general, the predictions of maternal concentrations differ by less than 

19% and the predictions of offspring concentrations differ by less than 12%. We observed 

the largest disagreements in model predictions during the postnatal period, and these 

disagreements were most pronounced for maternal concentrations.

In our human model, the birth event results in a decrease in the body mass of the mother 

that is greater than the mass of the infant (because other products of conception, such as 

placenta and amniotic fluid, are also lost at that time). As explained in the Model Equations 

section, we assumed that this lost body mass has the same LPEC concentration (mg per 

kg of body mass) as the rest of the mother and therefore that the lost body mass contains 

some LPEC substance, which is consistent with the findings of Vizcaino et al. (2014). In 
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our human simulations, this results in an instantaneous loss of substance mass at the instant 

of birth while ensuring there is no discontinuity in the maternal concentration coinciding 

with this event. On the other hand, Verner et al. (2013) assumed that products of conception 

(other than the newborn infant) do not contain any LPEC substance. Thus, the whole-body 

concentration for the mother predicted by that model has a discontinuity (an instantaneous 

increase) at the instant of birth (even though the concentration in maternal body lipid does 

not). This conceptual difference between the 2 models explains, in part, the discrepancy in 

predicted concentrations following the birth of the offspring.

Sensitivity Analysis

Figures 13-15 illustrate the relative magnitudes of the normalized sensitivity indices for 4 

dose metrics: (1) the peak concentration during gestation and the nursing period; (2) the 

average concentration during gestation and the nursing period; (3) the average concentration 

during gestation; and (4) the average concentration during the nursing period. The first 2 

figures show results for local sensitivity analyses based on the parameter values used for 

the simulations of the of Nakashima et al. (1997) and Vodicnik and Lech (1980) studies, 

respectively. The third figure shows sensitivity analysis results for a hypothetical human 

exposure scenario. In all 3 figures, we have only included those parameters for which at least 

one of the 4 sensitivity indices had an absolute value greater than 0.25. The values of the 

sensitivity indices for all parameters and all dose metrics can be found in the Supplementary 

Files “sens_nakashima1997.csv,” “sens_vodicnik1980.csv,” and “sens_human.csv.”

For simulations of the Nakashima et al. (1997) study, which involved continuous food 

dosing of rat dams from conception until 16 days after birth of their pups, the maternal 

dose rate (dm) and dose absorption (Fabs) parameters were most influential for all dose 

metrics (cf. Figure 13) because these 2 parameters directly affect the amount of substance 

that enters the system (ie, the dam). Duration of gestation (tgest) was also influential for all 

dose metrics, though it was less influential for dose metric 2 (the average concentration in 

the pups during gestation and the nursing period), perhaps because the transfer of LPECs 

is greater during the nursing period than during the in utero period and so the contribution 

of the gestational component of that dose metric is relatively small. For dose metric 3 

(the average concentration in the pups during gestation), the ratio of fetal concentration 

to maternal concentration (Rfm) also had relatively high influence. The second maternal 

mass parameter (Mm
2 ), which impacts maternal body mass gain during pregnancy, had a 

relatively strong negative impact on dose metric 3. This makes sense because larger maternal 

body mass gain during pregnancy implies more dilution of the substance absorbed during 

pregnancy, and this leads to lower concentrations of the substance in both the dam and the 

pups during gestation. On the other hand, this same parameter (Mm
2 ), had a relatively weak 

positive impact on the other dose metrics (1, 2, and 4). This makes sense because nursing 

(by an equivalent number of offspring of equivalent sizes) will deplete the total amount of 

substance in a larger dam less rapidly than would be the case for a smaller dam. Both the 

second offspring mass parameter (Mi
2) and the number of offspring parameter (ni) have a 

negative influence on the dose metrics that involve postnatal offspring concentrations (1, 

2, and 4) because larger offspring bodies will dilute the substance to a greater extent and 
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more nursing offspring will tend to deplete the amount in the mother available for lactational 

transfer more quickly.

In simulations of the Vodicnik and Lech (1980) study, which involved bolus intravenous 

dosing of mouse dams 14 days before they conceived, the initial bolus dose to the mother 

(Amf(t0)) was the most influential parameter (cf. Figure 14). The ratio of fetal concentration 

to maternal concentration (Rfm) also had relatively high influence for all dose metrics, 

because most of the mother-to-offspring transfer for this scenario occurred during gestation 

rather than during the nursing period. The first maternal mass parameter (Mm
1 ), which 

impacts maternal body mass during pregnancy, had a relatively strong negative impact on 

all dose metrics that involve offspring concentrations during gestation (1, 2, and 3). That’s 

because the initial bolus dose (Amf (t0)) was assumed to be the same (based on a fixed 

maternal mass of 0.0255 kg) for local sensitivity analysis calculations for this parameter 

(Mm
1 ) and so greater body mass led to greater dilution of the administered dose. A larger 

value for the half-life parameter (t1/2) had a positive influence on all dose metrics because 

a longer half-life leads to slower elimination of the substance and therefore concentrations 

tend to remain higher in both the mother and the offspring.

As illustrated through the sensitivity analysis for these 2 studies (Nakashima et al., 1997; 

Vodicnik and Lech, 1980), ranking of parameter influence depends on which dose metric 

one considers as well as the type of exposure scenario. Thus, we observed different rankings 

of parameters when considering 2 different dose metrics for the same exposure scenario 

(eg, when considering sensitivity indices for dose metric 1 versus dose metric 2 in the 

Nakashima et al. (1997) study. We also observed different rankings of parameters for the 

continuous oral dosing scenario (Nakashima et al., 1997) and the bolus dosing scenario 

(Vodicnik and Lech, 1980) for any one dose metric (eg, dose metric 1).

In addition to performing sensitivity analyses for simulations of animal studies, we 

computed sensitivity indices for model parameters for a human exposure scenario (cf. 

Figure 15). Our PK model has the same basic structure (cf. Figure 2) for any animal 

species (including humans), but for human simulations there were fewer model parameters 

for which we could easily calculate sensitivity indices. This is because the human model 

uses default time-varying functions for maternal and offspring body mass and breast milk 

consumption rates (Mm, Mi, and Rmilk, respectively) that are based on relatively large 

numbers of representative data points. Recall that for animal simulations, we also used time-

varying functions to represent these quantities, but the underlying functions are based on 

relatively small numbers of representative data points for the animal species we considered. 

We saw that some body mass parameters (eg, Mm
1 , Mm

2 , Mi
2, and Mi

3) were influential in 

the sensitivity analyses we conducted for simulations of animal studies (cf. Figs. 13 and 

14), so we expect that the choice of the time-varying body mass functions used for human 

simulations should have a strong influence on human dose metrics even though we did not 

compute sensitivity indices for body masses of human mothers and offspring. For the human 

exposure scenario sensitivity analysis, we only computed sensitivity indices for parameters 

that do not vary with time. Among these, the parameters describing maternal dose rate (dm), 

fractional absorption of dose (Fabs), and elimination half-life (t1/2) were all influential for 
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all dose metrics. The parameters describing the proportions of milk and maternal body that 

are lipid (Fmilk and Fm, respectively) were influential for dose metrics 1, 2, and 4, but not 

for dose metric 3. This makes sense because the 2 lipid proportion parameters only impact 

lactational transfer and dose metric 3 only incorporates information about fetal concentration 

during gestation (when no lactational transfer occurs). The parameter describing the ratio 

of fetal to maternal concentration (Rfm) was influential for dose metric 3 (the average 

concentration in the in utero human fetus during gestation) but less important for the other 

dose metrics, for which the dominant contributions come from the postnatal lactational 

transfer period.

Human Equivalent Dose Calculation

Table 5 shows the values of dose metrics 1 through 4 and the corresponding HEDs for the 

rat HCB dosing regimen described by Nakashima et al. (1997). Table 6 shows the values 

of dose metrics 1 through 4 and the corresponding HEDs for the mouse PCB 153 dosing 

regimen described by Vodicnik and Lech (1980). Corresponding dose metrics or HEDs 

for different studies can be compared more directly than the nominal doses applied in the 

studies—for example, the 0.1 mg per kg of food administered to rat dams during pregnancy 

and lactation (Nakashima et al., 1997) and a single bolus dose of 50 mg per kg of body 

mass applied to mouse dams 14 days before mating (Vodicnik and Lech, 1980). Of course, 

one would probably not compare these specific studies because they involved different 

chemicals, but this ex-rcise illustrates how one could compare doses applied at different 

nominal levels, on different schedules, and even in different animal species by converting 

them to comparable dose metrics or HEDs. Importantly, the example dose metrics we used 

reflect exposures experienced by in utero and early postnatal offspring (due to placental 

and/or lactational transfer) when doses are administered to maternal animals.

We computed an alternative HED for the animal dose level and regimen from the Nakashima 

et al. (1997) study using an allometric scaling method (U.S. EPA, 2011b). Using equation 9 

and the dam body mass reported in the study, 0.247 kg, we converted the nominal food dose, 

0.1 mg per kg of food, to a continuous daily dose estimate of 0.00870 mg/kg/day. Next, we 

calculated an interspecies PK adjustment factor of (0.247/75)1/4 = 0.240 (U.S. EPA, 2011b) 

based on body masses of the rat dam (Nakashima et al., 1997) and a pregnant woman (U.S. 

EPA, 2011a). Multiplying this factor by the rat continuous dose estimate results in an HED 

of approximately 2 × 10−3 mg/kg/day.

DISCUSSION

Model Evaluation and Comparison With Verner et al. (2013) PK Model

We evaluated our model using PK data from developmental studies of HCB in rats 

(Nakashima et al., 1997) and PCB 153 in mice (Vodicnik and Lech, 1980). Although the 

agreement between model predictions and observed data is reasonable given the limitations 

of the data and the relative simplicity of the model, additional studies that generate data 

for whole-body concentrations in rat or mouse dams, fetuses, and pups at multiple time 

points would allow for a more comprehensive evaluation of model prediction accuracy and 

precision.
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Our model is similar to the PK model of Verner et al. (2013), but also has some key 

differences. Like the Verner et al. (2013) model, our model uses one compartment to 

represent the mother and another to represent the offspring, and it assumes that the substance 

of interest is immediately and completely distributed into lipids upon its introduction to 

the body. Also like the Verner et al. (2013) model, our model predicts elimination of 

the substance using a constant elimination half-life and assumes all transfer of substance 

between the mother and offspring occurs either in utero via placental transfer or during the 

postnatal period via excretion and consumption of breast milk. Our PK model differs from 

the human-only model described by Verner et al. (2013) in that it includes parameterizations 

for mice and rats (as well as humans) and it uses compartments that represent the whole 

bodies of mother and offspring rather than just “body lipids.” Also, although Verner et al. 

(2013) assumed 100% absorption of an orally ingested substance, our model allows the 

fraction absorbed to be specified as a parameter.

We compared simulation results generated using the Verner et al. (2013) PK model and our 

model and found that corresponding predictions of concentrations in mothers and offspring 

showed strong concordance (with less than 20% difference) during the period extending 

from the birth of the mother until 1 year after the birth of the infant for 2 different simulation 

studies involving 2 different LPECs (cf. Figs. 11 and 12). Verner et al. (2013) evaluated 

their model using human data from 2 observational studies involving women and infants that 

collectively considered the period from the birth of infants up until they reached 45 months 

of age (Hertz-Picciotto et al., 2003; Muckle et al., 2001). Correlation between predictions 

and concentrations ranged from relatively weak (with a coefficient of determination of R2 

= 0.10) to relatively high (R2 = 0.83). The strong agreement between predictions generated 

using our model and the Verner et al. (2013) model (less than 20% difference) indicates that 

our model, whereas it does not generate estimates of concentrations in blood lipids that can 

be directly compared with the observations Verner et al. (2013) used to evaluate their model, 

should yield similar agreement with human data.

Applications of the PK Model and Implications for Chemical Risk Assessment

Our PK model can be used to estimate whole-body concentrations arising in offspring when 

a specific dose and dosing regimen are applied to a maternal animal. When analyzing dose-

response relationships for developmental toxic effects, dose metrics based on concentrations 

in offspring may be preferable to measures of doses experienced by maternal animals. We 

defined 5 dose metrics relevant to developmental exposures and demonstrated how they 

can be calculated based on the details of a specific study design (cf. Tables 5 and 6 and 

supporting text), but our PK model could be used to calculate other dose metrics. For 

example, in the case of a toxic effect with a known “window of susceptibility,” one could 

use our model to calculate an average or peak concentration in the offspring during the 

specific time of interest.

Because our PK model has been parameterized for both humans and laboratory animal 

species, it can be used to com-ute HEDs for a selected dose metric. That is, if one 

determines (eg, through dose-response analysis) the value of a specific dose metric 

associated with a toxicity point of departure in an animal study, our PK model can be 
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used to estimate the dose that would be expected to produce the same value of the internal 

dose metric in humans (ie, the HED). Such HEDs can be used to establish reference values 

for human health risk assessments for potentially toxic substances. HEDs and internal dose 

metrics can also serve as useful points of comparison when attempting to evaluate many 

different studies involving different animal species, different dosing regimens, and different 

routes of exposure or dose administration.

We used an allometric scaling approach (U.S. EPA, 2011b) to compute an HED for the 

rat dam dose level and regimen from the Nakashima et al. (1997) study. The HED we 

obtained using this alternative method, 2 × 10−3 mg/kg/day, is considerably larger (and 

thus would potentially be less health protective) than the HEDs we calculated for dose 

metrics 1 through 4 for the Nakashima et al. (1997) study, which were all on the order 

of 10−5 mg/kg/day (cf. Table 5). Kieskamp et al. (2018) observed similar results when 

comparing HEDs for developmental toxicity endpoints using PK modeling-based dosimetry 

and allometric dosimetry based on adult doses. Thus, using our PK model to es-imate 

mother-to-offspring transfer and dosimetry of LPECs could have substantial impacts on 

reference values calculated for chemical risk assessments.

Assumptions and Limitations of the PK Model

In developing our PK model, we made several assumptions that allow for relatively simple 

mathematical descriptions of the PK behavior of LPECs in maternal animals and their 

offspring. For example, we assumed that the elimination rate (for mothers and offspring) can 

be described by a single constant parameter for any given LPEC. We also assumed that the 

lipid proportion of the maternal body, the lipid proportion of the milk, and the ratio of fetal 

to maternal concentrations can each be described by a single constant parameter.

We assumed that a constant half-life (t1/2) describes elimination of a specific LPEC in any 

animal of a given species, including adults and very young animals (even fetuses). For 

exogenous substances in general, elimination half-lives can be very different in younger and 

older animals due to the ontogeny of metabolizing enzymes (Hines, 2008) and life stage 

differences in the volume and rate of blood flow to the liver (ICRP, 2002; Kapraun et al., 

2019; Kim et al., 2015), which is a primary site of metabolism (Yang, 2021). However, 

Lehmann et al. (2014) observed that a relatively simple human PK model for LPECs that 

estimates elimination based on a single constant half-life for mothers and infants (Verner 

et al., 2013) performed comparably to a more complex human PBPK model for LPECs 

(Verner et al., 2009) when both models were evaluated using the same data. Estimating 

elimination rates using a single half-life may work well for certain classes of LPECs, but 

the validity of the single half-life assumption should be carefully considered when deciding 

whether to apply our PK model for dosimetry predictions for a particular substance. Even 

after accepting assumptions about the elimination half-life, it may be difficult to determine 

an appropriate value. Because the half-life can have a strong influence on model-predicted 

dose metrics (cf. Figs. 14 and 15), it may be informative to consider a range of values for 

this parameter (eg, based on a confidence or credible interval estimate) when applying our 

PK model.
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In developing our model, we assumed that the lipid proportion of the maternal body and the 

lipid proportion of milk (Fm and Fmilk, respectively) are both constants. These 2 parameters 

can influence dose metrics that reflect postnatal concentrations in offspring (cf. Figs. 13-15), 

so modifying the model to reflect variations in lipid proportions with respect to time could 

have a substantial impact on model predictions. However, we note that the Verner et al. 

(2013) model uses time-varying functions to represent these lipid proportions and that the 

concentrations predicted by that model and our model nevertheless tend to be very similar 

(cf. Figs. 11 and 12). Furthermore, as described in the Model Evaluation section, the most 

substantial differences in concentrations predicted using the 2 models (which occur just after 

birth of the offspring) can be explained by differences in the way the 2 models describe the 

birth event.

Our model estimates the time-course concentration of a LPEC in a fetus (in utero) by 

assuming that the ratio of the fetal concentration to the maternal concentration (ie, the 

model parameter Rfm) is constant. In developing the model, we assumed that the body 

lipid fractions for a maternal animal and in utero fetus(es) remain constant (even during the 

rapid overall growth of their bodies that occurs during pregnancy and gestation) and that 

LPECs immediately and completely distribute into lipids when they enter an animal. The 

constant ratio of fetal-to-maternal concentrations follows from these 2 more fundamental 

assumptions. Our sensitivity analysis indicated that this ratio parameter (Rfm) is influential 

for the dose metrics we considered, so validity of the constant ratio assumption should be 

scrutinized. The collection and publication of more robust time-course concentration data 

for maternal animals dosed with LPECs and their fetuses (involving paired observations at 

multiple time points during pregnancy) would allow for better evaluation of this assumption.

Because our PK model does not include parameters describing organ volumes and various 

other anatomical, physiological, and biochemical quantities that could impact the amounts 

and concentrations of the chemical in various organs and tissues, it cannot predict such 

distribution. Furthermore, our model does not account for complex changes in distribution 

that might result from changes in organ volumes and other parameters during pregnancy 

and other life stages. Nevertheless, the total amount of chemical in the body at any given 

point in time, which our model does predict, will be the same regardless of distribution 

(ie, regardless of where in the body the chemical resides). Although we recognize that 

elimination rate can be impacted by distribution (because overall elimination may depend 

strongly on chemical concentrations in blood or metabolizing organs or tissues), our 

objective was to develop and evaluate a relatively simple PK model for mother-to-offspring 

transfer that only requires one chemical- and animal-specific parameter: a constant half-life 

describing elimination of the chemical in an animal of interest. To investigate the impacts 

of changes in body composition and physiology on elimination and dose metrics, one would 

need to develop a PBPK model (or obtain a previously developed one) that explicitly 

accounts for such changes.

Although PBPK models are generally preferred over classical compartmental PK models 

for dosimetry calculations in risk assessment contexts (IPCS, 2010; U.S. EPA, 2006), these 

more complex models are not available for all LPECs. Even when PBPK models are 

available for a given LPEC, they may not describe mother-to-offspring transfer or they may 
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not have been parameterized for all animal species of interest (thus limiting their potential 

use for interspecies dose extrapolation). For example, published PBPK models for PCB 153 

(Dzierlenga et al., 2019; Redding et al., 2008; Ulaszewska et al., 2012) and HCB (Lu et al., 

2006) exist, but to the best of our knowledge none of the PBPK models for these chemicals 

describes mother-to-offspring transfer for more than one animal species. In a workshop 

coordinated by the U.S. Environmental Protection Agency (EPA), a group of scientists with 

expertise in toxicology, risk assessment, epidemiology, PK modeling, and public health 

concluded that simpler (eg, classical PK modeling) approaches could be adequate for risk 

assessment involving lactational transfer of LPECs (ICF, 2013). Furthermore, Farrer et al. 

(2010) found that estimates of infant lactational doses generated using a relatively simple 

one-compartment PK model for PCB 153 were comparable to those generated using a more 

complex PBPK model and that the simpler model was “sufficiently health-protective [for] 

use in chemical risk assessment.” The conclusions of ICF (2013) and Farrer et al. (2010) and 

the need for risk assessment methods that quantify mother-to-offspring transfer of LPECs 

(Lehmann et al., 2014) motivated our development of a generic, multispecies PK model.

Despite its limitations, our PK model for mother-to-offspring transfer of LPECs allows 

for the calculation of offspring-focused dose metrics based on dosing regimens applied 

in developmental toxicity studies in laboratory animals. Furthermore, it can be used to 

calculate HEDs for points of departure identified in such studies. Because the model derives 

from the fundamental principle of conservation of mass, the impact of uncertainty in the 

model parameters on errors in model predictions is limited. For example, although there 

may be uncertainty in the mass of LPEC transferred to the offspring, we know that such 

transfer reduces the mass of LPEC in the mother by an equal amount. In assessing risks of 

developmental toxicity for a particular substance and a particular toxicity endpoint, scientists 

and risk managers must determine whether the assumptions and limitations of this PK 

model are reasonable and acceptable, but once this determination has been made, the model 

provides an alternative to allometric scaling methods for computing HEDs that are based 

only on doses applied to maternal animals.

CONCLUSION

We developed a generic PK model that quantifies the transfer of LPECs from a maternal 

animal to her offspring during gestation and lactation and parameterized the model for 

rats, mice, and humans. After comparing our model’s predictions to available PK data for 

rats (Nakashima et al., 1997) and mice (Vodicnik and Lech, 1980) as well as comparable 

predictions from a previously published and evaluated human PK model (Verner et al., 

2013), we demonstrated how it can be used to calculate dose metrics for offspring based 

on external (eg, oral) doses experienced by the mother. These offspring dose metrics may 

be useful for conducting dose-response analyses for developmental toxicity endpoints, as 

offspring dose metrics may be more directly associated with developmental toxicity than 

doses applied to maternal animals. The model also provides an alternative to methods 

for computing HEDs based on allometric scaling of doses of LPECs applied to maternal 

animals, and we showed that HEDs predicted using our model can be 2 orders of magnitude 

lower than those generated using such allometric dosimetry calculations. Thus, our LPEC 
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mother-to-offspring transfer PK model may serve as useful tool for scientists assessing 

developmental toxicity risks associated with LPECs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Bioaccumulation (in maternal animals) and lactational transfer (from maternal animals to 

offspring) of LPECs.
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Figure 2. 
Schematics illustrating the structures of (A) the nonpregnant adult and/or pregnancy and 

gestation PK model and (B) the lactational transfer PK model.
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Figure 3. 
Default body mass versus time functions for rat dams and their offspring. The left and right 

vertical dotted lines indicate the times of conception and parturition, respectively.
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Figure 4. 
Default body mass versus time functions for human mothers and their offspring. The left and 

right vertical dotted lines indicate the times of conception and parturition, respectively. Body 

masses for human mothers after weaning are not shown because this information does not 

affect offspring dosimetry.
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Figure 5. 
Default rat milk consumption rate versus time. We assume the milk consumption rate 

decreases to 0 kg/day at weaning.
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Figure 6. 
Default human milk consumption rate versus time. We assume the milk consumption rate 

decreases to 0 kg/day at weaning.

Kapraun et al. Page 39

Toxicol Sci. Author manuscript; available in PMC 2023 September 24.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



Figure 7. 
Concentrations of HCB in maternal animal (rat dam) tissues observed by Nakashima et al. 

(1997) and estimated whole-body concentrations of HCB based on MC model simulations 

of that study. The solid line represents the median predicted concentrations from the 

MC simulations, whereas the dashed lines represent the lower and upper bounds of a 

95% credible interval for the predicted concentrations. (Note that given the high lipid 

content of subcutaneous and perirenal fat tissues relative to the whole body, we expect 

HCB concentrations to be higher in these tissues than the average concentrations in the 

whole body; we also expect the whole-body concentrations to be greater than the observed 

concentrations blood, which has relatively low lipid content.)
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Figure 8. 
Concentrations of HCB in filial animal (rat fetus and pup) whole body and tissues observed 

by Nakashima et al. (1997) and estimated whole-body concentrations of HCB based 

on MC model simulations of that study. The solid line represents the median predicted 

concentrations from the MC simulations, whereas the dashed lines represent the lower and 

upper bounds of a 95% credible interval for the predicted concentrations. (Note that given 

the high lipid content of subcutaneous and perirenal fat tissues relative to the whole body, 

we expect HCB concentrations to be higher in these tissues than the average concentration 

in the whole body; we also expect the whole-body concentrations to be greater than the 

observed concentrations for blood, which has relatively low lipid content.)
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Figure 9. 
Whole-body concentrations of PCB 153 in maternal animals (mouse dams) observed (solid 

circles) by Vodicnik and Lech (1980) and estimated (lines) based on MC model simulations 

of that study. The solid line represents the median predicted concentrations from the MC 

simulations, whereas the dashed lines represent the lower and upper bounds of a 95% 

credible interval for the predicted concentrations.
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Figure 10. 
Whole-body concentrations of PCB 153 in filial animals (mouse pups) observed (solid 

circles) by Vodicnik and Lech (1980) and estimated (lines) based on model simulations 

of that study. The solid line represents the median predicted concentrations from the MC 

simulations, whereas the dashed lines represent the lower and upper bounds of a 95% 

credible interval for the predicted concentrations.
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Figure 11. 
Comparison of whole-body concentrations of HCB in a human mother and her offspring 

based on a 1 mg per kg of body mass per day dose as estimated using the Verner et 

al. (2013) model (“Verner”) and the present model (“present”). The vertical dotted lines 

indicate (from left to right) the times of conception, parturition, and weaning.
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Figure 12. 
Comparison of whole-body concentrations of PCB 153 in a human mother and her offspring 

based on a 1 mg per kg of body mass per day dose as estimated using the Verner et 

al. (2013) model (“Verner”) and the present model (“present”). The vertical dotted lines 

indicate (from left to right) the times of conception, parturition, and weaning.
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Figure 13. 
Normalized sensitivity indices (cf. equation 10) for dose metric 1 (the peak concentration 

during gestation and the nursing period), dose metric 2 (the average concentration during 

gestation and the nursing period), dose metric 3 (the average concentration during gestation), 

and dose metric 4 (the average concentration during the nursing period). These indices 

represent the ratio of the relative change in the dose metric to the relative change in a single 

parameter (shown to the left of each group of bars). We computed one sensitivity index per 

dose metric for each model parameter based on the local set of parameter values described 

for the model simulation of the Nakashima et al. (1997) study.
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Figure 14. 
Normalized sensitivity indices (cf. equation 10) for dose metric 1 (the peak concentration 

during gestation and the nursing period), dose metric 2 (the average concentration during 

gestation and the nursing period), dose metric 3 (the average concentration during gestation), 

and dose metric 4 (the average concentration during the nursing period). These indices 

represent the ratio of the relative change in the dose metric to the relative change in a single 

parameter (shown to the left of each group of bars). We computed one sensitivity index per 

dose metric for each model parameter based on the local set of parameter values described 

for the model simulation of the Vodicnik and Lech (1980) study.
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Figure 15. 
Normalized sensitivity indices (cf. equation 10) for dose metric 1 (the peak concentration 

during gestation and the nursing period), dose metric 2 (the average concentration during 

gestation and the nursing period), dose metric 3 (the average concentration during gestation), 

and dose metric 4 (the average concentration during the nursing period). These indices 

represent the ratio of the relative change in the dose metric to the relative change in a single 

parameter (shown to the left of each group of bars). We computed one sensitivity index per 

dose metric for each model parameter based on the local set of parameter values described 

for a hypothetical human exposure scenario involving continuous exposure to HCB.
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Table 1.

Default Values for Model Parameters Describing Proportion of the Maternal Body and Breast Milk That Are 

Lipid (Denoted Fm and Fmilk, Respectively) and the Ratio of Concentrations in Fetus(es) and Mother During 

Pregnancy (Denoted Rfm) in Various Species

Quantity Rat Mouse Human

Fm 0.094
a

0.229
b

0.346
c

Fmilk 0.154
d

0.264
e

0.039
f

Rfm 0.35 0.35 0.5

a
Neto Angéloco et al. (2012, Table 3). The value given here is the mean value for a control group of Wistar rats given a “standard AIN-93 diet.”

b
Reed et al. (2007, Section 2.4). The value given here is the overall mean for female mice from 40 strains.

c
Borrud et al. (2010, Table 3). The value given here is a weighted average of the mean values listed for females of “all races and ethnicities” for 

the age categories 8–11, 12–15, 16–19, and 20–39 years. Means for these age categories were converted to a weighted average by multiplying each 
mean by the sample size for the corresponding age category and then dividing by the sum of the sample sizes.

d
Nicholas and Hartmann (1991, Table 2). The value given here is the average of the mean values listed for all 5 time points and for both diets.

e
Johnson et al. (2001). The value given here is the average for milk from 10 female mice (MF1) on day 15 of lactation.

f
Arcus-Arth et al. (2005, Table 2). The value given here is the mean value for “all measurement periods” (through 12 months post-partum).
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Table 2.

Default Values for Model Parameters Describing Animal Body Masses

Quantity (Units) Rat Mouse

tm1  (day) 1 1

Mm
1  (kg) 0.25

a
0.0255

b

tm2  (day) 44 25

Mm
2  (kg) 0.273

c
0.0318

b

ti1 (day) 3 1

Mi
1

 (kg) 0.0066
c

0.0014
d

ti2 (day) 10 10

Mi
2

 (kg) 0.014
c

0.00608
e

ti3 (day) 17 18

Mi
3

 (kg) 0.028
c

0.00885
f

ti4 (day) 75
g

45
g

Mi
4

 (kg) 0.25
a

0.03
h

a
U.S. EPA (1988b, Table 4-2). The value listed is the “reference body weight” for rats.

b
Al Jothery et al. (2014, text and Table 2). The values listed for 1 and 25 days are the average mass values for rat dams at baseline (from the first 

paragraph of the Results section) and during lactation (from Table 2), respectively.

c
Lehmann et al. (2014, Table 3). The second mass value listed for a rat dam is the “dam weight during lactation” and the pup masses are those for 

“week 1,” “week 2,” and “week 3.”

d
U.S. EPA (1988a, Table 3-3). The mouse pup mass value listed for 1 day is the average of the B6C3F1 male and female “Weight at Birth” values.

e
Al Jothery et al. (2014, Figure 5B). The mouse pup value listed for 10 days is the average of the values for 2 data points (one each for high and 

low food intake lines) depicted in the figure. Coordinates of the points were digitally extracted using WebPlotDigitizer (Rohatgi, 2021).

f
Al Jothery et al. (2014, Table 1). The mouse mass listed for 18 days is the average of the mean “pup mass at weaning” values for 2 lines of mice 

selected for high and low food intake.

g
U.S. EPA (2002, Table 3-1). The time values listed for the rat and the mouse correspond to the ages of sexual maturity (2.5 months and 1.5 

months, respectively) in those species.

h
U.S. EPA (1988a, Section 3.2.1). The value listed is the reference value for an adult mouse.
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Table 4.

Default Values for Model Parameters Describing Animal Milk Consumption Rates (per Individual Offspring)

Quantity (Units) Rat Mouse

rmilk
0  (kg/day) 0.001

0.0001
a

rmilk
1  (kg/day) 0.003

b
0.0003

a

rmilk
2  (kg/day) 0.0054

b
0.00054

a

rmilk
3  (kg/day) 0.0059

b
0.00059

a

tlact (days)
21

c
21

c

In general, rmilk
k  is the rate of consumption (kg/day) during the th week after birth.

a
For each mouse value, we used 10% of the corresponding rat value based on an assumption that consumption rate is proportional to body mass of 

the adult of the species. Note that the reference body masses of rats and mice provided in Table 4-2 of U.S. EPA (1988b) are 0.25 kg and 0.025 kg, 
respectively, so an adult mouse has a body mass approximately 10% of that of an adult rat.

b
Lehmann et al. (2014, Table 3). The values listed are those for “pup ingestion rate” for “week 1,” “week 2,” and “week3.”

c
U.S. EPA (1988a, Table 2-2).
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Table 5.

Dose Metric Values and Human Equivalent Doses (HEDs) for the Rat HCB Dosing Regimen Described by 

Nakashima et al. (1997)

Dose Metric Index Dose Metric Value
(mg/kg)

HED
(mg/kg/day)

1 0.186 3.97 × 10−5

2 0.070 2.91 × 10−5

3 0.018 1.73 × 10−5

4 0.142 4.13 × 10−5

The dose metrics are (1) the peak concentration during gestation and the nursing period, (2) the average concentration during gestation and the 
nursing period, (3) the average concentration during gestation, and (4) the average concentration during the nursing period.
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Table 6.

Dose Metric Values and Human Equivalent Doses (HEDs) for the Mouse PCB 153 Dosing Regimen Described 

by Vodicnik and Lech (1980)

Dose Metric Index Dose Metric Value
(mg/kg)

HED
(mg/kg/day)

1 13.6 1.81 × 10−3

2 9.21 2.43 × 10−3

3 9.81 6.23 × 10−3

4 8.57 1.58 × 10−3

The dose metrics are (1) the peak concentration during gestation and the nursing period, (2) the average concentration during gestation and the 
nursing period, (3) the average concentration during gestation, and (4) the average concentration during the nursing period.
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