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Abstract. Current methods to assess risk in infants exposed to maternal medication
through breast milk do not specifically account for infants most vulnerable to high drug
exposure. A workflow applied to lamotrigine incorporated variability in infant anatomy and
physiology, milk intake volume, and milk concentration to predict infant exposure. An adult
physiologically based pharmacokinetic model of lamotrigine was developed and evaluated.
The model was scaled to account for growth and maturation of a virtual infant population
(n=100). Daily infant doses were simulated using milk intake volume and concentration
models described by a nonlinear equation of weight-normalized intake across infant age and
a linear function on the relationship of observed milk concentrations and maternal doses,
respectively. Average infant plasma concentration at steady state was obtained through
simulation. Models were evaluated by comparing observed to simulated infant plasma
concentrations from breastfeeding infants based on a 90% prediction interval (PI). Upper
AUC ratio (UAR) was defined as a novel risk metric. Twenty-five paired (milk
concentrations measured) and 18 unpaired (milk concentrations unknown) infant plasma
samples were retrieved from the literature. Forty-four percent and 11% of the paired and
unpaired infant plasma concentrations were outside of the 90% PI, respectively. Over all ages
(0–7 months), unpaired predictions captured more observed infant plasma concentrations
within 90% PI than paired. UAR was 0.18–0.44 when mothers received 200 mg lamotrigine,
suggesting that infants can receive 18–44% of the exposure per dose as compared to adults.
UARs determined for further medications could reveal trends to better classify at-risk
mother-infant pairs.

KEY WORDS: breastfeeding; human milk; infant; lamotrigine; physiologically based pharmacokinetic
models.

INTRODUCTION

In the past decade, the US Food and Drug Administra-
tion (FDA) has been increasingly seeing the value of

evidence-based decisions for lactating women and their
health care providers on drug treatment and breastfeeding
during therapy. As part of the FDA’s initiative to provide
recommendations and guidance on conducting clinical lacta-
tion studies to inform breastfeeding with medication use, a
draft industry guidance was published in May 2019 (1). The
draft guidance outlined key considerations, including those
involved in study design and measurement of infant milk
intake. Several of these considerations emphasized the need
to collect and understand the variability that exists for the
mother and breastfed infant (1). First, maternal and infant
factors (weight, age, ethnicity, race, etc.) should be accounted
for. Second, pharmacokinetic (PK) variability and the vari-
ability in lactation physiology should be considered. Finally,
depending on the design and primary objective of the study,
inter- and intra-subject variability for the mother and
breastfed infant would also be of interest. The role of
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variability in the measurement of infant milk intake volume
was highlighted. The typically applied 150 mL/kg/day milk
intake by the infant was acknowledged as a reasonable
assumption, however, estimates based on a 200 mL/kg/day
milk intake were encouraged. This recommendation reflects
the idea that, although an intake of 150 mL/kg/day is often
applied in measures of drug exposure risk to the infant, such
as the relative infant dose (RID), feeding volumes are not
constant across postnatal ages and between infants (2, 3).
RID as an example, is measured by infant dose of drug in
milk per body weight divided by weight-adjusted maternal
dose, expressed as a percentage. As a result, if only a
standard milk volume intake (together with maternal milk
concentrations) is used to determine the daily dose of drug in
milk to an infant, the variability in infant exposure to the drug
will not be accounted for. Consequently, drug exposure
through breast milk might be under- or over-estimated.
Without accounting for this variability, the infants who are
at the highest risk for dose-dependent toxic effects of the drug
(e.g., outliers consuming >150 mg/kg/day), are not considered
in the risk assessment. There is a clear importance of
incorporating variability of both daily infant milk intake
volume and drug in maternal milk levels in this assessment.

PK variability can be accounted for using physiologically-
based pharmacokinetic (PBPK) models. These are mechanis-
tic representations of drug disposition in the body with the
ability to provide in silico estimates of drug exposure given
the proper parameterization of host physiology and drug
properties (4). Current metrics such as the RID, focus on
assessing risk directly from maternal and infant dose. These
metrics do not specifically account for how infants handle
drugs in milk, age dependent factors, nor the variability in
infant exposure that would identify outliers who may be most
vulnerable to drug toxicity. In contrast, integrating the infant
dose with a PBPK model can lead to a metric of exposure
that, when linked to a measure of safety, can serve as the
basis for risk assessment. Thus, PBPK models are able to
account for how an infant uniquely handles the drug. With a
study framework that incorporates variability in milk intake
volume and drug in milk concentration, these models can
improve risk assessment.

To date, few PBPK models have been developed to
simulate breast milk exposure to maternal drug therapy.
The abstracts by Cibert et al. (5) and Guedat et al. (6) report
PBPK models developed to predict breastfeeding exposure
of lamotrigine and clonidine, respectively. Both studies used
workflows involving a mammary gland compartment and
parameters to describe kinetics into the milk and infant
(e.g., milk fat fraction and sucked milk flow) with resulting
infant plasma concentrations simulated. Cibert et al. (5)
predicted median (90th and 10th percentiles) lamotrigine
infant plasma levels of 1 μg/mL (0.75 and 1.2 μg/mL; 200 mg
maternal daily dose). This narrow band is however unlikely
with one, a case report showing lamotrigine plasma
concentrations >1.5 μg/mL in the infant breastfed by a
mother taking the same daily dose (7). Cibert et al. (5) and
Guedat et al. (6) used predicted rather than observed drug
in milk concentrations to estimate infant exposure. Using
measured drug concentrations obtained from this easily
accessible media would have greatly reduced uncertainty in
the models. Garessus, Mielke and Gundert-Remy (8) and

Willmann et al. (9) used pediatric PBPK models to predict
infant exposure to breastfeeding mothers taking isoniazid
and codeine, respectively. The strength of their workflows
in c luded ac coun t ing fo r me tabo l i z i ng enzyme
polymorphisms. Olagunju et al. (10) report on a PBPK
model to predict breastfed infant exposure to efarvirenz.
Simulated infant exposure showed good agreement with
observed values for mothers taking a standard daily dose of
600 mg, although the lower end of infant plasma concen-
trations tended to be underestimated (10). The last study of
interest is a pediatric PBPK model for escitalopram
published by our group (11). A mean daily milk intake of
153 mL/kg/day based on measured values by Kent (12) was
employed across all age groups. Additionally, our group
recently quantified the mean weight-normalized milk infant
intake across postnatal age for full-term exclusively
breastfeeding infants from a comprehensive literature
review (13). This current study uses the variability of daily
infant breast milk intake quantified by our literature review
(13) to expand on our work with escitalopram (11). The
feasibility and utility of incorporating variability from
anatomy and physiology of breastfed infants, volume of
milk intake, and maternal milk concentrations, were
assessed with lamotrigine. Finally, a novel drug in milk risk
assessment metric incorporating breastfeeding-related vari-
ability to account for potential infant outliers who may be
at-risk of adverse reactions was developed.

MATERIALS AND METHODS

Modeling Strategy

A PBPK model was first developed to describe the
disposition of lamotrigine in adults. The adult PBPK model
was then scaled to simulate lamotrigine exposure in a
population of virtual infants. The adult and pediatric PBPK
models were validated using multiple dose administration
datasets and PK parameters of children directly adminis-
tered lamotrigine, respectively. Model evaluation was quan-
titatively assessed by calculating the average fold error
(AFE; bias) and absolute AFE (AAFE; precision) of drug
plasma concentrations. Twofold error was deemed reason-
able. The mean and variability in volume of milk intake and
maternal milk lamotrigine concentrations were obtained
from the literature and used to calculate daily infant dose.
Daily infant dose was used as an input to the virtual infants
to provide predicted lamotrigine exposure levels.

Evaluation of the simulated infant exposures were
performed with two types of datasets from the literature: 1)
lamotrigine concentrations measured in maternal milk and
infant plasma at similar time points (paired mother-infants),
and 2) lamotrigine concentrations measured in infant plasma
only (unpaired infants).

Software Used

PBPK modeling was performed using the open-source
PBPK modeling platform, PK-Sim version 8 (Open Systems
Pharmacology Suite). Published PK profiles were digitized
with Plot Digitizer (v2.6.8 by Joseph Huwaldt) to obtain
concentration-time data. Model fitting and simulation to
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define ontogeny profiles, variability assessment in milk
volume intake and milk lamotrigine concentrations, simula-
tion of infant daily doses, calculation of exposure metrics,
predictive performance evaluation, and creation all graph-
ical plots were performed with R (R Core Team, 2019,
Vienna, Austria).

Development and Evaluation of Adult and Pediatric PBPK
Models

The workflow of Maharaj, Barrett and Edginton (14)
was followed for development of the pediatric PBPK model.
Briefly, a PBPK model in adults following intravenous (IV)
administration was constructed based on lamotrigine phys-
icochemical properties, knowledge of distribution,
metabolism, and excretion, and IV PK datasets for model
building. The study by Yuen and Peck (15) was used in the
IV model construction. Lipophilicity and non-specific en-
zyme clearance were optimized to the IV dataset. The
Rodgers and Rowland (16, 17) and PK-Sim standard
methods were used to predict partition coefficient and
cellular permeability, respectively. The glomerular filtration
rate fraction was optimized using the fraction excreted
unchanged in urine with the resulting value of 0.05. Two
main lamotrigine metabolizing enzymes, UGT1A4 and
UGT1A3, were incorporated and their relative contribu-
tions to clearance were allocated accordingly. Following
optimization of the IV model, a PBPK model using 15
studies with lamotrigine single-dose oral administration
ranging from 25-300 mg in adults (15, 18–31) was built.
Optimization of absorption-specific parameters (specific
intestinal permeability, dissolution half-time) provided a
final model.

The adult population PBPK model was evaluated
with PK data following multiple-dose administration of 50-
200 mg. The appropriateness of PK variability following
single dose oral administration was assessed by creating
100 virtual adults with an age, weight, and height range
similar to the participant pool of the respective observed
study used for evaluation (n=4). Appendix A provides a
complete description of the model development and
evaluation process.

The adult oral PBPK model was scaled to simulate drug
exposure in virtual breastfeeding infants. The anatomy and
physiology were scaled to that of infants at different ages.
Growth and maturation of relevant processes (metabolic
capacity, glomerular filtration rate, protein binding, and
body composition) were accounted for (32, 33), and realistic
variability around anatomy and physiology were applied
(34) to produce a virtual infant population. The ontogeny of
the two main enzymes involved in lamotrigine metabolism,
UGT1A4 and UGT1A3, were based on in vitro studies by
Badée et al. (35) and Miyagi and Collier (36). Appendix A
outlines the maturation functions used for each enzyme.
After normalizing enzyme activity levels to adult activity
(between 0 and 1), a Hill and linear function were fitted for
UGT1A4 and UGT1A3, respectively and included in the
model. The pediatric PBPK models were evaluated against
observed PK studies in children who were directly admin-
istered lamotrigine in oral dosage form.

Quantifying Infant Milk Intake and Drug in Milk
Concentrations

Mean weight-normalized human milk intake (WHMI)
increases from birth until reaching a maximum of 152.6 ml/kg/
day at 19.7 days of age, and then declines thereafter (13) (Eq. 1).

WHMI ¼ 160:39� 0:232
0:232−0:00252

� e−0:00252t−e−0:232t
� � ð1Þ

where WHMI is in mL/kg/day and t is infant age in
days. The variability in milk intake by breastfeeding infants
was obtained by averaging the coefficient of variation (CV)
using study data obtained from the literature by Yeung et al.
(13). Studies with reported mean and standard deviation
(SD) in weight-normalized human milk intake were
grouped by age: by day from >0 to 7 days, by week from
>1 to 4 weeks, and by month from >1 to 12 months old. If
an age group consisted of one study, that study’s CV was
used to represent the age group. If an age group consisted
of multiple studies, an average of the study CVs weighted
by study sample size was used to represent the age group.
Since the resulting CVs for each of the age groups did not
differ greatly across all groups (i.e., 1–2 weeks: 20.5%, 2–3
weeks: 15.5%, and 3–4 weeks: 17.1%), the age groups were
further simplified. The >0 to 1 days old group CV was first
compared with the next age group of >1 to 2 days old. If the
percent change in CV was <30%, the age group CVs were
averaged and classified under a single age bin. This
procedure was repeated until a change in CV was ≥30%
as compared to the previous age group, leading to the start
of a new age bin. The mean WHMI equation together with
the created bin CVs were referred to as the “milk intake
model”.

The literature was searched for studies where milk
concentrations of lamotrigine were obtained from mothers.
Daily dose of the mother and resulting milk concentrations
were recorded. Lamotrigine transfer into milk was assumed
to be a passive process. Concentrations of lamotrigine in
plasma have also been reported to be proportional to dose
when administered over 50-400 mg as single doses (37).
Therefore, a linear function was used to describe the
relationship of mean drug in milk concentrations and
maternal doses. Variability in drug in milk concentrations
was determined by taking the average and SD of dose-
normalized drug concentrations to derive the CV across all
samples. The mean drug in milk concentration equation
together with the overall CV was referred to as the “milk
concentration model.”

Evaluation of Models Incorporating Variability on Predicting
Breastfed Infant Exposure

Evaluation of the ability of the model to accurately
recapitulate infant exposure was completed by comparing
simulated exposure in virtual infants to observed infant
plasma lamotrigine concentrations following exposure
through breastfeeding. The following paragraphs describe
the evaluation steps.
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Data from mother-infant pairs with recorded maternal
milk concentrations (i.e., before a feed) and infant plasma
levels (i.e., after a feed), hereafter referred to as “paired
data,” were used to evaluate the milk intake model. These
samples were taken 2–15 h after a maternal dose (7, 38, 39);
however, most of the studies did not report time sampled
after dose. Infant plasma lamotrigine values from the
literature were excluded if infant age was not reported and
if there were clear indications of partial breastfeeding.

For evaluation using the paired data, infant populations
of 100 individuals were simulated from the evaluated PBPK
model for each age bin in days: >0 to 7, >7 to 14, >14 to 30,
>30 to 60, and >60 to 84. The virtual infant populations used
the International Commission on Radiological Protection
(ICRP) population (40) (50% female) available in PK-Sim.
Each virtual infant was assigned a single oral dose of 1
mg/kg lamotrigine as a solution (i.e., dissolved in breast
milk) to obtain the area under the plasma concentration vs
time curve from time zero to infinity (AUC∞). The average
concentration at steady state (Cavg,ss) over 24 h was then
calculated. Next, the weight-normalized dose received by
each infant was calculated by multiplying daily milk intake
volume (mL/kg) by the observed drug in milk concentration
(μg/mL). The milk intake volume was either informed by
the typical 150 mL/kg (no variability applied) or through
use of the milk intake model. For the milk intake model, a
WHMI was drawn from a normal distribution with mean
derived from equation 1 and SD specific to the age bin of
each infant.

Predictions of infant plasma lamotrigine concentrations
were considered successful if observed data were within 90%
prediction interval (PI) of simulated Cavg,ss plasma levels.
Sensitivity analyses were conducted in the instance where the
model consistently failed to correctly predict infant plasma
levels at certain age bins to assess those model parameters
most likely to be influential.

A similar method was applied to the evaluation using
“unpaired data,” where only infant plasma concentrations
after breastfeeding were reported. Virtual infant populations
of 100 individuals were created for each age bin in days: >0 to
7, >7 to 14, >14 to 30, >30 to 60, and >60 to 213. The paired
maternal drug in milk concentrations were not known for
these infants. Therefore, the milk concentration model built
from literature lamotrigine in milk values was used to give a
concentration for each virtual infant. Evaluation used the
same method as for the paired data.

Determining Measures of Exposure: RID, Predicted AUC∞,
and the Novel Metric

The RID was calculated by taking the mean of
lamotrigine in milk concentrations from the literature
multiplied by the standard 150 mL/kg/day, divided by
maternal dose. A dose of 200 mg was selected as it is the
recommended maximum dose in the manufacturer’s label
for bipolar disorder for maintenance treatment (labeled
use), and acute bipolar major depression (off label) (37).
The mean maternal dose on a per body weight basis was
estimated by using a value of 70 kg for the mother.
Equation 2 provides a single value for lamotrigine risk
assessment in breastfeeding infants.

RID %ð Þ ¼
Milk Concentration

mg
mL

� 150
mL

kg � day
Maternal Dose

mg
kg � day

� 100% ð2Þ

To account for variability in the risk assessment
process, the predicted infant plasma AUC∞ of lamotrigine
across the five age bins were calculated by creating 100
infants per age bin. The virtual infants were provided doses
from the milk intake volume and milk concentration models
and assuming a maternal dose of 200 mg. The resulting
AUC∞ distribution was used to calculate an upper AUC
ratio (UAR) defined as the 95th percentile of simulated
pediatric AUC∞ divided by the median adult therapeutic
AUC∞ (Eq. 3):

UAR ¼ 95th percentile simulated pediatric AUC∞

Median adult therapeutic AUC∞
ð3Þ

The median adult therapeutic AUC∞ was calculated by
using the adult oral PBPK model to simulate concentration-
time profiles of 100 women (25–34 years old, using the ICRP
population) administered 200 mg lamotrigine.

RESULTS

The development and evaluation of the adult and
pediatric PBPK models are reported in Appendix A. The
adult IV and oral datasets used in model optimization
produced an AFE of 0.95 and AAFE of 1.27. Model
performance was successfully evaluated in three pharmaco-
kinetic datasets with adult subjects administered multiple
doses of lamotrigine (41–43). The evaluation produced
acceptable AFE and AAFE values, 1.04 and 1.13, respec-
tively. Adult virtual populations of 100 individuals were
created in PK-Sim using four studies (19, 22, 28, 29) and PK
variability was successfully captured. The oral adult models
were scaled to children and predicted PK parameters were
comparable to two studies where a single dose of 2 mg/kg
lamotrigine was administered to infants and children (44, 45).

The results of capturing variability in infant WHMI using
the CV method are presented in Table I. The final age bins in
days were >0 to 1, >1 to 2, >2 to 3, >3 to 182.4, >182.4 to
212.8, >212.8 to 365. SDs were calculated at every infant age
using the relevant bin CV and mean WHMI equation,
resulting in the plot depicted in Fig. 1.

Next, the workflow incorporating variability in infant
anatomy and physiology, maternal milk lamotrigine levels,
and infant WHMI was evaluated. Figure 2 shows the
lamotrigine in milk levels retrieved from the literature.
Most of the studies did not report the timing of sample
collection, however, when reported, these were 2–15 h
after maternal dose (7, 38, 39). Paired data collected from
the literature are presented in Table II. The results of the
evaluation in predicting the observed infant plasma levels
are shown in Table III. The milk intake model predicted
only 20–30% of the samples outside of the 90% PI for
infants 7 to 60 days old. However, the model
underpredicted in the youngest (n=2) and oldest (n=4)
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age groups, which showed 100% of the observed plasma
levels outside of the 90% PIs. The lack of predictive ability
at these ages were shared with using the standard 150 mL/
kg/day milk intake value (Table III). A sensitivity analysis
in PK-Sim revealed that UGT1A4 activity level was one of
the most important parameters of the model (Appendix
B). Over all ages, the model incorporating variability in
milk intake performed slightly better or similar compared
to without, where 44% and 48% of the paired samples fell
outside the 90% PI across infants, respectively (Table III).

The studies retrieved from the literature and used in the
unpaired dataset evaluation are shown in Table IV. Mean
drug in milk concentrations were determined by using the
known lamotrigine dose the mother took into the linear
function describing their relationship in Fig. 2 (Eq. 4).

lamotrigine in milk concentration

¼ β0 þ β1 �maternal doseð Þ ð4Þ

where lamotrigine in milk concentration is in μg/mL,
β0 is 0.274 μg/mL, β1 is 0.00921 μg/mL/mg, and maternal
dose is in mg. A drug in milk concentration was then
drawn from a normal distribution with the lamotrigine in
milk concentration mean and SD calculated from the
dose-normalized drug concentration CV of 69.3%. Both
workflows incorporating the milk intake standard and milk
intake model were comparable and performed well, with
0–75% of samples outside the 90% PI (Table V). Over all
ages, the standard and milk intake model resulted in 28%
and 11% of the unpaired samples falling outside the 90%
PI, respectively. As with the paired evaluation, the
youngest age group had lower predictability. The single
unpaired infant in the oldest age group was successfully
captured within the 90% PI (Table V).

For determining RID, the mean lamotrigine in milk
concentration from studies in Fig. 2 was 3.67 μg/mL. The
estimated RID was determined as 19.3%. Predicted AUC∞ of
infant lamotrigine plasma levels using the variability-
incorporated workflow are presented in Fig. 3. Infant plasma
AUC∞ did not appear to widely differ across age bins;
however, the youngest and oldest age group had lower
median AUC∞ as compared to 7 to 60 day olds (Fig. 3).
Several outliers with relatively high predicted plasma AUC∞

Table I. Coefficient of Variation Values of WHMI Applied to Each
Infant Age Bin

Age bin (days) Coefficient of variation (%)

>0 to 1 119.4
>1 to 2 80.0
>2 to 3 50.8
>3 to 182.4 21.4
>182.4 to 212.8 23.5
>212.8 to 365 17.0

Fig. 1. Mean and variability of WHMI up to 1-year postnatal age of exclusively breastfed
term infants. The solid line represents the mean WHMI derived by fitting a nonlinear
regression to the mean study WHMI (grey circles) weighted by sample size. The dashed
line represents +SD and -SD from the fitted mean WHMI line as determined by the age
bin CV (Table I). Sample-size weighted mean ± SD for each age bin (by day up to 7 days
old, by week up to 4 weeks old, and by month up to 12 months old) are described by the
black squares and associated error bars
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are evident across all age groups. Table VI presents the 95th
percentile of simulated pediatric AUC∞ across the five age
groups that was divided by the median adult therapeutic
AUC∞ to produce age-dependent UAR values. The median
simulated maternal AUC∞ of women taking 200 mg was 109
μg∙h/mL, which is similar to values observed in PK studies
(28–30).

DISCUSSION

This study demonstrated the feasibility of incorporating
breastfeeding-related variability into a workflow to predict
infant exposure to maternal medications through breast milk.
The model using variability from infant anatomy and
physiology, daily WHMI, and lamotrigine in milk

Fig. 2. Maternal milk lamotrigine concentrations across different maternal doses from
multiple studies (20–22, 46–49). Solid line represents the mean fitted line across dose and
milk lamotrigine concentrations

Table II. Mother-Infant Pairs with Measured Maternal Milk and Infant Plasma Levels

Study Maternal-infant paira Infant
age (days)

Maternal dose (mg) Nursing (%) Maternal milk
level (μg/mL)b

Infant plasma
level (μg/mL)b

Fotopoulou et al. (46) FC2_1 14 300 NR 6.1 2.2
Fotopoulou et al. (46) FC2_2 84 250 NR 3.6 1.7
Fotopoulou et al. (46) FC4_1 17.5 450 NR 8 2.1
Fotopoulou et al. (46) FC4_2 84 400 NR 3.7 2.7
Fotopoulou et al. (46) FC6_1 7 900 NR 7.2 3.3
Fotopoulou et al. (46) FC7_1 31.5 300 NR 4.2 2.3
Fotopoulou et al. (46) FC7_2 73.5 300 NR 2.8 2
Newport et al. (47) R 21 500 100 1.3 0.5
Nordmo et al. (38) NE_4 22 600 100 7.68 1.33
Nordmo et al. (38) NE_5 25 600 100 10.06 0.51
Ohman, Vitols and Tomson (39) OI5_1 15 250 NR 0.51 <0.51
Ohman, Vitols and Tomson (39) OI6a_1c 14 300 NR 3.59 1.54
Ohman, Vitols and Tomson (39) OI6b_1c 14 300 NR 3.33 1.79
Ohman, Vitols and Tomson (39) OI7_1 18 100 NR 1.02 <0.51
Ohman, Vitols and Tomson (39) OI8_1 15 500 NR 3.33 2.05
Ohman, Vitols and Tomson (39) OI9_1 17 250 NR 3.33 1.54
Rambeck et al. (7) RB_1 2 300 100 2.52 2.79
Rambeck et al. (7) RB_2 11 300 100 2.4 1.69
Rambeck et al. (7) RB_3 22 300 100 6.51 2.25
Rambeck et al. (7) RB_4 29 300 100 4.25 2.68
Rambeck et al. (7) RB_5 36 300 100 3.35 2.13
Rambeck et al. (7) RB_6 43 300 100 4.81 2.33
Rambeck et al. (7) RB_7 49 200 100 4.04 2.1
Rambeck et al. (7) RB_8 64 200 100 1.95 1.54
Tomson, Ohman and Vitols (48) TT_3 14 300 NR 3.48 1.43

NR not reported. a Subjects coded by those provided in the original study, or defined by author initials, followed by “_n,” where “n” is the
occasion representing the same mother-infant pair sampled more than once. bMaternal milk and infant plasma levels are presented according to
the time point the samples were collected (e.g., pre-feed level in breast milk and post-feed level in infant plasma). cMother participated twice in the
study with different infants
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concentrations performed slightly better than using the
standard 150 mL/kg/day in exclusively breastfed infants up
to approximately 7 months of age. However, the improve-
ment offered by the milk intake model did not appear
significantly greater than the standard intake in our workflow
example with lamotrigine. The addition of milk concentration
variability allowed for the capture of more observed infant
plasma levels indicating the sensitivity of the milk concentra-
tion to overall exposure. This becomes important when
capturing outliers is a goal of the risk assessment.

Although the model was able to predict most observed
breastfed infant plasma levels, the concentrations were
generally underpredicted. The ontogeny of UGT1A4 in
young children was an important model parameter as defined
using sensitivity analysis and this was deemed a likely reason
for the underprediction. UGT1A4 accounts for about 90% of
lamotrigine liver metabolism (51, 52). The UGT1A4 ontog-
eny model was informed with 17 data points below 1 year of
age with the lowest age being 12 days old. There was also
high uncertainty with some ages showing in vitro UGT1A4
activity ranging from almost no activity to activity similar to
the adult value (Appendix A). Setting a lower activity would

have fixed some underprediction however this would not
have been evidence-based. While this is clearly a limitation
caused by uncertain model inputs, the UAR outcome still
suggests that outlier infants would reach exposures similar to
those of adults taking lamotrigine. It would be of interest to
test this workflow with additional lamotrigine sample data as
there were very few samples to test, and in drugs where
ontogeny profiles are well established to confirm this
workflows’ efficacy.

The model tended to largely underpredict in the
youngest age group, >0 to 7 day olds, however, likely due to
an alternative rationale. These infants were breastfed by
mothers who were taking lamotrigine to treat their condition
while pregnant (7, 38, 46, 48). As a result, the higher than
expected concentrations observed in infant plasma may be
due to placental transfer that was not accounted for in the
breastfeeding-variability incorporated model. Three samples
of lamotrigine concentrations in neonatal plasma, 7.71 ug/mL
(unpaired), 3.30 μg/mL (paired), and 2.79 μg/mL (paired),
were relatively high and unable to be captured by the 90% PI
windows with the milk intake model (7, 38, 46). Future
studies should explore including this placental transfer for

Table III. Evaluation of Mother-Infant Pair Samples with Infant PBPK Generated Predictions

Age bin (days) Number of infants Number of samples Number (%) of samples
outside the 90% PI using 150 mL/kg/day

Number (%) of samples outside
the 90% PI using the milk intake model

>0 to 7 2 2 1 (50%) 2 (100%)
>7 to 14 5 5 1 (20%) 1 (20%)
>14 to 30 8 10 4 (40%) 3 (30%)
>30 to 60 2 4 2 (50%) 1 (25%)
>60 to 84 4 4 4 (100%) 4 (100%)

PI prediction interval

Table IV. Infants with Measured Infant Plasma Levels Only

Study Infant* Infant age (days) Maternal dose (mg) Nursing (%) Infant plasma level (μg/mL)

Bedussi et al. (49) BF 40 150 100 1.4
Liporace, Kao and D'Abreu (50) LJ1 10 400 NR 1.8
Liporace, Kao and D'Abreu (50) LJ2 10 800 NR 1.3
Liporace, Kao and D'Abreu (50) LJ3 10 750 NR 2
Liporace, Kao and D'Abreu (50) LJ4 10 200 NR <1
Newport et al. (47) AA 11.9 400 100 1
Newport et al. (47) AB 25.9 125 100 1
Newport et al. (47) AC 41.3 350 100 1.3
Newport et al. (47) AE 212.8 100 100 0.6
Newport et al. (47) B_2 56 100 100 1.2
Newport et al. (47) I_3 51.8 300 100 3.9
Newport et al. (47) K_2 21 400 100 2
Newport et al. (47) W_2 20.3 550 100 0.5
Nordmo et al. (38) NE_1 0.52 875 100 7.71
Nordmo et al. (38) NE_2 3 875 100 5.81
Nordmo et al. (38) NE_3 16 850 100 4.87
Tomson, Ohman and Vitols (48) TT_1 1 300 NR 1.23
Tomson, Ohman and Vitols (48) TT_2 2 300 NR 0.95

NR not reported. *Subjects coded by those provided in the original study, or defined by author initials, followed by “_n,” where “n” is the
occasion representing the same mother-infant pair sampled more than once
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neonatal predictions in the first week of life. Understanding
its influence can aid in the prediction of different risk
scenarios. For instance, mothers taking lamotrigine during
pregnancy and breastfeeding versus only during
breastfeeding.

To apply the workflow in this study, an assumption on dose
was made. In recognizing the complications of assessing infant
exposure during multiple daily feeds, the total dose per day was
used with no attempt to split the dose by number of feeds. By
calculating the estimated average concentration at steady state
and comparing to infant plasma level, we assume that the
observed plasma levels approximated average steady state
concentrations. Timing of the infant plasma level as related to
maternal dose timing or timing of feed was largely unknown and
this added a layer of uncertainty that was not accounted in the
simulations. Additionally, assay development for drugs in this
matrix has been known to be an analytical challenge due to the
high protein and fat content of breastmilk (53). Not all the studies
reporting lamotrigine in milk concentrations provided informa-
tion on the validity of the assays used, thus limiting further insight
into this source of variability.

Another source of uncertainty in the workflow was the
inclusion of plasma concentrations from infants who were
breastfed at an unknown extent (39, 46, 48, 50). Therefore, if
these infants were partially rather than exclusively breastfed,
the observed infant lamotrigine plasma levels would be lower
than expected. It is possible that these observed plasma
concentrations would no longer be captured in the 90% PI,
thus affecting model performance. However, since infant
plasma levels from exclusively and unreported nursing extent
were similar, the latter were treated as exclusively breastfed
values. Nonetheless, future lactation studies should report
breastfeeding extent to reduce potential uncertainties.

Three exposure metrics were examined in this study.
Using maternal milk lamotrigine level and dose data reported
in the literature, the average RID was calculated as 19.3%.
The workflow in this study produced predicted infant plasma
AUC∞ across the five unpaired age groups. Relative to each
other, the median predicted infant plasma AUC∞ was low in
the first age group, rose in line with increased feeding rate
across the next age groups and was lower in the highest age
group where clearance was greatest. The higher plasma
AUC∞ in the very young infants was expected due to low
CL capacity and high WHMI in the second week of life. The
predicted 95th percentile varied at different ages. Compared
to the median predicted maternal AUC∞, infants appear to be
at high risk in the first month of age where there is a high
likelihood for outliers. This finding is consistent with a review
of case reports and studies indicating that breastfed infants of
mothers taking medications had most adverse effects re-
ported in the first month of postnatal age (54).

There are several advantages of the UAR over currently
used risk metrics. The UAR serves as a metric to identify
outlying infants with exposure as demonstrated using the
infant predicted 95th percentile in AUC∞. To date, adverse
effects were observed in three breastfed infants (12, 16, and
40 day olds) from mothers who were taking lamotrigine (38,
49, 55). In this study, the presented UARs demonstrated that
lamotrigine exposure through breastfeeding can reach levels
similar to those in mothers taking 200 mg, although the
probability is likely to be low. Furthermore, the metric can
determine infants at-risk breastfed from mothers taking other
doses. For example, lamotrigine is also used to treat focal
(partial) onset seizures and generalized onset seizures.
Typically, a maintenance dose of 225–375 mg/day is suggested
and thus the UAR can be calculated with this range of doses
(37). Finally, the UAR is based on a simulated population of
mothers and infants whereas metrics such as the RID are
unable to account for variation. For example, the RID is
limited to use of a single maternal weight value to calculate
maternal dose (e.g., 70 kg).

Future studies should focus on determining the UAR on
further medications commonly taken by lactating mothers.
Obtaining a range of UAR values would help identify high-
risk medications and safety thresholds. This will help to
facilitate evidence-based recommendations for breastfeeding
when mothers are taking medications. It is possible to
produce the UAR for multiple drugs since the workflow
relies on easily accessible breast milk sample data. Essentially,
application of the workflow to other medications would
simply follow a similar process as the example with

Table VI. Risk Ratio of Infants Breastfed by Mothers Taking 200 mg
Lamotrigine Calculated at Each Age Bin

Age bin (days) 95th percentile of simulated
pediatric AUC∞ (μg∙h/mL)

Upper AUC ratio

>0 to 7 26.7 0.24
>7 to 14 46.0 0.42
>14 to 30 48.3 0.44
>30 to 60 43.4 0.40
>60 to 213 20.1 0.18

AUC area under the curve

Table V. Evaluation of Infant Plasma Samples with Infant PBPK Generated Predictions

Age bin (days) Number of infants Number of samples Number (%) of samples outside
the 90% PI using 150 mL/kg/day

Number (%) of samples outside
the 90% PI using the milk intake model

>0 to 7 2 4 1 (25%) 1 (25%)
>7 to 14 5 5 0 (0%) 0 (0%)
>14 to 30 4 4 1 (25%) 0 (0%)
>30 to 60 4 4 3 (75%) 1 (25%)
>60 to 213 1 1 0 (0%) 0 (0%)

PI prediction interval
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lamotrigine. First, a developed model describing the drug in
milk concentration would be used with the milk volume
intake model to calculate daily infant doses. The daily infant
doses would serve as inputs to a pediatric PBPK model
developed and validated for the drug. Outputs of plasma
AUC∞ of infant virtual populations would be used to
calculate the 95th percentiles per age bin. These values
together with the maternal median plasma AUC∞ would
derive the UAR for the drug.

This study showed the feasibility of incorporating
variability into a novel drug in milk risk assessment metric
and builds the foundation for future studies in this area. This
includes examining variability in the maternal population,
where drug in milk concentrations can be used to develop
population milk-PK models to uncover covariates that
contr ibute to in ter - ind iv idua l var iab i l i ty (e .g . ,
pharmacogenotypes, maternal body weight, maternal age,
dose). The covariates will be used to identify mothers in the
general population who are at high risk for achieving
potentially dangerous drug concentrations in milk. Further-
more, specific groups of infants who would most benefit from
use of the UAR to identify outliers would be of interest to
study. One such group would be preterm infants, where
clearance tends to be relatively low and thus these infants
may be highly vulnerable to high drug exposure through
breast milk.

CONCLUSION

This study applied a workflow incorporating variability in
infant anatomy and physiology, milk intake volume, and milk
concentration to predict breastfed infant exposure to
lamotrigine as a case example. Pediatric PBPK modeling,
and milk lamotrigine concentration and infant intake volume
data from the literature, were used to capture sources of
variability. The workflow produced a model that showed
some improvement over the use of the standard 150 mg/kg/
day milk intake volume. Only 11% as compared to 44% of
the samples fell outside of a 90% prediction interval for the

unpaired (infant plasma samples only; variability in milk
lamotrigine concentrations applied) and paired datasets
(infant plasma and maternal milk samples available; variabil-
ity in milk lamotrigine concentrations not applied), respec-
tively. These results demonstrated the importance of
incorporating milk concentration variability into the
workflow. From the workflow, a novel upper AUC ratio
(UAR) metric to identify outlying infants at-risk of high drug
exposure through breast milk was applied. The UAR across
the examined infant ages ranged from 0.18 to 0.44 for those
breastfed by mothers receiving a single 200 mg dose of
lamotrigine.
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