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There is a risk of exposure to drugs in neonates during the lactation period due to
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account the drug ionization, partitioning between the maternal plasma and milk matri-
ces, and drug partitioning between the milk constituents. Infant dose calculations that
take into account maternal and milk physiological variability were incorporated in
the model. Predicted M/P ratio for acetaminophen, alprazolam, caffeine, and digoxin
were 0.83 +0.01, 0.45 + 0.05, 0.70 + 0.04, and 0.76 + 0.02, respectively. These ratios
were within 1.26-fold of the observed ratios. Assuming a daily milk intake of 150 ml,
the predicted relative infant dose (%) for these compounds were 4.0, 6.7, 9.9, and 86,
respectively, which correspond to a daily ingestion of 2.0 + 0.5 mg, 3.7 + 1.2 pg,
2.1 + 1.0 mg, and 32 + 4.0 pg by an infant of 5 kg bodyweight. Integration of the lac-
tation model within the PBPK approach will facilitate and extend the application of
PBPK models during drug development in high-throughput screening and in different
clinical settings. The model can also be used in designing lactation trials and in the

risk assessment of both environmental chemicals and maternally administered drugs.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?

The amount of drug excreted into the breast milk depends upon the physicochemical
properties of the drug, the mechanism of transport, and the composition of the milk.
WHAT QUESTION DID THIS STUDY ADDRESS?

Integrating different predictive mathematical models within the physiologically-
based pharmacokinetic (PBPK) approach to predict the drug concentration in the milk
and to calculate the expected infant dose received during breastfeeding.
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INTRODUCTION

Lactating mothers are either required to use drugs, or are ex-
posed to environmental hazards, during breastfeeding and are
therefore confronted with a difficult choice to either discon-
tinue nursing or terminate their maternal medication to avoid
potentially harming their infants. Lack, or even poor quality,
of information about drug safety during lactation can cause
confusion in giving recommendations, which can result in
the early cessation of breastfeeding.'

Recently, there has been an increased interest in under-
standing the pharmacokinetics (PKs) in lactating women
and the rate, and extent, of drug distribution into the milk.>?
However, published research use different methodology
and incomplete information on data variability, calling for
a unified scientific framework.* The US Food and Drug
Administration (FDA) has released regulatory guidelines
and drafts requesting pharmaceutical companies to address
the potential impact of maternal drug exposure, levels of the
drug (and metabolite) appearing in breast milk, the potential
effects on the feeding infants, and effects of the drug on milk
production.”® Unless breastfeeding is contraindicated during
drug therapy, a risk and benefit statement must be provided
in order to help healthcare providers to make the appropriate
prescribing decisions for a lactating patient.

Most drugs carry different levels of risks to the breast-
fed infant.” These risks should not be exaggerated, because
neonates and infants in most cases receive a much lower
dose in breast milk, compared to the known safe dose of the
same drug administered to them in clinical pediatrics wards,®
however, some drugs could be contraindicated or may have
not yet adequately been studied so precautions should be
taken. Quantification of drugs in breast milk is important to
raise our awareness of the potential adverse effects, if any,
on the infant. In addition, the quantification of drugs will
reduce the confusion and anxiety that lactating women may
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WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?

Lactation PBPK models can further increase our understanding with respect to gain-
ing insights into drug distribution into the milk during breastfeeding and accounting
for drug exposure variability in the milk due to variability in physiological parameters
and/or differences in drug properties.

HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT, AND/
OR THERAPEUTICS?

Lactation PBPK models can be implemented during the high throughput screening
drug discovery process, and for designing lactation studies, as well as to guide neona-
tal/infant risk assessments, such as in the case of maternal comedications.

experience during breastfeeding, especially those on chronic
medications.

The amount of drugs excreted into the breast milk de-
pends upon the composition of the milk, the physicochem-
ical properties of the drug, and the mechanism of transport.
The milk composition and affinity of its components together
with the pH are important factors that determine the extent
to which drugs are excreted and accumulated in the milk.”
The physicochemical properties of drugs include the size of
the molecules, its lipid solubility, and its charge type. The
higher the lipid solubility, the greater the concentration in the
human milk. Although the majority of drugs are transported
into mammary blood capillaries via passive diffusion, a few
drugs, such as cirnetidine,10 are believed to reach and accu-
mulate in the milk via active transporter mechanisms.

Modeling and simulation have contributed to our under-
standing of the passage of drugs into human milk. One his-
torical approach still being used is the prediction of the drug
level in milk based on plasma concentration and using what
is called the milk-to-plasma (M/P) ratio. The M/P ratio itself
can be predicted using both drug and milk characteristics, as
has been shown for different drugs using average population
parameters (i.e., deterministic models).9’ll

The objectives of this work are: (1) to collect and inte-
grate physiological data regarding milk parameters that are
required for the Fleishaker'? and Atkinson'® models within
the PBPK model framework taking into account the inter-
individual variability in maternal and milk physiological
parameters; (2) to use these built-in models available within
the Simcyp Simulator V20 to predict the M/P ratio and milk
concentration of different compounds with different physi-
cochemical properties, namely acetaminophen, alprazolam,
caffeine, and digoxin. These compounds have been selected
because their relevant plasma and milk data have been pub-
lished, their PBPK models have been developed, and their
mechanism of excretion into the milk are mainly via passive
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diffusion; and (3) to calculate the infant daily dose indices
from the predicted milk concentration.

METHODS
Data collection on milk properties

Data on milk volume, pH, and creamatocrit (Crt) were col-
lected from published clinical studies. PubMed was used as
the primary search engine for the literature review. A sepa-
rate search was conducted for each parameter and the fol-
lowing keywords were used in different combinations: breast
milk, human milk, pH, composition, lipid, fat, Crt, volume,
and production. Only the data from healthy White lactating
mothers recorded after the first postpartum week up to 1 year
of lactation were included. Data extracted from these stud-
ies were converted to standard units. The reported fat content
in the milk was converted to Crt.'* Because the goal of this
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data collection process was not to collect all data available,
but rather to get sufficient data to parametrize the integrated
model, collected data were pooled together without account-
ing for the stage of lactation, analytical techniques, or feeding
frequency. If the lactation stage was specified as a range, the
midpoint of the lactation stage was used. The weighted mean
and overall variability coefficient of variation were calculated
as described in the Supplementary Material Section 1.

Lactation model building

The built-in lactation model within the Simcyp Simulator
V20 was used to predict the milk concentration for different
compounds using the available information on their systemic
and milk exposure. The built-in perfusion lactation model
within the Simulator was selected for all investigated com-
pounds. A schematic description of the lactation model is
presented in Figure 1.
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FIGURE 1 A schematic representation of inputs and outputs of the lactation model used in this study. M/P, milk-to-plasma; PBPK,

physiologically-based pharmacokinetic; PK, pharmacokinetic



LACTATION PBPK MODEL

| 881

The assumed lactation model takes the general form of
the Fleishaker’s model'” (Equation 1). The model provides
an empirical approach and aimed at predicting the M/P ratio
using milk composition and physicochemical properties of
the drug. It does not account for mammary gland size, perfu-
sion, or composition.

u Mo 1 M)
P un
mk fumk : <%>

where, fup is the individualized unbound fraction of the drug
in the plasma predicted within the Simulator. The fu,,, is the
individualised unbound fraction of the drug in the milk. In the
absence of fu,,, measurement, it can be calculated according to
Equation 21518,

1
+ fra - LOZP ik

fumk =

fw @

skimmed

fu,

The fw and f,, are the fractional volumes of aqueous and
fat components, respectively, in the milk sampled from a
population mean and distribution using a lognormal distri-
bution. The fugy;,meq 1S the unbound fraction of the drug in
skimmed milk. In the absence of required data, this value can
be calculated from the unbound fraction in plasma according
to Equation (3)]7:

fu 0.448

_ 14
fuskimmed - 0 0006940448 + fu 0.448 (3)
. 14

Because the fup value is individualized, the calculated
fugimmea and hence the predicted fu,, is individualized.
LogP,.i is the milk fat-to-aqueous milk partition and for
simplicity, the compound octanol-to-water partitioning
constant (LogP,,.,) is used in the current work. The union-
ized fraction of the drug in plasma, f;", and the unionized
fraction of the drug in milk, /™, were calculated for a given
compound type (monoprotic base, monoprotic acid, and
ampholyte) using the compound pKa(s), plasma pH, and
milk pH. For a monoprotic base, it is calculated using the
following equations:

1
un __
fl; N 1+ IO(PKa — PHpiagma) S

un __ 1
mk — 1+ 10(pl(a — pHyiin) (5)

Where the pH of the milk derived from the population li-
brary is based on the data collected from literature (for other
compound types, see Supplementary Material Section 2). The
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S/W ratio is the drug partitioning between skimmed and whole

milk and can be predicted using the following equation'®:

CH 1 ©)
W 1+Crt - (fu,, - LogP,., — 1)

Where Crt is the individual creamatocrit generated
from the Simulator based on collected physiological data.
Finally, the drug concentration in milk for each subject
(Cypin) 1s calculated by multiplying the maternal plasma
systemic concentration (Cpy,,) by the M/P ratio for each
individual as follows:

Cmilk = Cplasma X (M/P) (7)

The predicted milk concentration time profiles were
used to calculate the infant daily dose (IDD) and rela-
tive infant daily dose (RIDD) assuming an infant body
weight of 5 kg and a daily milk intake of 0.150 L as a
fixed value's:

IDD (mg/kg/day) = average concentration (Cjyerages
mg/L) * Daily milk intake (L/day) / infant body weight
(kg).
IDD (mg/kg/day) = maximum concentration (C,;
mg/L) * Daily milk intake (L/day) / infant body weight
(kg).

IDD (mg/kg/day)
Mother daily dose (mg/kg/day)

RIDD (%) =

where the mother daily dose is the maternal weight-
adjusted dose.

Prediction of the drug concentration profile in
milk - Case studies

Acetaminophen

Acetaminophen is a weak acid (pKa 9.38) with a relatively
low lipophilicity (LogPo:w = 0.46)."? Tts excretion into
human milk has been assessed in three lactating women after
ingestion of a single 500 mg dose of paracetamol.20 To rep-
licate this study, a previously developed PBPK model for
acetaminophen19 was initially used to predict the maternal
plasma concentration profile after a single 500 mg oral dose
of acetaminophen was administered to 200 virtual female
subjects aged 24-31 years and randomly and equally divided
into 20 virtual trials (10 women in each trial). The model was
then extended to predict the level of acetaminophen in the
milk according to the equations described in the method sec-
tion without any fittings.
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Alprazolam

Alprazolam excretion into human milk has been evaluated in
eight healthy lactating women 6-28 weeks postpartum after a
single oral administration of 0.5 mg alprazolam.21

The compound file for alprazolam is a default compound
within the Simulator library, defined as a weak base (pKa of
2.4) and a lipophilic (LogPq.ww = 2.12) compound. Default
input parameters for alprazolam were used, with the absorp-
tion being predicted using the compound polar surface area
and hydrogen bond donor available within the Simulator. In
vitro data on alprazolam fu in milk 0.74 (7% coefficient of
variation [CV]) and S/W ratio 0.86 were measured in eight
lactating women®! were incorporated in the model, whereas
the rest of the model parameters were predicted as described
in the Method section. The model was then used to replicate a
clinical trial design that evaluated the disposition kinetics of
alprazolam in eight healthy women 6-28 weeks postpartum
after oral administration of a single dose of 0.5 mg alpra-
zolam.”! The PBPK trial designs were set to match the clin-
ical settings using 20 trials with eight lactating women aged
2040 years in each trial.

Caffeine

Caffeine PKs during lactation were assessed in differ-
ent studies in healthy lactating women at least 2 weeks
postpatrtum.zz_25 The caffeine PBPK compound file within
the Simcyp Simulator compound library is defined as a basic
(pKa = 1.05) and hydrophilic (LogP,.,, = —0.07) compound.
The compound file was used as per default settings. The vir-
tual trial designs were set to match the design of three clinical
studies as a single oral dose of 200 mg caffeine® (20 trials
with 5 lactating women aged 20—40 years in each trial), a sin-
gle oral dose of 100 mg caffeine®® (20 trials with 6 lactating
women aged 23-35 years in each trial), and a single oral dose
of 80 mg caffeine® (20 trials with 10 lactating women aged
30-35 years in each trial).

Plasma

(o))

N

Concentration (mg/L)
¥

20

12 16 24
Time (h)

Concentration (mg/L)

Digoxin

Digoxin excretion into human milk has been evaluated in 11
lactating mothers after administration of 0.5 mg of the drug
as an intravenous bolus injection.”® To predict digoxin con-
centration in the milk, the default settings of the digoxin com-
pound file within the Simulator were retained and coupled to
the lactation model. The digoxin compound model is defined
as a neutral compound with a LogP,.,, of 1.26.

The virtual trial design was set up as a single intravenous
bolus dose of 0.5 mg of digoxin administered to 220 lactating
mothers aged 20—40 years, who were divided randomly into
20 trials. The simulation was then executed for 24 h.

RESULTS
Milk physiological parameters

Collected data for milk volume, pH, and Crt are presented in
Table S2 (Supplementary Material Section 3). The weighted
means were 0.77 + 0.26 L (N = 565), 7.02 + 0.59 (N = 536),
and 6.6 + 2.7% (N = 1231) for the daily milk volume pro-
duction (both breasts), pH, and Crt (%), respectively. These
values were used in the lactation model to generate individual
values for the milk volume and Crt, whereas the milk pH was
assumed to be fixed.

Acetaminophen

PBPK predictions for acetaminophen plasma and milk levels
in lactating mothers were in agreement with the observed pro-
files (Figure 2). The predicted mean concentration—time pro-
files closely followed the observed mean profiles. Comparison
of the PK parameters, obtained for the simulated profiles,
also showed good agreement with those reported in a clinical
studyzo (Table 1). All PK parameters were within 1.1-fold of
the observed values. Assuming a daily milk intake of 150 ml,

Milk

16 20 24

12
Time (h)

FIGURE 2 Acetaminophen concentration in plasma and in milk after a single oral administration of 500 mg. Circles with error bars represent

the observed mean concentration and associated SD,? the solid lines represent the predicted mean with the predictive 5th and 95th percentiles

given as broken lines
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the predicted RIDD for acetaminophen, calculated using the
Caverage method, was 4.0 + 0.8%, which corresponds to an av-
erage intake of 0.30 (range 0.13-0.51) mg/kg/day. The C,,,,
method gave a relatively higher RIDD of 8.0 + 1.6% (range
4.7-12.1%), which corresponds to an average acetaminophen
intake of 0.61 (range 0.25-1.03) mg/kg/day.

Alprazolam

The PBPK predictions for alprazolam showed good
agreement with the observed drug level in the systemic

ASCPT

circulation as well as in the milk of breastfeeding moth-
ers (Figure 3). Comparison of the PK parameters obtained
for the simulated profiles with those from clinical studies
(Table 1) also showed good agreement and all PK param-
eters were within twofold of the observed values. The pre-
dicted mean (+ SD) AUC;4;,, and AUCyp for plasma were
145 + 50 and 168 + 69 ng/ml/h, whereas the correspond-
ing values for milk were 65 + 23 and 76 + 31 ng/ml/h,
respectively. Assuming a daily milk intake of 150 ml,
the predicted RIDD calculated using the C,yepn method
was 6.7 + 2.1%, which corresponds to an average alpra-
zolam intake of 554 (range 236-1158) ng/kg/day. The C,,

TABLE 1 Predicted versus observed PK parameters of acetaminophen, alprazolam, and caffeine in plasma and milk during lactation

Plasma Milk
Observed Predicted Observed Predicted
Model parameter Mean SD Mean SD Ratio Mean SD Mean SD Ratio
Acetaminophen20
Half-life (h) 274 0.28 249  0.74 091 2.64 0.63 248  0.74 0.94
AUC\p 23.02  6.67 21.68 8.7 0.94 17.38 443 1790  7.19 1.03
(mg/L/h)
fu 0.802  0.0056 0.86  0.01 1.07 0.9745 0.0035 099 0.0 1.02
M/P ratio 0.76 0.04 0.83  0.01 1.09
Alprazolam®'
Cphax (ng/ml) 8.88  2.69 10.33  3.15 1.16 3.7 1.59 468 148 1.26
Tnax * 0.6 (0.45-2.65) 1.00  (0.75-1.30) 1.67 1.1 (0.45-3.83) 1.00 (0.75-1.30) 0091
Half-life (h) 1252 3.53 1127 527 0.90 1446  6.27 1127 527 0.78
CLpo (ml/min/kg) 1.15 0.32 1.04  0.36 0.90
M/P ratio 0.36 0.11 0.45  0.05 1.26
Caffeine
Oo etal., 19957
Half-life (h) 5.6 1.8 5.81 5.29 1.0
CL,, (ml/min/Kg) 1.0 0.2 1.7 1.3 1.7
M/P ratio 0.70 0.06 0.69  0.03 1.0
Stavchansky et al., 198822
Cpnax (mg/L) 44 1.0 2.5 0.7 0.6 2.8 0.6 1.7 0.5 0.6
Toax () 0.8 0.2 1.4 0.5 1.8 1.1 0.5 1.5 0.5 1.3
Half-life (h) 7.3 3.6 5.8 5.3 0.8 7.2 3.4 5.8 5.3 0.8
AUCt (mg/L.hr) 33.8 18.6 25.3 20.1 0.7 26.6 11.3 174 134 0.7
M/P ratio 0.82 0.05 0.70  0.04 0.9
Calvaresi et al., 2016%a
AUCt (mg/L.hr) 10.28 1393 3.08 1.4
Cphax (mg/L) 2.06 1.40 043 0.7
Half-life (h) 4 584 527 1.5

Half-life = elimination half-life; AUC g, extrapolated area under the curve to infinity; AUC,, AUC to last time of measurement; fu = fraction unbound;

Cinax = maximum concentration; Ty, = time to reach Cy,,,; CL;,, = apparent total body clearance; M/P ratio = milk-to-plasma ratio; PK, pharmacokinetic; *median

(range)
“Individual value.
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FIGURE 3 Concentration time profiles of alprazolam in plasma (left) and in milk (right). Circles represent the reported mean values from

eight lactating women,”! the lines represent the physiologically-based pharmacokinetic (PBPK) predicted mean (solid lines) together with the

predicted 5th and 95th percentiles (dashed lines). The lower panels show the concentration time profiles on log scales

method predicted RIDD of 11.1£3.0 (range 5.2-18.8%),
which corresponds to an average intake of 900 (range 391—
1706) ng/kg/day.

Caffeine

PBPK predictions for caffeine plasma and milk levels in
lactating mothers are presented in Figure 4. A comparison
of the observed and predicted PK parameters for caffeine
are presented in Table 1. Comparison of the PK parameters
obtained for the simulated profiles with those from clinical
studies (Table 1) were in good agreement and all PK param-
eters were within twofold of the observed values.

The predicted mean (+ SD) AUC,,, for plasma and
milk caffeine levels were 49 + 37 and 34 + 26 mg/L/h,
respectively. Assuming a daily milk intake of 150 ml, the
predicted RIDD calculated using the Cgeryee method was
9.9 + 4.3%, which corresponds to an average caffeine in-
take of 0.32 (range 0.10-1.23) mg/kg/day. The C,,,, method
gave an RIDD of 17.9 + 6.2 (range 5.6—49.0%), which cor-
responds to an average intake of 0.58 (range 0.19-1.59) mg/
kg/day.

Digoxin

PBPK predictions for digoxin plasma and milk levels in
lactating mothers are presented in Figure 5. These predic-
tions were in good agreement with the observed profiles.
The predicted unbound fraction of the drug in the milk was
0.95 + 0.001, which is also close to the measured value of
0.947 (digoxin binding to milk protein was reported to be
5.3%'"). The model predicted a M/P ratio of 0.76 + 0.02
(range 0.70-0.82). Based on a daily milk intake of 150 ml,
the predicted RIDD for digoxin, calculated using the Cyerage
method, was 86 + 13%, which corresponds to an average in-
take of 0.0064 (range 0.0045-0.0089) mg/kg/day. The C,,,,
method gave a RIDD of 171 + 26 (range 110-231%), which
corresponds to an average intake of 0.0127 (range 0.0090-
0.0177) mg/kg/day.

DISCUSSION

The current study assesses the potential of integrating a lacta-
tion model within existing PBPK models. The lactation model
uses physicochemical properties of the drug together with
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FIGURE 4 Concentration time profiles of caffeine in plasma (left) and in milk (right). (a) Circles represent the reported mean values from
five lactating women (Oo et al., 199523), (b) Circles represent the reported mean values from six lactating women (Stavchansky et al., 198822).
(c) Circles represent the reported values for caffeine in the milk of one lactating woman (Calvaresi et al., 201 625), the lines represent the PBPK
predicted mean (solid lines) together with the predicted 5th and 95th percentiles (dashed lines)

physiological parameters to describe the drug’s disposition dur-
ing lactation using substrates with different properties.
Collected data indicated that the mean milk volume
produced per day, the milk pH, and Crt were about 770 ml
(33% CV), 7.02 (8% CV), and 6.6% (41%CV), respectively.
Utilizing these data in the integrated milk model facilitates
the prediction of the M/P ratio and its variability in a virtual
population of lactating mothers. Limited published data sug-
gests that full milk production occurs by the second week

of lactation and remains relatively constant up to 6 months
from the start of lactation when an infant is exclusively
breastfed.””?® The milk pH is reported to drop from a value
of 7.45 after birth to a nadir value of 7.05 and then slowly
increase reaching a value of 7.2 during the third month post-
parturn.29 Other investigations did not observe this trend.**3!
Crt variability reflects the variations in human milk fat con-
tent. It tends to be higher in hind milk samples compared to
fore milk samples.l‘"32 In a published meta-analysis, the fat
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FIGURE 5 Concentration time profiles of digoxin in plasma and in milk. Circles represent the reported mean values from 11 lactating

women?® with error bars representing the SDs. The solid continuous lines represent the PBPK predicted means together with the predicted 5th and

95th percentiles shown as dashed lines. The lower panels show the concentration time profiles on log scales

content was reported to be stable between 2 and 12 weeks
postpartum (range 3-8.5 g/100 ml).*?

Acetaminophen is a weak acid with a pKa of 9.38 (see
reference in Ref. 19) and hence more ionized in the plasma
pH (~7.4) than in the milk (milk pH ~6.7-7.2) resulting in
less exposure in the milk. In addition, the fact that the milk
albumin level is lower than the plasma protein level further
contributes to this distribution difference. The predicted fu,,,
agreed with the observed value (Table 1). Likewise, the pre-
dicted M/P ratio of 0.83 + 0.01 was also in good agreement
with the in vivo value of 0.76 + 0.04*° and a measured in vitro
value of 0.81.%° The PBPK predicted RIDD of 4.0 + 0.8%
(Caverage method) and 8.0 + 1.6% (C,,x method) suggested
that acetaminophen may be safe during breastfeeding.

For alprazolam, the model predictions were within twofold of
the observed values (Table 1), with the exemption of the time to
Clax (Thax) value, however, the predicted parameter range was in
a good overlap with the observed range for this parameter. The
predicted M/P ratio of 0.45 + 0.05 (range 0.34-0.60) is close to the
reported M/P (area under the curve [AUC]) value of 0.36 + 0.11
(range 0.19-0.49) from eight lactating women®! and an M/P value
of 0.52 (trough conc), 0.49 (at 2 h postdose) and 0.41 (at 2 h

postdose) on day 3, day 4, and 1 month postpartum in a breast-
feeding woman on a chronic administration of variable alprazolam
doses.** Assuming a daily milk intake of 150 ml, the mean pre-
dicted RIDD was 6.7 + 2.1 (range 3.14-12.88%) (C,yerape method).
An RIDD value of 3% has been reported assuming a steady-state
alprazolam serum concentration of 0.20-0.40 pg/rnl.21 Another
study reported a range of 3.11-4.61% for alprazolam RIDD based
on limited observations.* Although the predicted mean RIDD
may support the propriety of breastfeeding alprazolam therapy,
the predicted wide range for RIDD indicates that each individual
situation should be taken into account and good clinical judgment
should be exercised in weighing any potential risk to the infant ver-
sus the benefits of breastfeeding. Many studies reported mild ad-
verse effects of alprazolam on breastfed infants, such as drowsiness
and other infant withdrawal symptoms,35 which probably indicates
that sufficient amounts of alprazolam reached the effect site to pro-
voke these symptoms in the infants. High infant drug ingestion can
occur in case of maternal comedications with CYP3A4 inducers
that can reduce the drug elimination resulting in an elevation in the
level of alprazolam in the milk.

The predicted caffeine M/P ratio of 0.70 + 0.04 (range 0.62—
0.77) is in agreement with the observed ratio of 0.70 + 0.06%
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and 0.82 + 0.05,” but slightly above a reported value of
0.52 + 0.10.% A wider M/P ratio range of 0.44-11.8 has been
reported from in vivo data (quoted from Ref. 37). The pre-
dicted RIDD 0f 9.9 + 4.3% (C,yerage method), is in line with the
reported value of 7%.> The predicted RIDD of 17.9 + 6.2%
(C,ax method) is greater than 10% of maternal dose/body-
weight. The predicted infant daily caffeine intake from milk
was about 0.32 (range 0.10-1.23) mg/kg/day (C,yerqge method)
and 0.58 (range 0.19-1.59) mg/kg/day (C,,,« method) are in
line with the reported range of 0.6-0.8 mg/kg/day3 8 and 0.44—
0.55 mg/kg/daty.22 The predicted amounts are still lower than
the initial 5 mg/kg/day recommended maintenance dose and
therefore avoids the risk of apnea in premature infants (caffeine
loading dose is about 3—4 higher than the maintenance dose).”
After a maternal intake of 200 mg/day caffeine (roughly 2 cups
of coffee), the total amount of caffeine ingested by a 5 kg in-
fant per day is on average 1.6 mg (Cyyerae method) or 2.9 mg
(Cax method). These levels of caffeine are in agreement with
previously reported expected daily infant ingested doses of
1.8-3.1 mg for infants weighing 4-7 kg.22 Although maternal
ingestion of 100 mg of caffeine appears to be safe for the breast-
fed infant, accumulation of caffeine can occur, especially in a
premature infant due to the lower capacity of their CYP1A2
enzyme, which can lead to adverse effects.

Digoxin binding to milk protein is predicted to be min-
imal with fu,, of 0.95 + 0.001, which is in a good agree-
ment with the reported value of 0.947."” The model predicted
an M/P ratio of 0.76 + 0.02 (range 0.70-0.82), which is also
in line with the reported range of measured M/P ratios of
0.59 to 0.85.2%***! The model predicted RIDD for digoxin
seems high, 86 + 13% (C,yeraee method) and 171 £ 26% (C,py
method) because of the maternal dose being normalized to kg
of maternal bodyweight. However, when translated to abso-
lute daily dose, they correspond to an average of 6.3% (C,yerage
method) and 12.7% (C,,,, method) of a 0.5 mg maternal dose.
In fact, the RIDD without body weight adjustment, calculated
based on the whole concentration profile, is only about 3.7%.
In terms of absolute infant daily dose, the predicted amount
of digoxin ingested per day ranged from 0.0009 to 0.0177 mg/
kg/day. These amounts are still less than the 35% of the dig-
italizing dose (0.05 mg/kg) given orally to four newborn in-
fants.** In addition, digoxin oral bioavailability in newborn
infants was found to be around 72%,** which further support
the statement that digoxin can be safely administered rou-
tinely in nursing women.”®

Although the integrated lactation model describes the ob-
served milk disposition kinetics adequately, it is important to
note that the model assumes a passive diffusion process to de-
scribe the transfer of drugs across the mammary epithelial mem-
brane. The model also assumes a rapid equilibrium between
plasma and milk compartments. Although this is the case for
many drugs, like digoxin and acetaminophen, it is intuitive that a
more mechanistic model is required to describe the mechanisms
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by which slowly equilibrated drugs reach their maximum con-
centrations. Knowing the time at which a maximum drug con-
centration in the milk is achieved is clinically relevant for drugs
of potential risk to the infant. With this information, clinicians
can advise lactating mothers to delay the time of a feeding ses-
sion with respect to the time of drug administration.

Another limitation of the presented model is that the dy-
namic nature of the milk intake throughout the day and the
longitudinal changes in the milk pH were not considered.
Although one can update these two parameters in the model
to replicate the scenario of interest, built-in dynamic fea-
tures, including colostrum, are considered for further model
enhancement. Another point to consider is that milk volume
and its components are affected by a collection of covari-
ates, including the frequency and stage of lactation, method
of measurements, the degree of breast fullness and empty-
ing, and pre- and post-feed samplings.32’33’43’44 Longitudinal
quantification of the impact of these covariates on milk pa-
rameters is required to increase the confidence in the PBPK
model predictions. The change in the milk pH and its com-
position during the first postpartum week can have signifi-
cant effect on the amount of the drug retained in the milk,
especially for basic compounds, such as B-blockers or com-
pounds with high LogP. The limited amount of milk that can
be produced at this time and ingested by the infant also af-
fected the infant daily dose. Therefore, caution is warranted
when using such an empirical model outside the model as-
sumptions for drugs with narrow therapeutic index. Because
the described model is empirical and does not include mam-
mary gland, there are no passive or active transfer kinetics
from or into the mammary cells.

A previous study described integration of the milk com-
position and linked it to the plasma concentration using a
two-compartment model.'® The current work integrates the
milk composition within the PBPK approach considering
the physiological parameter distributions and complement
the model with infant dose calculation algorithms. Currently
available human lactation PBPK models are limited to those
developed for chemical compounds; examples of these mod-
els have been published.**’ Other human PBPK models
developed for therapeutic compounds do not use milk com-
positions to predict the milk exposure; instead, they use a
predefined M/P ratio as a prior parameter.48’49 Integrating a
lactation model within a PBPK platform is a step forward in
gaining insights into drug distribution into the milk during
breastfeeding.’ Lactation PBPK models have many potential
practical applications and clinical settings to improve mater-
nal adherence to the treatment and increase infants’ access
to the breast milk by informing drug labels at least for those
compounds with low relative infant dose. Scenarios where
maternal systemic drug exposure change due to comorbidity
and/or comedication can also be evaluated in silico. Because
prediction of the relative infant dose can be performed
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preclinically within the PBPK platform, the lactation model
can be used as a guidance during the high throughput
screening drug discovery process, where the generated IDD
or RIDD are above an accepted value. Identifying such risk
signals can inform clinical trial designs of potential drugs
that may be administered during breastfeeding. An average
milk intake value of 0.15 L/kg/day was used in the model
for the calculation of infant dose. Although this value is just
representative of the milk intake for a neonate and may not
reflect the actual daily milk intake, especially in very young
or older infants.

CONCLUSION

This study shows the usefulness of an integrated lactation
model within a PBPK platform to predict the drug level in
breast milk after maternal administration. The described
model could be used to regulate maternal dosing during
breastfeeding, predict the expected infant daily dose ingested
from the milk, and guide neonatal/infant risk assessments for
drugs where such information is not available. Breastfeeding
style, milk composition, and volume of milk ingested can af-
fect the amount of the drug ingested by the infant. From an in-
fant safety perspective, the predicted infant daily dose should
not be interpreted without considering the infant physiology
and the drug kinetics at different infant ages. Infants can
eliminate the drug to different magnitudes due to the stage
of maturation of the metabolizing enzymes, their genotypes,
and renal function. The maturation of the absorption process
can affect the amount and extent of the drug that reaches the
infant blood circulation. Differences in infant body composi-
tion can also affect the distribution of the drugs. Finally, drug
receptors also undergo maturation and can therefore affect
the manifestation of the response in the breastfed infant.
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