
PHARMACOKINETICS AND DISPOSITION

Population pharmacokinetic modeling of tramadol
and its O-desmethyl metabolite in plasma and breast milk

Sam Salman & Sherwin K. B. Sy & Kenneth F. Ilett &
Madhu Page-Sharp & Michael J. Paech

Received: 15 December 2010 /Accepted: 21 February 2011 /Published online: 11 March 2011
# Springer-Verlag 2011

Abstract
Purpose The aim of this investigation was to demonstrate
that nonlinear mixed-effects population pharmacokinetic
(PK) modeling can be used to evaluate data from studies of
drug transport/excretion into human milk and hence to
estimate infant exposure.
Methods A sparse dataset from a previously published study
of the use of oral tramadol for post-cesarean pain management
in 75 lactating women was used. Milk and plasma samples
were collected during days 2–4 of lactation, and tramadol and
O-desmethyltramadol (ODT) concentration measurements in
these samples were available. Absolute infant dose was
obtained from the concentration measurements and estimated
milk volume ingested, and expressed in micrograms per

kilogram per day. Relative infant dose was calculated as a
percentage of the absolute infant dose divided by the maternal
dose (μg/kg/day). Nonlinear mixed-effects modeling was
used to fit a population PK model to the data.
Results The disposition of tramadol and ODT in plasma and
the transition of these substances into milk were characterized
by a five-compartment population PK mixture model with
first-order absorption. The polymorphic ODT formation
clearance in the plasma compartment was able to be
characterized in both CYP2D6-poor and -extensive metabo-
lizers. Milk creamatocrit was a significant covariate in ODT
transfer between the plasma and milk compartments. The
estimated relative infant doses in extensive and poor
metabolizers, respectively, were 2.16±0.57 and 2.60±0.57%
for tramadol, and 0.93 ± .20 and 0.47±0.10% for ODT.
Conclusions This study demonstrates that a population PK
approach with sparse sampling of analytes in milk and
plasma can yield quality information about the transfer
process and that it also can be used to estimate the extent of
infant exposure to maternal drugs via milk.

Keywords Population pharmacokinetics . Tramadol .

O-desmethyltramadol . Milk . Infant dose . Pediatrics

Introduction

For a number of years, our group has pursued research into the
transfer of maternally ingested drugs into milk as a means of
quantifying drug exposure in the breastfed infant. Drug
concentration in milk is measured and infant dose estimated
from the average concentration (Cavg), assuming an average
milk intake of 0.15 L/kg/day [1]. The most robust studies
have used a two-stage pharmacokinetic (PK) approach with
rich datasets in small groups of patients or volunteers. Cavg is
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derived from measurements of area under the milk concen-
tration–time curve (AUC), either after single doses or at
steady-state [2]. However, contemporary PK drug studies in
clinical trials often use a sparse sampling scheme and a
population nonlinear mixed-effects modeling approach to
derive the desired PK parameters, including AUC. This same
methodology should also be applicable to studying the
transfer of drugs into human milk, and in 2005 the U.S.
Food and Drug Administration issued a draft guidance
document for lactation studies that includes recommendations
on the use of population PK protocols [3]. The aim of this
investigation was to demonstrate the application of popula-
tion PK modeling in evaluating data from studies of drug
transport/excretion into human milk and hence to estimate
infant exposure. The sparse dataset that we have used is from
our previously published study of 75 lactating women who
were treated with tramadol in the first few days after cesarean
delivery of their infant [4]. Each woman contributed one
plasma sample and several milk samples that were analyzed
for tramadol and O-desmethyltramadol (ODT) content. These
data were previously analyzed using a naïve data pooling
approach, as they were not suited to a two-stage PK analysis.

Tramadol is widely used in the management of perioper-
ative surgical pain, including in obstetrics after cesarean
delivery. Both tramadol and its active O-desmethyl metabolite
exert their analgesic effects in a stereospecific manner
through two complementary and synergistic actions; (+)-
tramadol and (−)-tramadol inhibit the neuronal uptake of
serotonin and norepinephrine, respectively, while (+)-ODT
acts as a μ-opioid receptor agonist and (−)-ODT is essentially
inactive. [5–7]. The primary metabolic route via O-demethy-
lation to produce ODT is catalyzed stereospecifically by
cytochrome P450 2D6 (CYP2D6). For this reason, tramadol
has been suggested as a CYP2D6 phenotyping probe [8, 9].
N–demethylation by CYP2B6 and -3A4 is also a significant
metabolic pathway. Pharmacodynamically, (+)-ODT is im-
portant because of its high affinity for the μ-opioid receptor,
compared to tramadol or N-desmethyltramadol [10, 11].
Given the polymorphic nature of CYP2D6 and the reduced
neonatal renal blood flow, which is only 4% of cardiac output
during the first 12 h post-partum compared to 25% in adults
[12], and the ongoing development of drug-metabolizing
enzymes in neonates [13], the inter-individual variability of
tramadol and ODT transfer to milk could potentially give rise
to significant exposure in breastfeeding infants.

Methods

Subjects and study design

The study design was reported previously [4]. Briefly, 75
postpartum mothers who were prescribed tramadol for pain

management after cesarean delivery participated in the
study. Mothers who had significant renal dysfunction, had
decided not to breastfeed their infants, or had insufficient
breast milk for analysis were excluded from the study. The
study was approved by the local ethics committee, and
participants gave written informed consent. Mothers taking
prescribed 50 or 100 mg oral tramadol hydrochloride
(equivalent to 167 μmol or 333 μmol of tramadol, respec-
tively) four to six times daily were recruited, the majority on
the second to fourth day after delivery. Maternal age, weight,
concomitant medication, tramadol dose, and the approximate
dates and times of all tramadol doses were recorded on the
study day, as was the infant gestation period. Milk creama-
tocrit was also determined and fat content expressed as
volume percentage [14]. Briefly, to measure creamatocrit,
milk was vortexed for 1 min, drawn into a micro-hematocrit
tube and the tube sealed at one end. It was then centrifuged
at 8000g for 5 min to separate the milk fat and aqueous
layers. The lengths of the milk fat and total fat plus aqueous
were measured with Vernier calipers and fat content
expressed as a percentage of the total length. One blood
sample (5 mL, heparinized) and two to three milk samples
(2–3 mL) in equal aliquots from both breasts were collected
following the fourth or fifth consecutive oral tramadol dose.
Sampling times for each patient followed a randomization
scheme of 1-h blocks over the dosing interval (exact time of
each sample recorded). The schedule blocks were designed to
provide an even sampling distribution across the dose interval.

Measurement of rac-tramadol and rac-ODT concentrations
in plasma and milk

Quantification of rac-tramadol and rac-ODT concentrations
was carried out by high-performance liquid chromatogra-
phy (HPLC) as previously published [4]. The intra-day and
inter-day relative standard deviations for the assay of
tramadol (range 190–7590 nmol/L) and ODT (range 200–
2000 nmol/L) in both milk and plasma were all<7.4%, as
previously reported [4]. Accuracy of the method for tramadol
in milk was 99.8±8.1, 98.4±2.6, and 100.2±1.0% at 190,
1900, and 7590 nmol/L respectively, while the accuracy for
ODT in milk was 100.8±13.3, 99.7±4.3, and 101.4±3.1% at
200,1000, and 2000 nmol/L, respectively. Accuracy for
tramadol in plasma was 97.1±6.9 and 92.8±3.1 at 190 and
7590 nmol/L, respectively, while for that for ODT was
109.4±8.3 and 92.5±5.3% at 200 and 2000 nmol/L,
respectively. The recovery of tramadol from milk was
75.4±6.6 and 80.8±5.8% at 190 and 7590 nmol/L, respec-
tively, while that of ODT from milk was 75.4±4.5 and 75.0±
5.4% at 200 and 2000 nmol/L, respectively. The recovery of
both analytes from milk was unaffected by creamatocrits
ranging from 3.6 to 12.5%. The recovery of tramadol from
plasmawas 79.1±6.5 and 84.8±1.4% at 190 and 7590 nmol/L,
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respectively, while the recovery of ODT from plasma was
75.8±2.2 and 87.8±3.1% at 200 and 2000 nmol/L, respec-
tively. The limits of quantitation and detection for tramadol in
both milk and plasma were 57 and 30 nmol/L, respectively,
while those for ODTwere 40 and 20 nmol/L, respectively.

PK modeling

Log concentration versus time datasets for tramadol and
ODT were analyzed by nonlinear mixed-effect modeling
using NONMEM (ver. 6.2.0; ICON Development Solu-
tions, Ellicott City, MD) with an Intel Visual FORTRAN
10.0 compiler. The subroutine within NONMEM was for
user-defined linear mamillary models (ADVAN5
TRANS1). First-order conditional estimation (FOCE) with
η−ε interaction was utilized for modeling. The minimum
value of an objective function (OFV; a NONMEM-
calculated global goodness-of-fit indicator equal to the −2
log-likelihood value of data) was used to choose suitable
models during the model-building process. Unless other-
wise specified, a difference in OFV of at least 6.63
(χ2 distribution with 1 df, P<0.01) was considered to be
statistically significant. For graphic model diagnosis, the
R-based model-building aid Xpose 4.0 (http://www.
r-project.org/) was used [15]. Secondary PK parameters
were calculated using standard formulae [16].

Development of a base population PK model

The practicalities of our experimental design limited us to
one plasma data observation per patient. Preliminary
modeling also indicated that over-parameterization was a
potential problem when the plasma and milk datasets were
combined into a single model (shown in Fig. 1); conse-
quently, some structural model parameters had to be fixed.

Data from the literature were used to fix the value for the
absorption rate constant (kA) at 1.16 [17–19], the
percentage of first-pass metabolism (FP) to ODT was set
at 7.92% [17, 20], and the percentage of metabolic
conversion of tramadol to ODT (CLM+first-pass metabo-
lism; CL indicating clearance) for extensive metabolizers
(MetabolismEM) was fixed at 30.9%; the weighed mean
was calculated from a total of 331 subjects [8, 9, 20, 21].
A mixture model was used to define two subpopulations
within the study population, namely, poor metabolizers
(PM) and extensive metabolizers (EM). The proportion of
PMs was set at 4% (Fraction=0.04) in the mixture model,
based on kernel density estimation of a linear frequency–
distribution plot of plasma tramadol:ODT ratios which
showed a clear antimode at 15, indicating that 4% of the
population had PM status (data not shown). To allow
semi-physiological models, where the drug is lost through
the milk, to be investigated, the volumes of the milk
compartments (V3 and V5) were both fixed at 125 mL, a
physiologically based value calculated from the daily
volume of milk consumed by infants aged approximately
1 week [22] and an average 67% emptying of the breast
at each feed [23]. This also required the rate constants
k24 and k35 to be fixed at a value of 1 to facilitate
identifiability in the milk compartments.

The estimated structural parameters in the model were:
CLtramadol, CLODT , MetabolismPM (total metabolism for
PMs), V2, V3, k42, and k53. To mimic normal breastfeeding
at days 2–4 after birth, we also investigated a semi-
physiological model that emptied 67% of the breast milk
compartments at 4-h intervals [23].

Allometric scaling was used on all plasma volume and
clearance terms as follows; unless otherwise specified,
volume terms were scaled with [ × (WT/70)1.0], while
clearance terms were scaled with [ × (WT/70)0.75] [24]. As

Fig. 1 Schematic representation
of the pharmacokinetic com-
partments for the tramadol
and O-desmethyltramadol
(ODT) concentrations in
plasma and breast milk after
multiple oral administrations.
See Table 1 for parameter
definitions
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both between-subject variability (BSV) and residual error
cannot be calculated simultaneously when only one
observation exists per subject [25], two different models
were tested for plasma components: one with no residual
error and estimation of BSV, and the other with no BSVand
estimation of residual error. As more than one milk
concentration per patient existed, both BSV and residual
error were estimated in the milk compartments. When
residual error was estimated, an additive error model was
used for the log-transformed data. As previously demon-
strated, this would be expected to behave similarly to a
proportional error model for untransformed data [26, 27].

Development of the final population PK model

The influence of the available covariates, namely, infant
gestational age and milk creamatocrit, on the various model
parameters was investigated. A linear relationship was
tested for each covariate in the form: individual parameter
value=population parameter value × [1+percent effect on
parameter x (covariate value for individual)/(average of
covariate)]. Xpose was used to explore possible covariate
relationships using the generalized additive modeling
procedure function and inspection of correlation plots.
Identified covariate relationships were evaluated within
the NONMEM model using a stepwise, forwards and
backwards covariate building process. Correlations among
BSV terms were also investigated and, finally, weighted
residuals (WRES) plots were assessed in arriving at the
final model.

Model evaluation

A bootstrap procedure was performed by first using Perl
speaks NONMEM (PsN; http://psn.sourceforge.net) to
sample individuals from the original dataset with replace-
ment and to generate 1000 new datasets, which were
subsequently analyzed using NONMEM. The resulting
parameters were then summarized as median and 2.5th
and 97.5th percentiles [95% empirical confidence interval
(CI)] to facilitate evaluation of the final model parameter
estimates. In addition, to assess the predictive perfor-
mance of the model, we also performed a visual
predictive check (VPC) and numerical predictive check
(NPC) stratified according to CYP2D6 EM or PM status
for each observation compartment using PsN with 1000
replicate datasets simulated from the original. NPCs were
assessed by comparing the actual with the expected
number of data points within the 20, 40, 60, 80, 90, and
95% prediction intervals (PI). As only a small number
were PMs, only the VPCs for EMs were evaluated by
plotting the resulting 80% PI for tramadol and ODT with
the original data.

Validation of infant dose derived from the model

The steady-state area under the curve (AUCss) values for
tramadol and its metabolite were simulated for EM and PM
subjects (1500 new datasets for each) from the population
models described above and using the body weight and
creamatocrit characteristics of the original dataset for a
100 mg dose of tramadol hydrochloride (333 μmol trama-
dol) administered at 6-h intervals. The AUCss for each
analyte in their respective compartments was calculated
using the linear trapezoidal rule on simulated concentrations
estimated at 6-min intervals across the dose interval at steady-
state. The Cavg was computed as the individual AUCss

divided by the dose interval (6-h). Absolute infant dose
(nmol/kg/day) was calculated as the product of the milk Cavg

and an average infant milk intake of 0.15 L/kg/day [1].
Relative infant dose was calculated as the absolute infant:
maternal dose (nmol/kg/day calculated using 70 kg, as per
the original study [4]) and expressed as a percentage [1].
Post hoc Bayesian predicted individual estimates of CLM

and CLT (total tramadol clearance; CLM+CLtramadol) for
tramadol, and CLODT ODT were obtained for each simulated
individual. The observed half-life (t½) of both tramadol and
ODT were obtained for each simulated individual from the
concentration–time curves.

Results

A total of 75, median (inter-quartile range, IQR) age 29
(25–32) years, all in early lactation (transitional milk on
days 2–4 after birth) and receiving tramadol for post-
cesarean pain management, were included in the analysis.
Their median body weight at the time of study was 75
(67–91) kg. The median infant gestational age was 38.7
(38.2-39.2) weeks. In total, the women contributed 73
plasma samples and 214 milk samples for the study. The
median milk creamatocrit was 4.4% (3.1–6.1%), with a
range from 1 to 13.2%.

The simultaneous fit of a five-compartment model
(including a dose/gut compartment) with first-order absorp-
tion and first-order elimination (Fig. 1) to the available
concentration–time data sets (plasma and milk concentra-
tions of tramadol and ODT vs. time) was successfully
minimized. The absorption rate constant kA was fixed
throughout the modeling process, as in the preliminary
sensitivity analysis using only the plasma datasets, we were
able to show that model parameters varied by less than 5% for
kA values (range 0.6–1.6). We also carried out a sensitivity
analysis (variability 20–40%) on the plasma parameter
MetabolismEM. Apart from expected changes in CLPO,
CLODT, and MetabolismPM, no other model parameters varied
by more than 12%.
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As indicated in the Methods, it was necessary to fix
several parameters to achieve a satisfactory final model.
Fixing V4, V5, k24, and k35 was necessary to avoid non-
identification issues in the milk compartment as we chose a
structure that enabled the investigation of semi-physiological
models (i.e., one that had a volume parameter), while fixing
kA and Fraction was necessary as our dataset had limited
information to define these parameters and hence produce
realistic parameter estimates.

The parameter estimates of the base and final models are
summarized in Table 1. In the final model, residual error for
the plasma compartments was 52 and 61% for tramadol and
ODT, respectively. Although these values are high, they
also incorporate BSV, which could not be estimated separately

as there was only one plasma data point for each patient. A
model with only BSV in the plasma compartments (and no
residual error) was attempted; however, this produced
substantial model mis-specification in the milk compartments.
The residual error model was therefore chosen for model
development. Residual error for the milk compartments was
lower (35% for tramadol and 27% for ODT), as would be
expected as it was possible to estimate BSV for the milk to
plasma transfer rate constants k42 and k53.

The inclusion of 4-hourly 67% emptying of the milk
compartments to mimic physiological feeding of a 3- to 4-
day-old infant resulted in minimal changes to the final
estimates of the model with no parameter changing more
than 1% and no significant change in the OFV. Hence, this

Table 1 Population pharmacokinetic estimates for tramadol and O-desmethyltramadol (ODT) in plasma and milk in the base and final models
with results of the non-parametric bootstrap procedure

Matrix Parameter Mean base model
(RSE%)

Mean final model (RSE%) Bootstrap median [95% CI]

Objective function value –321.050 −327.917 −350.280 [−447.493 to −261.850]
Plasma kA

a (/h) 1.16 1.16 1.16

FP %a 7.92 7.92 7.92

tlag (h) 0.587 (0.1) 0.587 (0.2) 0.612 [0.106–1.00]

Fractiona 0.04 0.04 0.04

MetabolismEM
a (%) 30.9 30.9 30.9

MetabolismPM (%) 14.0 (11) 15.2 (12) 14.2 [.29–20.1]

CLtramadol/F (L/h/70 kg) 25.2 (14) 25.1 (14) 24.7 [4.9–29.3]

CLODT/F (L/h/70 kg) 40.9 (18) 41.4 (17) 37.3 [10.8-49.8]

V2/F (L/70 kg) 321 (43) 324 (44) 302 [214–806]

V3/F (L/70 kg) 209 (53) 204 (46) 194 [119–706]

Residual error (tramadol) 52 (9) 52 (9) 51 [43–61]

Residual error (ODT) 61 (12) 61 (12) 59 [44–73]

Milk V4/F and V5/F
a (L) 0.125 0.125 0.125

k24
a (/h) 1 1 1

k35
a (/h) 1 1 1

k42 (/h) 1384 (6) 1400 (6) 1286 [914–3646]

k53 (/h) 661 (36) 645 (36) 607 [387–2267]

% increase in k53/1% increase in creamatocrit – 6.56 (37) 6.45 [1.56–11.40]

BSV (k42) 44 (9) 44 (8) 42 [35–50]

BSV (k53) 39 (14) 37 (13) 36 [27–46]

r (k42,k42) 0.581 0.529 0.491 [0.277–0.604]

Residual error (tramadol) 35 (9) 35 (9) 35 [30–41]

Residual error (ODT) 27 (7) 27 (7) 27 [23–31]

RSE, Relative standard error; CI, confidence interval

Parameters: kA, Absorption rate constant for tramadol, fixed at 1.16/h); FP, percentage of first-pass metabolism, fixed to 7.92%; tlag, absorption lag
time; Fraction, fraction of PMs, fixed at 0.04; MetabolismEM (fixed at 30.9%), MetabolismPM, percentage of total metabolism to O-
desmethyltramadol (ODT) in EMs and PMs respectively); CLtramadol/F, tramadol plasma clearance; CLODT/F, ODT plasma clearance; V2/F,
tramadol volume of distribution in plasma; V3/F, ODT volume of distribution in plasma; V4, tramadol volume of distribution in milk, fixed at
125 mL; k24, transfer rate of tramadol from plasma to the breast compartment, fixed at 1; k42, rate constant for tramadol from the breast to the
plasma compartment; V5, ODT volume of distribution in milk, fixed at 125 mL; k35, transfer rate of ODT from plasma to the breast compartment,
fixed at 1; k53, rate constant for ODT from the breast to the plasma compartment; BSV, between-subject variability in the model
a Fixed parameters
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option was not included in the final model. Creamatocrit on
k53 was the only covariate relationship that produced a
significant (P<0.01) decrease in OFV (6.867), with a
6.56% increase in k53 for each 1% increase in creamatocrit
(i.e., as creamatocrit increases, the milk concentration of
ODT decreases). The non-parametric bootstrap showed
robust parameter estimates with a bias of less than 10 and
7% for the structural and random parameters, respectively.
The population-predicted and individual-predicted plots
versus observed plots for tramadol (Fig. 2a) and ODT
(Fig. 2b) in milk showed some deviation from the expected
line of fit at high drug concentrations (most evident in
population predicted vs. observed). Weighted residuals
vs. time for tramadol and ODT in plasma and milk are
shown in Fig. 3. The VPCs for EMs in the plasma
(Fig. 4a, b) and milk (Fig. 5 a, b) compartments did not
show evidence of model misspecification. NPC checks
performed for both EMs and PMs for each compartment
showed good predictive performance, with the expected

number of data points above and below all prediction
intervals tested (data not shown).

Table 2 shows simulated secondary PK parameters
(separately for the EM and PM phenotypes) for tramadol
(AUCss, Cavg, CLM, CLtramadol, t½) and ODT (AUCss, Cavg,

CLODT, t½) in plasma, and AUCss and Cavg,for both
tramadol and ODT in milk. For tramadol, mean CLM was
57% lower in PM than in EM subjects. Mean tramadol t½
and ODT t½ were 16 and 8% longer, respectively, in PMs.
As expected, the milk:plasma ratios estimated from the
AUCss data were not dependent on phenotype, with means
of 1.9 for tramadol and 3.2 for ODT. Absolute and relative
infant doses were simulated from the milk Cavg data,
assuming an average maternal dose of 100 mg tramadol
HCl given four times daily to a 70-kg woman. Absolute
(and relative) infant doses in EMs and PMs were 412±
90 nmol/kg/day (2.16±0.47%) and 496±108 nmol/kg/day
(2.60±0.57%), respectively, for tramadol, and 178±
39 nmol/kg/day (0.93±0.20%) and 90±20 nmol/kg/day
(0.47±0.10%), respectively, for ODT. Relative infant doses
[mean (range)] for tramadol plus ODT (expressed as
tramadol equivalents) were 3.1% (1.82–8.52%) in EMs
and 3.10% (1.81–8.43%) in PMs. Closer inspection of the
simulation results revealed that irrespective of EM/PM
status, none of the 1500 simulated datasets would result in a
relative infant dose estimate of pharmacologically active
drug that exceeded 10% of the maternal weight-adjusted
dose.

Discussion

The disposition of rac-tramadol and rac-ODT in breast
milk and plasma were fitted successfully to a first-order
absorption and five-compartment mixed-effects model as an
indirect means of evaluating exposure in breastfeeding
infants. The simultaneous modeling of the two analytes in
the plasma matrix and in the breast milk presented a
number of challenges, particularly with the plasma dataset
where there was only one observation for each patient.
Given the complexity of the model (the sparse datasets
available, 2 analytes and 2 matrices each, and a CYP2D6
phenotypic variation in tramadol metabolism), it was
necessary to fix a number of model parameters using data
from the literature. Nevertheless, we were able to fit an
additive residual error for log-transformed data to both the
plasma and milk compartments, while BSV could only be
estimated for parameters related to the milk compartments.
In the final model, we were only able to support one
compartment for each analyte in its respective matrix.
Previous PK models of plasma tramadol and ODT used a
two-compartment model, with elimination from the central
compartment [18, 28, 29]. Creamatocrit was the only

Fig. 2 Population- (open circle) and individual-predicted (filled
circle) tramadol vs. observed data for tramadol (a) and ODT (b)
concentrations (nmol/L) in breast milk for the final model. The lines
of identity are also shown
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significant covariate in the model. Increased milk lipid
content was associated with decreased retention of ODT in
the milk.

Breastfeeding leads to a small permanent loss of the drug
from the body. We tried representing this loss with a
function that partially emptied (67%) the breasts at 4-
h intervals. There were minimal changes to the final
parameter estimates (all<1%) and no significant change in
the OFV. Hence, this semi-physiological representation was
not included in the final model. The result also demon-
strates that the clearance of tramadol and ODT by excretion
in milk does not significantly influence overall drug
clearance.

The mean simulated PK parameters and Cavg for plasma
tramadol and ODT were comparable to published values
[8, 30]. The final estimate of metabolic conversion to ODT
in PMs was some 43% of that in EMs. The AUCss data in
both milk and plasma reflect this difference, with PMs
having lower mean milk and plasma ODT exposure than
EMs. Nevertheless, if the mean AUCss for tramadol and
ODT is summed in either phenotype, overall exposure to
the pharmacologically active drug in milk (infant) or
plasma (mother) is similar.

Our plasma PK data are comparable to those reported
from previous studies. The model estimated that the volume
of distribution for tramadol in plasma (332 L) was similar
to the estimates of 306 L (β phase) and 168 L
(1-compartment population PK model) after the oral
administration of tramadol to patients undergoing surgery
and to healthy volunteers [17, 31]. Similarly, the CLT (31.1

and 35.9 L/h) was in the same range as values reported after
oral tramadol administration (19.6–42.6 L/h) [17, 31]. The
mean simulated t½ estimates from our model in EMs and
PMs for tramadol (7.1 and 8.3 h, respectively) and ODT
(11.0 and 11.9 h, respectively) were similar to the range of
means previously reported in healthy volunteer subjects, i.
e., 4.3–8.8 h [8, 32] for tramadol and 5.3–11.9 h [8, 30, 33]
for ODT. Our t½ estimate for tramadol was similar to the
7.2 h reported in women given the drug for pain control
during labor, but that for ODT was significantly longer than
the 5.5 h in their report [12]. The difference with ODT may
be due to the use of non-compartmental analysis of pooled
data in the latter study and/or because our subjects were
some 4 days post-delivery, which is when pregnancy-
induced changes in drug clearance are rapidly returning to
normal values [34].

The mean tramadol Cavg in milk was 2749 nmol/L for
EMs and 3305 nmol/L for PMs. Similarly, the mean ODT
Cavg in milk was 1187 nmol/L for EMs and 602 nmol/L for
PMs. These values were in close agreement with those
derived by simple naïve pooling of the primary concentra-
tion data in our initial naïve pooled analysis of this dataset
(2839 nmol/L for tramadol and 784 nmol/L for ODT) [4].
Not surprisingly, our mean estimates of relative infant dose
in EM and PM subjects of 2.16 and 2.6% for tramadol, and
0.93±0.20 and 0.47±0.10% for ODT, respectively, were
also in agreement with those reported in our previous
publication where relative infant doses for the mixed
population were 2.24% for tramadol 0.64% for ODT [4].
As none of the total relative infant doses (in tramadol

Fig. 3 Weighted residuals vs.
time for tramadol in plasma
(a) and milk (b) and ODT in
plasma (c) and milk (d)
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Fig. 4 Visual predictive check of plasma concentration data (nmol/L on
log10 scale) for tramadol (a) and ODT (b) in extensive metabolizers
(EMs) showing observed concentrations vs. time after dose (open circles),
with their 10th, 50th, and 90th percentiles (solid lines). Gray-shaded area
95% confidence intervals for the simulated 10th, 50th and 90th
percentiles, using the final model

Fig. 5 Visual predictive check of milk concentration data (nmol/L on
log10 scale) for tramadol (a) and ODT (b) in EMs showing observed
concentrations vs. time after dose (open circle), with their 10th, 50th
and 90th percentiles (solid lines). Gray-shaded area 95% confidence
intervals for the simulated 10th, 50th and 90th percentiles, using the
final model

Matrix/parameter Tramadol ODT

EM PM EM PM

Milk

AUCss (nmol/L.h) 16,495 (3596) 19,830 (4323) 7,121 (1560) 3,613 (792)

Cavg (nmol/L) 2,749 (599) 3,305 (721) 1,187 (260) 602 (132)

Plasma

AUCss (nmol/L.h) 8,907 (1942) 10,708 (2334) 2,217 (483) 1,125 (245)

Cavg (nmol/L) 1,485 (324) 1,785 (389) 369 (81) 187 (41)

t1/2 (h) 7.1 (0.5) 8.3 (0.5) 11.0 (0.8) 11.9 (0.9)

CLM (L/h/70 kg) 8.32 (1.52) 3.55 (0.65) - -

CLT (L/h/70 kg) 35.9 (6.6) 31.1 (5.7) - -

CLODT (L/h/70 kg) - - 45.5 (8.3) 45.5 (8.3)

Table 2 Secondary pharmaco-
kinetic parameters at steady-
state derived from 1500 simu-
lated datasets for a standard
oral dose of 100 mg tramadol
given four times daily

EM, Extensive metabolizer; PM,
poor metabolizer

Data are given as the arithmetic
mean, with the standard devia-
tion given in parenthesis
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equivalents) calculated from the simulated data were higher
than the suggested 10% safety limit [1], it is unlikely that
an infant would be exposed to relative doses higher than
this recommended maximum. The mean milk:plasma ratios
of 1.9 for tramadol and 3.2 for ODT in the present analysis
were slightly different to those of our previous analysis (2.2
and 2.8, respectively) [4]. This difference is most likely due
to the ratios in the original analysis being estimated from
paired single point concentrations in milk and plasma,
while in our present modeling design, they were derived
from simulated AUCss data separately estimated for plasma
and milk. The higher distribution of ODT into milk
compared with tramadol seen with both analyses cannot
be explained readily by their logDpH7 ratios of 0.23:1 and
1.07:1, respectively [35]. These ratios indicate that at a milk
pH of around 7.2, lipid content should favor the transfer of
tramadol over ODT. Hence, other transfer mechanisms are
likely to be responsible for our observations, a conclusion
that is supported by the covariate analysis which revealed
that ODT transfer into milk decreased as lipid content
increased.

Thus, our study clearly demonstrates that a population
PK approach with sparse sampling of milk and/or plasma
can be applied to estimating infant exposure to maternal
drugs via breast milk. Our approach still allows milk Cavg

to be used in the derivation of absolute and relative infant
dose but, importantly, it also offers the ability to investigate
BSV and also between-occasion variability (BOV) when
the experimental design permits. In addition, our modeling
of the tramadol dataset allowed us to evaluate infant dose
differences in the CYP2D6 EM and PM subgroups as well
as assess the influence of the covariates gestational age and
creamatocrit. There is also the potential for understanding
the transfer of a drug between the plasma and milk
compartments in terms of the rate constants that control
distribution. The sparse sampling design in a larger patient
group than usually studied is also practical when dealing
with the lactating mother, who has many and diverse
responsibilities that could limit her participation in rich
dataset experimental designs. In our analysis, we had to fix
a number of parameters, both to provide identifiability and
also due to an inability to estimate some parameters
sufficiently. With only one plasma sample for each subject,
the plasma dataset presented some modeling challenges.
However, reliable estimates of structural parameters can
still be obtained in this setting [25].

The downside of the population approach is that a large
sample size is needed, and multiple plasma and milk
concentration measurements are optimal for each patient in
order to support the estimation of a large number of model
parameters and be able to fully investigate BOV and BSV.
From a practical point of view, we have found no difficulty
in obtaining up to four milk samples per subject in such

studies, but collecting more than one plasma sample per
subject is problematic.

In our previous clinical study of neonate exposure to
tramadol via milk at 2–4 days of age, we concluded that
short-term maternal use of tramadol was compatible with
breastfeeding. The present study using the same dataset
shows that nonlinear mixed-effects modeling can be used to
arrive at the same conclusion, with the added benefit of
establishing population variability and covariate effects.
Our conclusion regarding safety in lactation is conservative
for two reasons. First, in estimating infant dose via milk we
used an average milk intake of 0.15 L/kg/day, which
probably overestimates milk production at days 2–4 of age
by around 50% [36]. Second, our mean absolute infant dose
via milk (154 μg/kg/day for tramadol plus its metabolite) is
only 3.6% of the recommended therapeutic maintenance
dose for tramadol in infants of 40 weeks post-conceptual
age (4.3 mg/kg/day). Exposure to tramadol via breastmilk
in older infants is also likely to be “safe” given that
tramadol clearance in the first few days after birth (around
40 weeks of post-conceptual age) is some 73% of adult
values, rising to 84% at 44 weeks and to adult levels by age
1 year [29]. Nevertheless, caution is warranted in individual
infants, as both tramadol and ODT are pharmacologically
active, the CYP2D6 polymorphism is an important cova-
riate of tramadol clearance in the first few months of life
[37], and there is evidence indicating that the clearance of
ODT matures more slowly than that of tramadol [29].

In conclusion, we have shown that a sparse sampling
data collection approach combined with population PK
modeling can be used to describe the disposition of
tramadol and ODT in plasma and milk and to subsequently
estimate infant exposure to the drug via milk. In our view,
this general approach is broadly suited to studies of drug
disposition in milk and to the estimation of drug exposure
in the breastfed infant. Nevertheless, careful pre-planning
of the design of such studies is necessary to ensure that
sampling strategies and covariate data are appropriately
matched to the anticipated level of model complexity.
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