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Background and Purpose. The efficacy of tramadol (T) in children is not clearly understood because it is

still unknown the ability of that population to form the active metabolite O-demethyltramadol (M1) and,

whether or not the parent compound has a contribution to the efficacy. The aim was to develop a

population pharmacokinetic/pharmacodynamic model for T in pediatrics, identifying the main active

components.

Materials and Methods. One hundred four children, mean age (4.55 years) received intravenously 1

mg/kg dose of T over 2.5 min at the end of surgery. If pain relief was inadequate, then an additional 0.33

mg/kg dose was given at 15, 30 and/or 45 min. Plasma samples and analgesic responses such as crying and

movement were measured during a 6-h period.

Results. The estimates of the apparent volumes of distribution of the central compartment and at steady

state and total plasma clearance of T were 8 l, 46.2 l, and 15.2 l/h, respectively. M1 formation clearance

represented only a minor elimination pathway of T. Effect site concentrations of T and M1 were found

to be the best predictors of the movement and crying responses, respectively. Steady-state plasma

concentration levels of T and M1 of 100 and 15 ng/ml were associated with a 95% probability of

adequate pain relief.

Conclusions. Children have the ability to produce enough M1 to achieve proper pain relief. The

response variables investigated give further evidence that not only the opioid effects of the metabolite

are relevant, also the non-opiod effects of tramadol seem to give a significant contribution in its clinical

use.

KEY WORDS: children; NONMEM; population pharmacokinetic/pharmacodynamic modelling;
tramadol.

INTRODUCTION

Tramadol (T) is a centrally acting analgesic used widely
in the treatment of chronic and acute pain with an efficacy
and potency comparable to codeine and pethidine (1,2). T is
administered as a racemic mixture of (+)j, and (j)jT
which are extensively metabolised in the liver giving among
others, the (+)j, and (j)jO-demethyltramadol (M1) active
metabolites via CYP2D6 elimination (3,4). The pharmaco-
dynamic (pd) properties of T enantiomers and their M1
metabolites are very different (5Y7). The values of the
inhibitory m-opioid binding constants for (+)jT, (j)jT,
(+)jM1, and (j)jM1 are 4.1�10j6, 2�10j4, 2.2�10j8, and

1.9�10j6 mol/l, respectively. With regard to the inhibition of
the noradrenaline (NA) and serotonin (5-HT) re-uptake the
corresponding values are 6.9�10j6, 5.9�10j7, 4.2�10j5, and
1.8�10j6 mol/l, and 8.7�10j7, 4.8�10j6, 7.5�10j6, and
4.3�10j5 mol/l, respectively (7). Since the inhibition of 5-
HT and NA re-uptake enhances the inhibitory effects elicited
by m-opioid agonists on pain transmission in the spinal cord
(8), description and prediction of the time course of the anal-
gesic response after T administration represents a challenge.

Recently a population pharmacokinetic (pk) model of T
and M1 in neonates and young children has been published
(9). However, a model relating dose with response through a
pharmacokinetic/pharmacodynamic (pk/pd) model has not
been yet established.

The purpose of the current study is therefore to develop
a population pk/pd model for T in the pediatric population
with the aim of identifying the main active components and
their functional relationship with the analgesic response, as
well as the individual characteristics with a clinical significant
effect on such a relationship. Several recent papers have
shown that, at least experimentally, the pk/pd approach is
suitable to identify the main components in the response
elicited after T administration (10Y12).
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MATERIALS AND METHODS

Study Design

The data analyzed in the current report came from one
hundred and four Caucasian children participating in a
randomized, double-blind, multi-center clinical study
designed to evaluate the analgesic efficacy and safety of
intravenous T in the treatment of postoperative pain in chil-
dren. Nineteen European centers were involved, and the
study protocol was approved by the Local Health Authority
and Ethics Committee. During the day of admission, the
protocol was explained to the parent or legal guardian and
their informed consent was obtained in writing.

Children aged 2 to 8 years, admitted for elective abdom-
inal or urological surgery and requiring the use of intravenous
opioids for postoperative analgesia were eligible to participate
in the present study. Children were allowed to receive
midazolam for pre-medication. Induction of general anesthe-
sia was either via inhalation (sevoflurane or halothane) or
intravenously (propofol). Anesthesia was maintained by iso-
flurane or sevoflurane with controlled ventilation using ni-
trous oxide/oxygen in all study patients. Intraoperative
analgesia was achieved with fentanyl with the last dose to be
given at the latest 30 min prior to the administration of the
investigational product. Any other analgesic, hypnotic or
sedative pre- or co-medications were considered as exclusion
criteria. Table I lists the patient characteristics of the popu-
lation studied. Aminoglycosides, cephalosporins, penicillins,
and sulphonamides were the type of anti-microbials drugs
given after surgery. With regard the gatrointestinal agents,
ondansetron, tropisetron, ranitidine, and metoclopramide
were the drugs administered.

Drug Administration

At the time of skin closure, a 1 mg/kg dose of T was given
intravenously in a 2.5 min infusion. Additionally, 0.33 mg/kg
was infused in 2.5 min at 15, 30, and/or 45 min after the end of
the surgery if pain relief, assessed by the objective pain scale
[OPS (13,14)], was not adequate (pain score > 4/10). Rescue
medication with other analgesics was allowed 60 min after the
start of the first administration of T. The number of patients
that required 0, 1, 2, or 3 additional infusions of T was 42, 42,
13, and 7, respectively. Eight individuals received a single dose
of T ranging from 0.45 to 2.8 mg/kg as rescue medication
within the interval at which the second blood sample was
taken (Q 60 to 148 min after the start of the first infusion of T),
and therefore that additional dosing information was taken
into consideration.

Pharmacokinetic Data

A total number of 175 of T and 172 levels of M1 in plasma
were available from 93 children. For each of those patients,
one to three (2 ml) blood samples were withdrawn for deter-
mination of racemic T and M1. The first blood sample was
taken within the first hour and before the first re-injection of
T, and the rest in the interval from 2 to 6 h after the initial
infusion. The samples were centrifuged and the plasma was
separated and stored at j20-C until analysis.

Analytical Method

T and M1 were determined non-stereoselectively by GC
and nitrogen-selective detection (15). Fused-silica columns of
dimension 25m�0.32 mm I.D, coated with chemically bonded
SE 30 were used. The operating conditions were: Injector Ta

250-C, detector Ta 300-C, column Ta was programmed from
100 to 240-C at 32-C/min. Gas flow rates were: helium, 60 cm/
second; hydrogen 4 ml/min; air, 80 ml/min. The calibration
curves with sample concentrations of 10 Y 1,000 ng/ml for T
and 5 Y100 ng/ml for M1 were linear (r > 0.997). Precision and
accuracy of the assay showed coefficient of variations < 8.5%
for T and M1. Detection limit was 3 ng/ml.

Pharmacodynamic Data

Pain intensity was assessed by a trained nurse using the
OPS at times equal to 15, 30, 45, 60, 120, 180, 240, 300 and
360 min after the start of the first infusion of T. OPS involves
five items each of them measured with a three-category
ordinal scale (0, 1, and 2): crying, movement, agitation, verbal
evaluation, and increase in systolic blood pressure. The
presence of adverse events together with the time at which
the patients took the rescue medication were also recorded.
For each of the variables the number of scores recorded at
times 15Y60 min ranged from 103 to 104. That number
decreased to 65, 60, 58, 57 and 55 at times 120, 180, 240, 300
and 360 min, respectively, because once the subjects took the
rescue medication the rest of their measurements were
excluded from the analysis with the exception of those cases
were tramadol was used as rescue medication (see below).
The number of children that took rescue medication was 49
and the median (range) time to rescue medication was 75

Table I. Summary of Individual and Study Characteristics

Characteristic Value

Demographics

Age (year) 4.71 (2Y8)

Height (cm) 110.0 (80Y144)*

Weight (kg) 19.8 (10Y43)

Sex

Female n = 28

Male n = 76

Surgery

Type

Urogenital n = 96

Gastrointestinal n = 8

Duration (minutes) 87.3 (28Y380)

Opioids

Fentanyl n = 70

Alfentanyl n = 16

Co-medications given after surgery

NSAIDs** n = 45

Opioids** n = 29

Diuretics n = 7

Anti-microbials n = 53

Gastrointestinal drugs n = 24

Values are median and ranges in parenthesis unless n is indicated.
*, Computed from 99 patients; **, Drugs given Q 60 min after the
start of the first T infusion.
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(60Y320) min. NSAIDS [diclofenac, ibuprofen, paracetamol,
metamizole, and acetylsalicylic], and opiods [morphine,
tramadol, codeine, and pethidine] were the drugs used for
rescue medication.

Data Analysis

All analyses were performed under the population
approach using the NONMEM version V (level 1.1) software
(16). Selection between models was based on a number of
criteria such as goodness-of-fit plots, precision of parameter
estimates, and the minimum value of the objective function
(OBJ; -2log likelihood) provided by NONMEM (see below).
Results from the population analysis were expressed as
model parameter estimates together with their corresponding
95th confidence intervals (CI) computed using the likelihood
profiling method.

Pharmacokinetics

All observed plasma concentrations of T and M1 were
fitted simultaneously and due to the sparse nature of the
data, the first order estimation method implemented in
NONMEM was used. The final model was rerun using the
first order conditional estimation method with the INTER-
ACTION option, however the run did not minimize success-
fully. A model was declared superior over the other nested
model when the OBJ was reduced by 6.63 (P < 0.01) points
between the two models.

The disposition of parent drug and metabolite was
described with compartmental models. The apparent volume
of distribution of M1 was assumed to be equal to the apparent
volume of distribution of the central compartment of T (V), to
make the model identifiable. Inter-patient variability was
incorporated in the model exponentially. Residual variability
was modelled additively. The significance of the off-diagonal
elements of the W and S varianceYcovariance matrixes was
explored. The stepwise generalised additive model (GAM)
approach was used to identify the potential important
covariates and their functional relationships with the param-
eters (17). The GAM approach was performed with Splus
using the Xpose version 3.011 program (18). The covariates
tested for significance are listed in Table I. Covariates
selected during the GAM approach were then evaluated
individually in NONMEM. The possibility of having two
different sub-populations characterised by different popula-
tion mean estimates at the level of the M1 formation
clearance (CLF) was explored fitting a mixture model to
the data (19).

The visual predictive check was used to explore the
selected model (20). First, one thousand new data sets as the
original data were simulated. Second, concentrations were
grouped using the following sampling times: (14 Y 30), (> 30 Y
45), (> 45 Y 60), (> 120 Y 180), (> 180 Y 240), and (> 240 Y 300)
min. Third, for each of the simulated datasets and sampling
time group, the median of the concentrations was computed
and the distribution was represented as histogram together
with the median concentration values corresponding to the
original data.

The impact of the selected covariates on the plasma
concentration versus time profiles of T and M1 was investi-

gated by computer simulations. For the case of a continuous
covariate, one thousand individuals were simulated for each
of the values corresponding to the 5, 50, and 95th percentiles
of the covariate in the studied population, assuming a single
2.5 min intravenous infusion of 20 mg of T.

Pharmacodynamics

In the current report the results obtained from the
analysis of the crying and movement response variables are
presented. The agitation response is not further described in
this document since it was very similar to crying. Figure 1
shows in the upper panel the time course of the crying
response where scores of 0, 1, and 2 correspond to the not
crying, crying but consolable, and crying but inconsolable
status, respectively. In the lower panel of Fig. 1 the time
profiles of the movement response are shown where scores of
0, 1, and 2 correspond to none, restless and thrashing,
respectively. For both responses, the 0, 1, and 2 scores can
be related to no pain, moderate pain, and severe pain. For
the case of verbal evaluation and increase in systolic blood
pressure, it was not possible to find a model relating those
response variables to drug exposure.

The time course of the crying and movement response
variables was described using the LAPLACIAN estimation
method with the LIKELIHOOD option. A decrease in OBJ
of 3.84 points after the inclusion of an extra parameter or a
covariate in the model, was considered significant (P < 0.05).

Response measurements were treated as ordered cate-
gorical data and analysed by logistic regression. The proba-
bility of obtaining a score lower than or equal to a particular
grade m, in the ith individual at time jth [P(Yij e m|hi)], where
hi is the individual random effect, is given by the expression:
exp(L)/(1+exp(L)). The set of individual h is assumed to be
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Fig. 1. Raw data for the analgesic response variables modelled

during the analysis. Each bar is divided into regions proportional to

the number of patients exhibiting the various scores. Upper panel,

crying response: Black, score = 0 (not crying); solid lines, score = 1

(crying but consolable); white, score = 2 (crying but not consolable).

Lower panel, movement response: Black, score = 0 (none); solid

lines, score = 1 (restless); white, score = 2 (thrashing).

2016 Garrido et al.



symmetrically distributed around 0 with variance w2. The
probability of obtaining a certain m score [P(Yij = m|hi)] was
expressed as: P(Yij e m|hi)jP(Yij e (mj1)|hi). The logit (L)
involves the contribution of baseline, drug, and time effects to
the probability of obtaining a score lower than or equal to a
particular score m as follows: L = FBaseline+Hexposure+Gtime+
hi. FBaseline defines the model describing the distribution of
scores at baseline and has the form

Pm

k¼1

�k . The number of
baseline parameters to be estimated is equal to the number
of categories minus one, because P(Y e 2)=1. Hexposure

represents drug effects that were described as a linear or
non-linear function (EMAX model) of the plasma or effect site
concentrations of T or M1 (21). Models exploring a phar-
macodynamic interaction between T and M1 were also
explored using the following expression: Hexposure = SLPT�
Ce_T + SLPM1�Ce_M1, where SLPT and SLPM1 are the slopes
of the linear contribution of the effect site concentrations of
T (Ce_T) and M1 (Ce_M1) to the effect. Gtime represents pain
progression and/or contribution of residual anaesthetic
effects, and its shape and significance was evaluated by
fitting different time-dependent models to the data.

Individual predicted plasma concentrations of T and M1
obtained from the selected population pharmacokinetic
model were used during the analysis of the response data.
For the 11 children without available pharmacokinetic
information the typical population model predictions were
used. Since only one random effect is estimated all covariates
were tested in NONMEM.

Goodness-of-fit plots represent mean model predicted
and mean raw data cumulative probabilities (both computed
using time of measurement as group variable) vs time. The
visual predictive check was again used to explore the model
(20). Scores from one thousand datasets were simulated. For
each simulated dataset and time of measurement the mean
probability corresponding to each score was computed. Then,
for each measurement time and score, the overall median
value was calculated. Finally, the overall median values were
plotted against the mean raw data probabilities.

RESULTS

Pharmacokinetic Modelling

Disposition of T and M1 in plasma was best character-
ised by a two-and a one-compartmental model, respectively.
The inclusion of a second elimination pathway for T (CLE)
was significant (P < 0.01). Inter-patient variability was
estimated for V, K12 (first order rate constant of distribution
of T from the central to the peripheral compartment), CLE,
and for the apparent formation clearance of M1 (CLF).
Covariance was found to be significant (P < 0.01) between V
and K12. Only weight showed significant covariate effects on
V and CLE, respectively (P < 0.01). Covariate interactions
between weight and age for V, between weight and height for
CLE, and allometric relationships did not improve the fit
significantly (P > 0.05) (22,23). When a mixture model was
fitted to the data, the estimated fraction of the poor
metabolisers was higher than 30%, and the differences in
the typical estimates of CLF between fast and poor metab-
olizers were less than 50%.

Population pk parameter estimates of the final model
are listed in Table II, and results from model exploration are
shown in Fig. 2. Figure 3 shows the individual model pre-
dicted profiles for ten patients chosen at random and re-
ceiving a single administration of T.

The model predicts an increase in V and CLE of 0.25
l and 0.72 l/h, respectively, for a 1 kg increase in body weight.
Estimates of the inter-patient variability in V and CLE

decreased from 52 to 41% and from 33 to 28% in the final
model with respect to the basic population model, which
represents a relative change in the degree of inter-patient
variability of 32 and 18%, respectively. Figure 4 explores the
covariate effects found for weight on V and CLE. Weight
appears to have a clear effect on the entire plasma concen-
tration vs time profiles for both T and M1.

Pharmacodynamic Modelling

Crying Response

Relating drug effects with the predicted effect site
concentrations of T or M1 provides significant (P < 0.01)
decreases in OBJ with respect to the models using the
predicted plasma concentrations of T or M1. The difference
in OBJ indicates that the effect site concentrations of M1 are
a better response descriptor than T (P < 0.01). The presence
of time effects and an interaction between T and M1 was not
supported by the data (P > 0.05). An EMAX model did not
lead to any improvement in the fit with respect to the linear
model (P > 0.05). Including weight as a covariate was
significant (P < 0.01), and the estimate of w2 decreased
from 3.06 to 2.62. In the final model the logit was expressed as
follows: L ¼

Pm

k¼1

�k þ SLP� Ce MI þ �wgt � weight

�

19:8, where SLP is
the parameter describing the linear increase in L as a function

Table II. Population Pharmacokinetics Estimates for T and M1

Parameter or covariate model Estimate

Interpatient

variability

VðLÞ ¼ Vint þ Vslp � Weight
19:64� Vint = 3.12 (0.4 Y7)

Vslp = 4.89 (1.75Y11)

41 (17Y 60)

CLF (l/h) 0.51 (0.21Y1.2) 38 (26 Y71)

CLE l=hð Þ ¼ CLE slp � Weight
19:64� CLE_slp = 14.7

(12.6Y16.2)

28 (14Y44)

K12 (L/h) 8.4 (5.1Y12.6) 53 (30Y60)

K21 (L/h) 1.76 (1.5Y2.7) NE

CLM1 (l/h) 3.52 (1.2Y7.5) NE

Correlation (hV, hK12) j0.78 (j0.03Y0.3) NA

Residual error_T (ng/ml) 43.01 (10Y59) NA

Residual error_M1 (ng/ml) 4.32 (2.7Y6.3) NA

Parameter estimates are listed together with their 95th confidence

intervals [computed using the log-likelihood method] in parenthesis.

Random effects are expressed as coefficient of variation (%). V,

Apparent volume of distribution of the central compartment for T,

CLF apparent formation clearance of M1, CLE, plasma clearance of

T representing other routes of elimination that do not lead to

formation of M1, K12 and K21 first order rates of distribution on T,

CLM1 apparent plasma clearance of M1; hV, and hK12, individual

random effects of V and K12, respectively, NE not estimated, NA not

applicable; * median value of weight corresponding to the children

with pharmacokinetic information.
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of Ce_M1; qwgt is the parameter scaling the effect of weight,
and 19.8 is the mean value of weight in the studied
population. The covariate model predicts at baseline an
approximately 3% typical increase in P(Y = 0) for a 1 kg
increase in body weight. Table III shows the population
model estimates corresponding to the final model. Figure 5
(upper panels) shows a goodness of fit plot (left) and the
results from the model exploration exercise (right),
confirming that the model was supported by the data.

Movement Response

The difference in OBJ indicates that the effect site
concentrations of T are the best response descriptor (P <
0.01). The presence of time effects and an interaction between
T and M1 was not supported by the data (P > 0.05). An EMAX

model did not lead to any improvement in the fit with respect
to the linear model (P > 0.05). Covariates did not show sig-
nificant effects (P > 0.05). Table III shows also the population
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Fig. 2. Results from the visual predictive check. The six upper panels correspond to tramadol

and the rest to the metabolite. In each panel the histrogram represents the distribution of the

median concentrations computed for each of the simulated datasets at each time interval, and the

vertical black solid line represents the median concentration values computed from the raw data.
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model estimates corresponding to the final model. Figure 5
(lower panels) shows a goodness of fit plot (left) and the
results from the model exploration exercise (right), confirming
that the model was supported by the data.

Adverse Events

A total of 20 vomit events were recorded in 15 children
during the span of the study. Twelve of those events occurred
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Fig. 3. Plasma concentrations vs time profiles of T (left panel) and M1 (right panel)

corresponding to ten children selected at random and receiving only the first infusion of T.

Symbols, observations; lines, individual model predictions.
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at times between 16 and 80 min after the start of the initial
infusion of T, and the rest between 130 and 317 min. The
mean predicted T and M1 plasma concentrations (ng/ml) at
the time of the event were within the range of T and M1
concentrations predicted for the rest of patients that did not
experience vomiting.

DISCUSSION

A review of the properties of T in perioperative pain
concluded that T provided effective analgesia in children and
in adults (24). Moreover, results after oral administration
of T to 81 post-surgical children (7Y16 years) at the moment
of the transition from patient-controlled administration of
morphine to oral analgesics indicate a certain exposure-re-
sponse relationship, since patients receiving 2 mg/kg of T re-
quired half of the rescue medication given in the 1 mg/kg

dose group (25). At this stage, to get a better understand-
ing of the in vivo effects of T, and improve individual dose
selection, a population pk/pd model is needed. The current
study represents the first population pk/pd analysis of T in
children.

During the population pharmacokinetic analysis the first
order estimation method was used and therefore is likely
that significant alpha error could be expected and a change
in successive objective function values of 6.63 points possibly
is not associated with P < 0.01 (26), however the decrease in
the minimum value of the objective function was greater than
30 points for all the comparisons described in the results
section.

Disposition of T in plasma was best characterised by a
two compartment body model and the elimination of M1 was
limited by its rate of formation. The estimate of VSS (47.8 l)
was higher than the physiological water volume and equiv-

Table III. Population Pharmacodynamic Estimates after Administration of T

Parameter Crying Movement

Logit model L ¼
Pm

k¼1

�kþSLP�Ce�M1 þ Weight
19:8 L ¼

Pm

k¼1

�k þ SLP� Ce�T

b1 j0.3 (1.4Yj2.1) 1.66 (0.62Y2.75)

b0 j2.4 (j0.75Yj4.3) j1.25 (j2.25Y j0.35)

SLP (ml & ngj1) 0.26 (0.16Y0.85) 0.035 (0.027Y 0.052)

ke0 (minj1) 7 (1.4 Y 14) � 10j3 3.5 (1.5 Y5.2) � 10j3

qwgt 2.9 (1.2Y 4.7) Y
w2 2.6 (1.3Y 4.8) 3.6 (2.25Y6.25)

L Logit, 95th confidence intervals in parenthesis; bk (k = 1,0) set of baseline parameters, SLP parameter describing the linear increase in the

logit as a function of the effect site concentrations of M1, Ce_M1 (crying response) or tramadol, Ce_T (movement response), ke0 first order rate

constant governing drug or metabolite distribution from plasma to the effect site, qwgt parameter scaling the effect of weight, w2 population

variance.
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alent to 2.43 l/kg, a value in the range of the estimates
obtained in healthy children and adults (9,27,28), and in pre-
clinical experiments with adult rats [3.9 l/kg (10Y12)]. Total
plasma clearance of T (0.77 l/h/kg) was estimated with a
value similar to that reported in young infants (0.51 l/h/kg)
and in adults (0.34Y0.5 l/h/kg) (9,28). The apparent estimate
of CLE was higher than the one corresponding to CLF,
however it cannot be confirmed than formation of M1
represents a minor elimination pathway of T, due to the fact
that it is not possible to determine the absolute amount of
metabolite formed. CLF and CLE correspond actually to the
value of fM1�CL and (1jfM1)�CL, respectively, where fM1 is
the fraction of the administered dose of T which is trans-
formed from the parent compound to M1. In fact, regarding
to the difference in the ratio between CLF and CL shown in
the current manuscript (õ3%) with respect to the ratio
reported in reference 9 (õ43%) we think that such discrep-
ancy can be partly explained taking into account the differ-
ences in the values used for the apparent volume of
distribution of the metabolite (8L vs 224L) to avoid the
identifiability problem in the pharmacokinetic model. How-
ever there are some evidences in the literature suggesting
that CLF is not one of the main routes of elimination of T
since results obtained from situations where CLF was
decreased by co-administration of a CYP2D inhibitor (12)
or by the presence of poor metabolizers (29) showed that the
total plasma clearance of T was modified to a minor degree.

Weight was the only individual characteristic showing
significant covariate effects and eliciting a 12 and a 6% reduc-
tion in the inter-patient variability of V and CLE, respectively.

T is metabolized by the CYP2D6 enzyme for which
genetic polymorphism affecting 5Y10% of Caucasian popula-
tion has been reported. Since CLE is higher than CLF, defi-

ciencies in CYP2D6 activity would affect mainly to M1
disposition. Genotyping and phenotyping was not performed,
and a pure statistical approach based on mixture models was
undertaken. That approach for example has allowed to
identify two subpopulations in the distribution of pharmaco-
kinetic, and pharmacodynamic parameters (30,31). In our
case, the presence of poor metabolizers could not be detected.
This result was in part expected on the basis of the estimate
obtained for the degree of inter-patient variability in CLF

(28%), which could be considered rather low in the case of a
population including poor metabolizers. In addition the
visual inspection of the distribution of individual estimates
of CLF did not reveal a bimodal distribution. The pk/pd
model presented has been developed using racemic concen-
trations. However, since there are data in the literature that
show that at least for the case of extensive metabolizers, the
enantiomers of T and M1 have similar kinetics (29), we do
think that the proposed model provides a fair description of
the pk characteristics of T and M1 in children.

During the analysis of the response data, it was found
that models relating drug effects with effect site concen-
trations behaved significantly better. Since the process of
distribution from plasma to the effect site appeared to be
unaffected by the covariates explored, the effect site concen-
tration vs time profiles will reflect the influence of weight on
the kinetics of T and M1 in plasma [see Fig. 6 (lower left
panel)]. After a single 2.5 min infusion of T, maximum T and
M1 concentrations in the effects site appear at 4 Y5 h. The
times to reach the equilibrium between plasma and biophase
for T and M1 were 9 and 4.2 h, respectively. These values are
in the range of those reported for morphine (14 h) (32),
shorter than morphine-6-glucuronide (38.5 h) (32), and larger
than methadone (1 h) (33). However, it should be taken into
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consideration that the duration of the study was 6 h which
might has an implication on the accuracy of the model
estimates of ke0 (first order rate constant responsible of drug
distribution between plasma and biophase).

Crying response was best described using model pre-
dicted concentrations of M1 in the effect site, whereas
modelling of the movement response required the use of T.
These results resemble the known pharmacological proper-
ties of T where both the parent compound and the metab-
olites seem to contribute to the analgesic response (34,35).
Therefore the crying and movement responses might be
reflecting the contribution of the m-opioid and non-opioid
pharmacodynamic properties of the components of T,
respectively. It should be taken into account that the additive
interaction model used considers the effects of T and M1 as
being conditionally independent. In order to explore in more
detail the nature of the interaction between T and M1 the
following expressions were fitted to the crying and movement
responses, respectively: Hexposure = SLPM1 � Ce_M1 �
(1+SLPT � Ce_T) and Hexposure = SLPT � Ce_T � (1 +
SLPM1�Ce_M1). In both cases the models did not improve the
fits significantly (P > 0.05).

Inclusion of a placebo group was not possible for ethical
reasons. To describe the possible time course of pain in
absence of T, the concept of the Bvirtual drug^ applied to the
pharmacodynamics of midazolam in intensive care patients
recovering from coronary artery bypass grafting was used (36).
The Bvirtual drug^ was assumed to be (i) absent at the time of
skin closure with a non-linear increase with time (resembling
the wane of post-surgical pain) or (ii) present in its highest
concentration at the time of skin closure with a decline over
time (residual anesthetic effects). Models including the
virtual drug concept were not supported by the data but
weight elicited significant effects in the crying response at
baseline. There is the possibility that the residual anaesthetic
effect disappears at a rate at which is a function of body
weight. In fact, an increase in the terminal half life in the case
of alfentanyl was associated with body weight (37). Children
with higher weight were associated with a higher probability
of pain relief just after the end of surgery, however such
covariate effects are probably not generalizable and can only
be made relative to the current study. Figure 6 (lower right
panel) shows the typical predicted time course of P(Y = 0) as a
function of weight for the case of the crying response obtained
from the final pk/pd model. It can be observed that, despite the
higher M1 concentrations in the effect site for the typical 14 kg
child (Fig. 6, lower left panel), the time to achieve a 0.9 proba-
bility of complete pain relief is prolonged from 50 (value
predicted for the 26 kg child) to 80 min.

In a study carried out in adults (38), mean racemic T and
M1 plasma concentrations of 590 and 84 ng/ml, respectively,
were associated with an adequate degree of pain relief. In the
current study effect site concentrations of 15 ng/ml of M1 and
100 ng/ml of T are associated with an adequate control of pain.
In Fig. 6 it can be observed that those levels in the effect site
are associated with plasma concentrations of 20 Y30 ng/ml of
M1 and 200Y300 ng/ml of T (plot not shown), suggesting that
the M1 and T requirements are lower in the pediatric
population.

Dropouts due to rescue medication represent non-ran-
dom missingness. Although, a dropout model has been used

in the past to account for this phenomenon (39), in the current
analysis a simpler approach was taken assuming that the time
to rescue medication (TR) depends only on the observed
response scores, and therefore TR does not contain informa-
tion about the observed scores (40).

To summarize, the analgesic response elicited after T
administration was described successfully with a population
pk/pd model. Effect site concentrations of M1 were found to
be the best predictors of the crying response. Weight was
found to have a significant effect on the crying response at
baseline, predicting an approximately 3% typical increase in
P(Y = 0) for a 1 kg increase in body weight. Movement was
best correlated with T in the effect site. Typical steady-state
plasma concentration levels of M1 and T of 15 and 100 ng/ml,
respectively, were associated with a 95% probability of ade-
quate analgesia. The response variables investigated give
further evidence that not only the opioid effects of the me-
tabolite are relevant, also the non-opiod effects of tramadol
seem to give a significant contribution in its clinical use.
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