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WHAT IS ALREADY KNOWN ABOUT
THIS SUBJECT
The pharmacokinetics of morphine are well
known in pre-term and term neonates,
infants, younger and older children, as well as
in adults. There are circumstances when a
pharmacokinetic study may not be possible
in children (especially neonates and infants),
and as a result one would like to predict drug
clearance in children. Several methods, such
as allometric scaling and prediction based on
incorporation of physiological parameters,
have been suggested. Recently a morphine
maturation model has been proposed to
predict morphine clearance in the paediatric
population.

WHAT THIS STUDY ADDS
The current study evaluates the predictive
performance of the morphine maturation
model for the prediction of morphine
clearance in pre-term, term, infants and
children up to 5 years of age. The results of
the study highlight the shortcomings of the
model to predict morphine clearance in
children in aforementioned age groups.

AIMS
Recently, a maturation model that incorporates a sigmoidal Emax type
model has been proposed for the estimation of morphine clearance in
paediatric patients. The primary objective of this report is to evaluate
the predictive performance of the morphine maturation model for the
prediction of morphine clearance in children of different ages. The
secondary objective of this report is to evaluate the predictive
performance of exponent 0.75 on bodyweight in the absence of the
sigmoidal part of the morphine maturation model.

METHODS
In order to evaluate the predictive performance of the morphine
maturation model, the clearance values of morphine for individual
children (preterm neonates to 5-year-old children; n = 147) were
obtained from the literature. The predicted clearance of morphine in an
individual child, obtained from the maturation model as well as from
the fixed exponent 0.75 was compared with the observed clearance in
that individual child.

RESULTS
The morphine maturation model’s predictive power in neonates,
infants and younger children is poor and the inclusion of the sigmoidal
part in the model only helps in reducing the substantial error
introduced in the prediction due to the application of exponent 0.75
on bodyweight. Furthermore, the real benefit of the sigmoidal Emax

part of the model disappears by 1 year of age.

CONCLUSIONS
The morphine maturation model has a poor predictive power of
morphine clearance in preterm and term neonates, infants and very
young children and may not be of any practical value for the
prediction of morphine clearance in this age group.
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Introduction

The pharmacokinetics and pharmacodynamics of a drug
differ among infants, children, adolescents and adults.
These differences are mainly due to the physiological and
biochemical differences among these different age
groups. In order to select an optimum dose in children, a
pharmacokinetic (PK) study is desirable in a given age
group but there is a possibility that a PK study may be
difficult to perform in children especially in preterm, term,
neonates and infants. Therefore, under these circum-
stances, in order to select an optimal dose, one would like
to predict drug clearance in children [1–3]. However, a rea-
sonably accurate prediction of clearance in neonates,
infants and very young children is far more difficult than in
older children or adults.

Allometric models are generally used to predict PK
parameters in children and in two previous studies [4, 5],
Mahmood outlined several characteristics of allometric
models and their application to the prediction of clearance
in children of different age groups. The allometric
approach for the prediction of clearance in children is
based on bodyweight. However, sometimes, bodyweight
alone may not predict drug clearance in children accu-
rately. As a result, physiological parameters, such as renal
function and enzymatic activity may be incorporated in an
allometric model as suggested by Alcorn & McNamara [6,
7].However, these models have not been thoroughly inves-
tigated and at the moment the predictive performance
(for the prediction of drug clearance in children) of these
models is unknown. It should also be noted that replacing
weight by age in an allometric model may not have any
impact on the predictive power of such a model (age vs.
clearance) [5].

Recently, a maturation model that incorporates a sig-
moidal Emax type model [8] has been proposed for the esti-
mation of morphine clearance in children. The authors,
however, have not tested the predictive performance of
their morphine model with data which were not included
in the model building or outside the age range of the
model.Hence, the predictive performance of this model for
the prediction of morphine clearance in children of differ-
ent age groups is unknown.

Therefore, the objective of this report is to evaluate the
predictive performance of a morphine maturation model
as proposed by Anand et al. [8] for the prediction of mor-
phine clearance in children of different ages (from pre-
term to 5 years of age).

Methods

Anand et al.’s method
Anand et al.’s [8] morphine maturation model was devel-
oped by pooling the data from two studies. One study
consisted of 898 ventilated pre-term neonates of whom

449 were on placebo and 449 received morphine intrave-
nously.Data from postoperative children (0–3 years) from a
previous study [9] were pooled with the pre-term neo-
nates.The maturation model uses a fixed exponent of 0.75
on bodyweight and a sigmoidal Emax type model that is
based on normalized clearance for a 70 kg subject and age
(post-menstrual age in weeks). The morphine maturation
model for clearance was described by Anand et al. as
follows:
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where CLstd is the population estimate for clearance
(l h-1 70 kg-1), PMA is the post-menstrual age in weeks,
CLmat50 is the PMA at which clearance was 50% of the
mature value, and HillCL is the coefficient that describes the
slope of clearance maturation.

The estimated parameters for morphine from Equation
1 were: CLstd = 84.2 l h-1 70 kg-1 (1404 ml min-1), CLmat50 =
54.2 weeks, HillCL = 3.92. A scaling parameter (0.61) was
applied to CLstd, if neonates were premature (pre-term) in
order to investigate maturation differences from term
neonates.

Evaluation of the predictive performance of the
maturation model of Anand et al. [8]
Method I In order to evaluate the predictive performance
of Equation 1, the clearance values of morphine for indi-
vidual children (n = 147) were obtained from the literature
[10–19].The clearance data included pre-term (gestational
age = 24–36 weeks, n = 75), term (gestational age = 37–41
weeks, n = 33), infants (1 week to 2 months, n = 12), younger
children (>2 to 10 months, n = 15),and older children (3.1 to
5 years, n = 12). In these studies,clearance was estimated by
non-compartmental as well was by compartmental analy-
sis. The predicted clearance of morphine in an individual
child, obtained from the maturation model, was compared
with the observed value in that individual child.

Method II Clearance in children of different age groups
was also evaluated using Equation 2. This equation is part
of Equation 1 and the objective for the use of this equation
was to evaluate the predictive performance of Equation 1
in the absence of the sigmoidal part of Equation 1. A clear-
ance value of 1404 ml min-1 was used as an adult clearance
in Equation 2 as in Equation 1.This analysis was conducted
across all age groups as mentioned in method I.

CL ml Adult CL weight of the childmin .−( ) = × ( )1 0 7570 (2)

Statistical analysis
Percent error between the observed and predicted values
was calculated according to the following equation:

Prediction of morphine clearance in children

Br J Clin Pharmacol / 71:1 / 89



%error
predicted-observed

observed
=

( ) ×∑ 100
(3)

The bias of the methods was measured by calculating the
mean predictive error (MPE) according to the following
equations [20]:

MPE
predicted-observed

=
( )∑

n
(4)

where n is the number of observations.
MPE was expressed as percent of mean using Equation

4:

%MPE
MPE

mean observed CL
=

×( )100
(5)

The precision of the methods was measured by calcu-
lating the root mean square error (RMSE) according to the
following equations [20]:

Mean square error MSE
Predicted-observed 2

( ) =
( )∑

n
(6)

RMSE MSE  0.5= ( ) (7)

RMSE was expressed as percent of mean using Equa-
tion 7:

%RMSE
RMSE

mean observed CL
=

×( )100
(8)

Acceptable limits for bias and precision are generally �5%,
and �15%, respectively [21]. Due to high variability in the
morphine clearance values in children, in this study, bias
and precision limits were set as 10% and 25%, respectively.
Further assessment of the suitability of the methods was
done by grouping the number of observations for each
age group according to %error (�30%, �50%, 51–99%,
�100%, and �1000%).

Results

Method I
The mean predicted [from the maturation model (Equa-
tion 1)] and observed clearance values of morphine in chil-

dren of different age groups are summarized in Table 1.
The special focus of this evaluation was on the neonates
and infants (<2 years of age). The model was tested in 75
pre-term (gestational age 24 to 36 weeks) and 33 term
(gestational age 37 to 41 weeks) neonates. In both age
groups, the predicted morphine clearance in most of the
children was erratic (low precision and high bias). In pre-
term neonates, there were 18 neonates (out of 75) with
predicted clearance error �30% and the RMSE and bias
were 136% and 82% of the mean, respectively (27 neo-
nates �100% error). However, when 0.61 was used as an
adjustment factor, the prediction of clearance substantially
improved in pre-term neonates. There were 29 neonates
(out of 75) with predicted clearance error �30%, the RMSE
and bias were 108% and 8% of the mean, respectively (12
neonates �100% error). Although, a substantial decrease
in bias was noted when predicted morphine clearances in
pre-term neonates were corrected by a factor of 0.61, the
prediction error was still too high in most of the children
(30 out of 75 neonates >50% error).

The predictive power of the maturation model was
equally poor in term neonates (n = 33). The model slightly
over-predicted mean morphine clearance in term neo-
nates with substantial prediction error (RMSE = 86% of the
mean). The error in the prediction was �30% in six out of
33 term neonates (12 neonates �100% error). There was a
systematic bias (19% of the mean, over prediction) in the
prediction of morphine clearance in term neonates.

In infants from 1 week to 2 months (n = 12), the mean
predicted clearance was slightly higher than the mean
observed clearance.There were two infants (out of 12) with
predicted clearance error �30% and the RMSE and bias
were 45% and 21% of the mean, respectively (0 infant
�100% error).

In infants from 2 to 10 months (n = 15), the mean pre-
dicted clearance was comparable with the mean observed
clearance. There were seven infants (out of 15) with pre-
dicted clearance error �30% and the RMSE was 59% of the
mean (two infants �100 error). There was negligible bias
(1.5% of the mean) in the prediction but precision of the
prediction was poor (59% RMSE).

In children from 3.1 to 5 years (n = 12), the predicted
clearance was entirely dependent on bodyweight,

Table 1
Observed and predicted morphine clearance (CL) in children of different age groups

Age group Observed CL
Predicted CL Predicted CL %RMSE %RMSE %MPE %MPE
Exp 0.75 Maturation Exp 0.75 Maturation Exp 0.75 Maturation

Pre-term 4.9 � 3.6 81 � 25 8.6 � 5.7 1629 136 1551 82
Pre-term* 4.9 � 3.6 81 � 25 5.3 � 3.5 1629 108 1551 8

Term 27 � 23 145 � 20 33 � 6 446 86 431 19
1 week to 2 months 43 � 24 167 � 22 52 � 10 292 45 288 21

>2–10 months 126 � 67 222 � 39 128 � 47 91 59 76 1.5
3.1–5 years 562 � 317 469 � 40 469 � 40 54 54 17 17

*With adjustment factor of 0.61. MPE, mean predictive error; RSME, root mean square error.
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clearance of a 70 kg subject and fixed exponent of 0.75.
The mean predicted morphine clearance was about 17%
lower than the mean observed morphine clearance. There
were six infants (out of 12) with a predicted clearance error
�30% and the RMSE was 54% of the mean (0 children
�100% error).

Overall, the prediction of morphine clearance in neo-
nates, infants and younger children was erratic, random,
and the magnitude of prediction error was too high to be
acceptable for any practical use (Table 2). The prediction
error in morphine clearance (n = 147) was �30% in 34% of
the children whereas 40% children had the prediction
error in morphine clearance >50% (18% children �100%).

Method II
This approach was taken to highlight the inappropriateness
of the use of the fixed exponent of 0.75 for the prediction of
drug clearance in children. The predicted clearance values
of morphine in children of different age groups are summa-
rized in Tables 1 and 2. In neonates and infants under 1 year
of age, this approach produced substantial error in the
prediction of morphine clearance.The predicted error from
this approach can be several thousand percent as noted in
this study for morphine and in two previous studies with
other drugs [4, 5]. The %RMSE by this method for pre-term
neonates, term neonates, infants 1 week to 2 months, >2
months to 10 months,and 3.1 to 5 years was 1629,446,292,
91, and 54, respectively.This magnitude of prediction error
is too high to be acceptable for any practical purpose. It
should be noted that the substantial error introduced by
exponent 0.75 in the prediction of morphine clearance in
pre-term and term neonates as well as in infants was sub-
stantially reduced by the maturation model.

Figures 1 and 2 represent the predicted vs. observed
morphine clearance in pre-term neonates and from pre-
term neonates to children 5 years of age. Figure 1 indicates
the poor prediction (r2 = 0.12) of morphine clearance from
the morphine maturation model in pre-term neonates.
When plotted across different age groups (Figure 2), it
appears that the model has a reasonable predictive power
(r2 = 0.75) which is in fact misleading. For different age
groups the correlation coefficient (r2) was as follows: pre-

Table 2
Number of drugs within % error in the prediction of morphine clearance in children across different age groups

Age group �30% �50% 51–99% �100 �1000 %HE*

Pre-term: (n = 75)
Exp (0.75) 0 0 0 8 67 8494
Maturation 18 25 21 27 2 1090

Pre-term:†
Maturation 29 45 18 12 0 626

Term: (n = 33)
Exp (0.75) 1 2 0 22 9 6818
Maturation 6 16 4 12 1 1166

1 week to 2 months (n = 12)
Exp (0.75) 5 7 2 3 0 286
Maturation 2 7 5 0 0 73

>2–10 months (n = 15)
Exp (0.75) 2 5 3 7 0 844
Maturation 7 11 2 2 0 381

3.1–5 years (n = 12)
Exp (0.75) 6 9 3 0 0 59
Maturation 6 9 3 0 0 59

Total (exp 0.75) 14 (10%) 23 (16%) 8 (5%) 40 (27%) 76 (52%) 8494
Total maturation model‡ 50 (34%) 88 (60%) 32 (22%) 26 (18%) 1 (<1%) 1166

*%HE = % highest error. †With adjustment factor of 0.61. ‡Numbers in parenthesis are the percent of the total observations. n = 147.
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Predicted vs. observed clearance in the paediatric population (n = 147)
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term = 0.12, term = 0.002, 1 week to 2 months = 0.65, >2–10
months = 0.01 and 3.1–5 years = 0.16.The poor correlation
between observed and predicted clearance of morphine in
different age groups is well substantiated by the lack of
predictive precision demonstrated by %RMSE.The correla-
tion coefficient (r2) is, however, not a good measure for the
assessment of the predictive power of a model [20].

Discussion

The results of the external validation of Anand et al. ’s [8]
maturation model for the prediction of morphine clear-
ance in children of different age groups indicate that the
proposed model has a poor predictive capability across
different age groups. Prediction of morphine clearance
from this model will lead to serious prediction errors espe-
cially in preterm neonates, term neonates and infants and
any dose adjustment based on these wrong estimates of
morphine clearance could cause serious harm to the
children.

Anand et al. [8] developed the morphine maturation
model from data obtained from pre-term and term neo-
nates to 3 year old children. A critical look at the morphine
maturation model indicates the following:

1 The standard CL in a 70 kg subject is not necessarily
equal to an adult clearance.

2 According to the model, the projected time for morphine
clearance to reach 50% in a 70 kg subject was 54.2 PMA
weeks. It should be however, noted that 50% of mor-
phine clearance (on a linear scale) in a 70 kg subject
is about 700 ml min-1 (using a mature clearance of
1404 ml min-1 according to the maturation model) which
is attained after 5 years of age (>300 PMA weeks).

3 In the morphine maturation model, any real benefit of
the sigmoidal Emax part of the model disappears by 1 year
of age and the prediction of morphine clearance in chil-
dren >1 year of age very much depends on the body-
weight and morphine clearance in a 70 kg subject and a
fixed exponent of 0.75.

4 According to Bouwmeester et al. [9], the total body clear-
ance of morphine was 80% of that of adults by 6 months
and 96% of that of adults by 1 year. This model depen-
dent information may be numerically correct when clear-
ance is adjusted to a 70 kg subject with an exponent of
0.75 on bodyweight but is not physiologically relevant
because the physiological development in children does
not stop by the age of 1 year. Based on the data used in
this analysis, the morphine clearance in pre-term neo-
nates, term neonates, 1 week to 2 months infants, >2–10
months infants and 3.1 to 5 year old children was
4.9 ml min-1 (3.1 ml min-1 kg-1), 27 ml min-1 (8.1 ml min-1

kg-1), 43 ml min-1 (10 ml min-1 kg-1), 126 ml min-1

(21 ml min-1 kg-1), and 562 ml min-1 (34 ml min-1 kg-1),

respectively.Therefore; in both absolute numbers or on a
per kilogram bodyweight basis, morphine clearance
increased with age.

Although in some children the morphine maturation
model provided a fairly good prediction (�30% prediction
error) of morphine clearance, due to the high variability in
observed morphine clearance, the predicted clearance was
highly erratic in most of the children. Two children can be
approximately the same age and bodyweight, yet their
clearances can be substantially different. For example, two
pre-term neonates of 32 weeks of gestational age had
bodyweights of 1.81 and 2.02 kg and the morphine clear-
ance in these two neonates was 25.3 and 5.3 ml min-1,
respectively. The prediction error was 59% and 111%,
respectively. In two children both 4.5 years old with body-
weights of 17.3 and 18.4 kg, the predicted morphine clear-
ance was 363 and 570 ml min-1, respectively.The prediction
error was 35% and 10%, respectively. This kind of observa-
tion will be associated with every drug and in every age
group and this variability will be much higher in neonates
and infants than younger or older children. This makes it
almost impossible to predict clearance of a drug with rea-
sonable accuracy even by using a maturation model.

As compared with a fixed exponent of 0.75 (as shown in
Equation 2), when Equation 1 was used the prediction
error in preterm and term neonates was substantially
reduced (Table 1). Therefore, the maturation model
appears to be useful as a correction factor to mask the
substantial error introduced by exponent 0.75. Although,
the inclusion of a sigmoidal Emax model in Equation 1 sub-
stantially improved the prediction of morphine clearance
in neonates and infants, this improvement was still highly
erratic and might not be of any practical value in a real life
situation. It should also be noted that the benefit of the
sigmoidal part of the maturation model disappears after 1
year of age and the prediction of morphine clearance is
entirely dependent on bodyweight, clearance normalized
to a 70 kg subject (not to be confused with adult clearance
of morphine) and a fixed exponent of 0.75.This can lead to
serious errors in the predicted morphine clearance in chil-
dren (>1 year to �5 years of age) because in the absence of
the sigmoidal part of the maturation model in Equation 1,
the substantial error introduced by exponent 0.75 cannot
be compensated.

In conclusion, the analysis of the morphine maturation
model indicates that the model has poor predictive power
of morphine clearance in neonates, infants and younger
children and is of little practical value in this age group for
the prediction of morphine clearance. Furthermore, there
are several caveats with this model:

1 The sigmoidal part of the model is useful only for the first
year of life and then the model becomes entirely depen-
dent on bodyweight, normalized clearance to a 70 kg
subject and exponent 0.75. In reality, the process of
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morphine maturation clearance does not stop at age 1
year.Thus the model does not represent any mechanistic
or physiological process.

2 The major flaw of the morphine maturation model is the
use of the fixed exponent of 0.75 on bodyweight.There is
no justification to fix the exponent of bodyweight to
0.75. The exponents of the allometry vary widely and in
neonates, infants and young children the exponents of
allometry will be generally >1.0 [22] and should be deter-
mined from the available data. A better approach may be
to estimate the exponents of the allometry rather than
fixing it to some arbitrary number (such as 0.75) for
bodyweight. This approach may help in improving the
predictive power of the maturation models.

3 Generally weight and age are well correlated and a
model which incorporates both bodyweight and age will
not necessarily improve the prediction of a pharmacoki-
netic parameter in children as compared with the predic-
tion obtained based on bodyweight or age alone.

4 In short, the morphine maturation model’s predictive
power is weak. The prediction error in morphine clear-
ance was �30% in 34% of the children whereas 40% of
the children had the prediction error in morphine clear-
ance >50% (18% children �100%). The magnitude of
error may be too high to be acceptable for any practical
purpose.

5 The failure of the morphine maturation model to predict
morphine clearance in neonates, infants and younger
children should not lead to abandoning the model. In the
case of morphine, the inter-subject variability is fairly
high which probably has led to poor performance of the
model. There will be many drugs for which inter-subject
variability may not be as high as morphine and in those
situations a maturation model may perform reasonably
well. There are maturation models for other drugs and
their predictive performance should also be evaluated
with external data. In short, more investigation is needed
in this direction with emphasis on finding a suitable
exponent on bodyweight (rather than fixing it) and
appropriate validation of the models with external data.
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