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Abstract

Background and Objective A simple approach is proposed
to predict drug clearance in children when no paediatric
data are available for drugs metabolised by cytochromes.
Methods The maturation functions of cytochrome activity
and binding proteins in plasma were combined with several
measures of body size to describe drug clearance increase
with age. The complete model and different reduced
models were evaluated on a large panel of drug clearance
data in children. The parameters of the models were esti-
mated by nonlinear regression. Bias and precision of pre-
dictions were determined.

Results Two hundred and ten clearance ratios were avail-
able for the analysis, corresponding to 53 drugs mainly
eliminated by cytochrome metabolism. The age range was
1.5 day to 16 years and there were 30 values for children
aged less than 2 years. Fat-free mass at power 0.75 yielded
better results than the other body size descriptor tested. The
model with the best fit was based on the fat-free mass ratio,
the unbound fraction ratio, maturation functions for cyto-
chromes and no maturation function for clearance by other
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routes. In children aged less than 2 years, the predictive
performances were much better with the final model than
with the model based on body surface area. The final model
was almost unbiased.

Conclusions This model allows the calculation of the
maintenance dose of drugs eliminated mainly by cyto-
chromes. After external validation, it could be used in
children aged less than 2 years. In older children, the
model reduces to a simple approach based on body surface
area or preferably on fat-free mass at power 0.75. The
model is not suitable for preterm neonates.

Key Points

For drugs eliminated mainly by cytochrome
metabolism, clearance in children may be estimated
using a simple model based on body size, unbound
fraction and the contribution ratio of each
cytochrome to drug clearance in adults.

This model was evaluated for 53 drugs and was
almost unbiased.

This model could be especially useful for children
aged less than 2 years after external validation.

1 Introduction
The maintenance dose of drugs (in mg/day) to reach a

given target average concentration is lower in children than
in adults because drug clearance (CL, in L/h) is lower. It
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has been recognised that CL is lower because [1] body size
(BS), which is correlated with the mass of eliminating
organs, is smaller and [2] elimination organs are eventually
immature, i.e. the elimination rate per unit of organ mass is
lower than in adults [1, 2]. Correction for BS has been
based either on body weight (BW), BW at power 3/4 or
body surface area (BSA). There are strong theoretical
reasons to support BW at power 3/4 as the best covariate
for drug CL [3-5], stemming from the allometric theory.
However, BSA, which is proportional to BW at power 2/3,
is widely used and gives good accuracy [6].

Regarding maturation of elimination pathways, it has been
found that the time course of maturation with age is well
described by a sigmoidal relationship (e.g. [7, 8]). However,
the parameters of the maturation function depend on the
elimination pathway. Much work has been done on matura-
tion of renal function [9, 10] and metabolism by cytochromes
(CYPs) [11-13]. Some work has been done on maturation of
other metabolic pathways such as conjugation [8]. In almost
all cases, maturation is completed at the age of 2 years, but the
time course of maturation is variable among pathways.
Because competing elimination pathways do not mature at the
same rate, the proportion of different pathways may vary from
birth to adulthood. As a result, the metabolic fate may be
different in neonates from that in adults [14], and the magni-
tude of drug—drug interactions may vary with age [15, 16].

Currently, data of pharmacokinetic studies in children
are analysed mainly by population approaches [17-20].
When no paediatric data are available, predictions are
frequently based on physiologically based pharmacokinetic
models [11, 19-21], which can be considered as full
mechanistic models. However, there is still a need for a
simpler approach to predict drug CL and drug—drug inter-
actions in children when no paediatric data are available,
especially for drugs metabolised by CYPs. A semi-mech-
anistic approach was proposed by Suzuki et al. in 2010 to
predict drug metabolic CL in children [22]. However, the
approach was limited to drugs eliminated entirely by the
liver, and the application to only four drugs was presented.

In this article, the approach of Suzuki et al. was exten-
ded by relaxing the restriction of CL exclusively by the
liver. A simple model, allowing an existing database on
CYP contribution to total CL to be used [23], was fitted to a
large panel of paediatric studies. As a result, calculation of
maintenance dose in children for drugs metabolised by
CYPs is facilitated.

2 Methods
The goal of the model was to predict the ratio of drug CL

(CL) in children (CL.y, in L/h) to drug CL in adults (CL,4 in
L/h), according to some covariates to be determined. When
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the drug is administered by the intravenous route, this ratio
(denoted Rcy ) is CL,/CL.q. When the drug is administered
by the oral route, Rcy is (CL/F),/(CL/F),g.

2.1 Models

Clearance in L/h is lower in children than in adults because
BS is lower and elimination organs are eventually imma-
ture. To distinguish these two effects, it is convenient to
write:

CLy, = CLyg - % - Mat(age),

BS.q
where BS is some measure of BS (such as BSA or BW) and
Mat is a maturation function that increases with age to
reach a value of 1 in adults.

In this article, we focus on drugs mainly eliminated by
metabolism by CYPs. The key idea is to combine the
known maturation functions of CYP activity with some
measure of BS to describe the CL increase with age.

First, we need to model the contribution of each CYP to
the total CL in adults. We used the concept of the contri-
bution ratio (CR), which is the fraction of total oral CL
mediated by a given CYP:

CL™™ — CL%%,
CLoral

where CL‘fleP is the oral CL when the CYP is not func-
tional (either by genetic variation or by complete inhibition
by a co-medication). This concept was introduced by Ohno
et al. [24]. When liver CL is equal to total CL (no other
route of elimination), CR is equal to the usual parameter f,,,
the fraction of drug intrinsic CL mediated by this CYP.
When liver CL is less than total CL, CR is no longer equal
to fin [25]. However, the concept of CR is relevant in both
cases to model the impact of maturation. The reason for
choosing CR as the key parameter is that [1] its estimation
is based solely on clinical data, avoiding pitfalls associated
with in vitro-in vivo extrapolation and [2] it has been
estimated for 200 substrates [24, 26-30] from published
drug—drug interaction or pharmacogenetic studies, allow-
ing a validation of the approach on a large panel of drugs.

For a given drug, the CR may depend on the route of
administration. In particular, the CR may be smaller after
intravenous administration than after oral administration
because there is no first-pass effect. Hence, the difference
between oral and intravenous CRs may occur for drugs
with high hepatic extraction yield. However, in the rest of
the article, we do not distinguish oral and intravenous CRs
and we use the values of CRs obtained from oral data in all
cases because no drug with a high extraction yield was
given intravenously in the dataset.

CRcyp =

)
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Second, we need to incorporate maturation function of
each CYP, i.e. the variation of the fraction of adult CYP
abundance (Ab) with age, into the expression of metabolic
CL. Total CL in children is decomposed as the sum of CL
mediated by CYPs (CLcyp.,) and CL by other routes

(CLothery,):
CLn(age) = CLcypg,(age) + CLother.(age).

Define Scr and Scrap, as the sum of CRs and the Ab-
corrected sum of CRs, respectively:

Scr = ZCRJ' and Scrap(age) = ZCRJ- - Abj(age),

where the sum is over all the CYPs involved in the meta-
bolism of the drug.
Then, if there is a single CYP involved:

BSa
CLcypen(age) = CLcypy - BS., - Ab(age)
BS
= CR-CLy - BSa - Ab(age).
If there are several CYPs:

CLcypg,(age) = CLyg - BBLSC:d - Scrab(age)and

BSch
CLother., = CLother,g - —— - Mat(age)
BSa
BSch
= (I — Scr)-CLy - BS., - Mat(age).
Here, Mat(age) is a maturation function (to be

determined) that describes the increase of CL by other
routes as a function of age. The form of the maturation
function is:

S

age’
Mat - e

wlage) age, + age’

Finally, the ratio of CLs is:
&b = B [Scran + Mattage) - (1 = Sca))

Depending on the route of administration and the
extraction yield, renal and metabolic CLs are proportional,
or at least correlated, with the unbound fraction of drug in
plasma (fu). Because fu is higher in neonates than in adults,
an empirical correction of the CL ratio by the unbound
fraction ratio was also considered. Last, to adjust for an
eventual bias in the model, a regression parameter R,.x
was introduced, leading to the complete model:

CLCh o BSCh fuch

CLad N max Bsad ’ fuad
- [Scrab + Mat(age) - (I — Scr)].

The maturation functions for CYP Ab and unbound
fractions are given in the “Appendix”.

Regarding the choice of BS descriptor, several metrics
were evaluated: BSA, BW at power 0.75, or normal fat
mass (NFM) at power 0.75, which combines allometry with

an adjustment for body fat [8]. Normal fat mass separates
the contributions of fat-free mass (FFM) and fat mass
(BW—-FFM) to drug CL:

NFM = FFM + Fy, - (BW — FFM),

where Fp, is a parameter to be estimated and FFM is
calculated from body mass index (BMI = BW/height in
kg/m?) as [31]:

BMIny - BW
BMIs + BMI'

For men, BMI,,,,x = 42.92 and BMI5, = 30.93 kg/mz.
For women, BMI,,,,, = 37.99 and BMI5, = 35.98 kg/mz.
The complete model and different reduced models were
evaluated on a large panel of drug CL data in children.

FFM =

2.2 Data Collection

The data were mainly retrieved from a literature search in
PubMed, using the keywords ‘Drug name/pharmacokinet-
ics’[Mesh] AND (‘infant’[MeSH Terms] OR ‘child’[MeSH
Terms] OR ‘adolescent’[MeSH Terms]). Only articles
written in English or in French were considered. Articles
were excluded if they considered only preterm neonates, or
in the case of non-imputable missing data.

The following data were extracted: post-natal age
(years), BW (kg), height (cm), drug CL (L/h) and route of
administration (intravenous or oral). Missing demographic
data were imputed using the Swiss growth table [32]. For
example, the typical BW might be inferred from age.

The values of drug CL in adults were extracted from
Goodman and Gillman [33], DrugBank [34] or from a lit-
erature search in PubMed.

Body surface area was assumed to be 1.73 m? in adults,
while in children, BSA was calculated using the formula of
Gehan and George [35], using the means of height and BW
from each study:

BSAa (m*) = 0.0235
% height (Cm)0.42246>< BW (kg)0.51456.

Body weight in adults was assumed to be 70 kg. The
NFM in adults was fixed to 42.1 kg, equivalent to a typical
BW of 70 kg.

The values of drug unbound fraction in plasma in adults
fu,q were extracted from DrugBank or from PubMed. The
CRs were taken from the website www.ddi-predictor.org
[23].

2.3 Regression Methods

The parameters of the models were estimated by non-linear
regression using a maximum likelihood approach. The
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regression model had a single level of random effect (the
residual error):

(RCL)obs: (RCL)pred'<1 + 8)’

where ¢ is a random variable with Student’s t distribution
with 3 degrees of freedom, zero mean and variance ¢~ to be
estimated. This distribution decreases the impact of outliers
on parameter estimation [36].

Because the BSA ratio (Rgsa), which was included in all
models, was suspected to be prone to error (the adult value
was fixed to 1.73 m? in all cases, which might not be true),
an uncertainty about the ratio was eventually included in
the model as follows:

(RBSA)True: (RBSA)Calculated'(l + 17)7

where (Rgsa)calculated 18 the ratio obtained using 1.73 m” as
the adult value and 7 is a random variable with normal
distribution, zero mean and standard deviation fixed to 0.15
(corresponding to a coefficient of variation of 15%). Thus,
alternative models were compared, using either (Rgsa)True
or (Rgsa)calculated @S the covariate. The same approach was
applied when BW or NFM were used as the BS descriptor.

Model selection was primarily based on the likelihood
ratio test in the case of nested models, or the Akaike cri-
terion in the case of non-nested models. Other goodness-of-
fit criteria were the residual plots and the variance of the
residual error, which should be as low as possible.

The software NONMEM® 7.2 (Icon Dvpt Solution, Elli-
cott city) was used for all computations [37]. The Laplace
approximation of the likelihood was used in all cases.

2.4 Predictive Performance

The predictive performance was evaluated by computing
some descriptive statistics of the fold-error (FE):

_ Predicted Ry,

FE = ——.
Observed Rcr,

The statistics were the median FE and the interquartile
range of FEs. The median FE is a measure of the bias of the
method and a value of 1 means that there is no bias. The
interquartile range of FEs is a measure of the imprecision
and it should be as low as possible.

Finally, the proportion of ‘good’ predictions was cal-
culated. A prediction was considered as good if the FE was
between 0.5 and 2, or between 0.67 and 1.5.

3 Results
The literature search yielded 236 values of the CL ratio.

Among them, 26 were excluded because the ratio was
greater than 1.2. Hence, 210 values were available for the
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analysis. Among the 210 values, 56 were obtained for
intravenous administration. There were 53 drugs in the
database. For 45 of them, the sum of CYP contributions to
the oral CL (Scr) was greater than 40%, i.e. most drugs
were eliminated mainly by CYP metabolism. The age
range was 1.5 day to 16 years and there were 30 values for
children aged less than 2 years. The details of the 210
studies are shown in Table 1 of the Electronic Supple-
mentary Material.

Model building with the set of 210 values is summarised
in Table 1. In all cases, NFM at power 0.75 yielded better
results than BSA and BW at power 0.75 as the BS
descriptor. Hence, the results are described mainly with
NFM as the BS descriptor. The model with the lowest
Akaike information criterion was the so-called model ‘al-
lometric 2’. In this model, the maturation function reduces
to Mat(age) = 1, i.e. there is no maturation function on CL
by routes other than CYP metabolism. The point estimate
of parameter Fg,, which describes the contribution of fat
mass to the drug CL, was nearly equal to zero, and not
significantly different from zero. Hence, the term Fig,.
(BW—FFM) was removed from the equations, so that NFM
is equal to FFM in our model. The models accounting for
an uncertainty about Rgga or Rygm (‘ortho’) had a better fit
than their counterpart. The plot of the predicted vs.
observed CL ratio is shown in Fig. 1.

Predictive performances for the base model and the best
model are shown in Table 2 (all studies) and Table 3
(studies in children aged less than 2 years). The corre-
sponding box plots of FEs are shown in Fig. 2 (all the data)
and Fig. 3 (data for children aged less than 2 years). When
assessed on all studies, the predictive performances were
slightly better if the uncertainty on the NFM ratio was
taken into account, but the initial model performed almost
as good as the final model. In particular, the bias of the
predictions was almost null. In contrast, when assessed on
studies in children aged less than 2 years, the predictive
performances are much better with the final model than
with the initial model, and taking into account the uncer-
tainty on the NFM ratio increased the performances. The
final model was almost unbiased, contrary to the initial
model.

The prediction error of the final model was independent
of age and Scgrap, as shown by the lack of trend in residual
plots of FE (Fig. 4). The value of the R,,,x estimate, which
should theoretically be equal to one for an unbiased model,
is shown in Table 4.

The effect of age on each component of the final model
(NFM ratio, fu ratio and maturation function) is illustrated
in Fig. 5. A sigmoid function was fitted to the maturation
data (right plot), yielding the following equation:
1.04 x age®*9%/(0.035%4%% + age®*®?), where age is in
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Table 1 Model building Model Name OFV AIC o
Rax: Mat(age) Empirical 3.3 11.3 0.385
Riax'Resa BSA basic —8.2 —4.2 0.361
Riax Resa BSA ortho® —13.7 —-9.7 0.328
Rinax-Resal!7® Physio 1 —34 0.6 0.361
Rimax'ResaReu Physio 2 -2.9 1.1 0.365
Riax-Resa- R Mat(age) Mixed 1 —24.3 —16.3 0.353
Riax'ResaReu [Scrab + (1—Scr)] Physio 3 —29.7 —25.7 0.344
Riax'Resa- Rm [Scrab + (1—=Scr)] Physio 3 ortho —354 —-31.4 0.312
Rinax- Resa' 7% Riu-[Scrab + (1—Scr)] Physio 4 —-15.9 —-11.9 0.350
Riax'Resa‘[Scrab + (1—Scr)] Physio 3b —21.5 —-17.5 0.350
Riax'ResaReu [Scrap + (1—Scr)-Mat] Physio 3c —-31.2 —23.2 0.343
Runax-Row > Riu-[Scrap + (1—Scr)] Allometric 1 —223 —18.3 0.348
Rinax wa‘”?Rfu.[sCRab + (1=Scp)] Allometric 1 ortho —28.3 —243 0.316
Runax-Retm’ > Rew [Scrab, + (1—=Scr)]® Allometric 2 -30.9 —26.9 0.342
Runax-Retm’ > Rew'[Scrap + (1—=Scr)] Allometric 2 ortho —-36.4 —-324 0.311

AIK Akaike Information Criterion, OFV objective function value

# Standard deviation of the residual error

b Sigmoidal maturation function. Rgsa, Ry, and Ry, are the child-to-adult ratios of body surface area,
unbound fraction and body weight, respectively. See text for the expressions

¢ Estimates obtained by orthogonal regression

d Rffm is (FFMch/421)

years. The half-maximum value of this function is reached
at 0.035 years, i.e. 13 days after birth.

4 Discussion

In this work, a simple semi-mechanistic model for the
estimation of CL of drugs mainly eliminated by CYP
metabolism was proposed and evaluated. Body size and
maturation of metabolism were incorporated in the model.
As expected, taking into account maturation improved the
prediction in children aged less than 2 years. Over 2 years,
Rgs is enough to predict Rcp. To minimise the impact of
imprecision or uncertainty in the data, a type of orthogonal
regression coupled with a robust regression approach was
used. Orthogonal regression approaches the best case for
estimation of predictive performances, i.e. estimation with
‘true’ values of the covariates, with a consistent method-
ology across studies and ages.

Some data (those with a CL ratio greater than 1.2) were
discarded from the analysis. Because BS and CYP activity
increase as a monotone function of age to reach a plateau in
adults (there is no ‘overshoot’), the CL ratio should theo-
retically never exceed a value of 1. However, in practice,
when the CL ratio is calculated by using different studies
(e.g. apaediatric study and an adult study made by a different
team in a different setting), experimental variations may

result in a CL ratio greater than 1. This is why we arbitrarily
accept CL ratios until 1.2. Larger values are certainly biased.
For example, different formulations of the drug, with dif-
ferent bioavailability, might have been used in adults and in
children. Or, metabolic rates might differ between studies
because ethnicity is different. Unfortunately, some experi-
mental details are frequently lacking, thus it is not possible to
determine precisely the source of bias. This is why we
decided to reject the ratios greater than 1.2.

Once the CL ratio has been estimated, the dosing rate in
children, e.g. in mg/day may be calculated as the dosing
rate in adults X Rcp. This method implicitly assumes that
the target concentration is the same in children and in
adults, which is not always true. However, if the target
concentration in adults and in children are both known, the
dosing rate may be refined by taking into account the ratio
of target concentrations.

With our dataset, the best BS descriptor was FFM cal-
culated with the formula of Janmahasatian et al. [31] at
power 0.75. This finding is consistent with the idea that the
mass of eliminating organs is better correlated with FFM
than with total mass because fat is not involved in drug CL.

Using oral CRs for intravenous data was not invalidated
in this study. As explained in the methods, using oral CRs
for intravenous data might be an issue for drugs with high
hepatic extraction yield because the CR estimated after oral
administration is expected to be greater than that estimated
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Fig. 1 Predicted vs. observed clearance (CL) ratio. Final model
15%. Left: intravenous (IV) data. Right: oral data

stands for model ‘allometric 2’. Upper range: fat-free mass ratio
assuming 42.1 kg in adults. Lower range: fat-free mass ratio

Table 2 Predictive performances of the main models on 210 paediatric studies (all ages)

Model Median FE* Interquartile range FE % within two fold % within 1.5-fold
Rmax'Resa 1.01 0.59 83 64
Rumax-Rpsa ortho® 1.00 0.47 87 70
Runax-Resa- R [Scras + (1—Scr)] 1.02 0.50 84 67
Rumax-Resa-Riu [Scrap + (1—Scr)] ortho® 1.02 0.39 87 73
RunaxRow’ "> Riw-[Scrab + (1=Scr)] 1.03 0.52 84 66
Runax-Row’ "> Riu-[Scrab + (1—Scg)] ortho® 1.02 0.41 86 72
Runax Rem” "> Rew[Scrap + (1—=Scr)]° 1.02 0.48 84 67
Runax-Retm’ - Rew [Scrab, + (1—=Scr)] ortho® 1.02 0.37 86 73

FE fold-error
* FE = Rpred/Robs

" Estimates obtained by orthogonal regression
¢ Rirm is (FFM,/42.1)

available for them. Hence, the predictive performance of
the model could not be validated for drugs with high
hepatic extraction given intravenously.

after intravenous administration. However, only two drugs
with high hepatic extraction were present in our dataset
(buspirone and felodipine) and no intravenous data were
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Table 3 Predictive performances of the main models on 30 paediatric studies (age less than 2 years)

Model Median FE* Interquartile range FE % within two fold % within 1.5-fold
Riax-RBsa 1.28 0.92 70 50
Runax-Resa ortho® 1.22 0.80 77 50
RiaxResaRiu[Scrab + (1—=Scr)] 1.03 0.55 73 60
Rm RBSA Rfu [SCRab + (1 SCR)] Orth() 1.02 0.44 83 67
Rinax Row” > -Rey [Scrap + (1=Scr)] 0.97 0.54 77 53
RunaxRow” 7 -Rey[Scrab + (1—Scr)] ortho® 0.98 0.43 80 60
RunaxRet” Ry [Scrab + (1—=Scr)]® 1 0.55 77 57
Rmax'Rffm 'Rfu'[SCRab + (I_SCR)] OI‘thOb 1 0.43 80 67
FE fold-error
* FE = Rpred/Robs
® Estimates obtained by orthogonal regression
© Ryt is (FFM/42.1)
Fig. 2 Box plot of fold-error ALL DATA
prediction of clearance ratio, ; ; ; ;
based on all data (210 values). 351 + n
Initial and final model stand for % i % i
‘BSA basic’ and ‘allometric 2’ +
model, respectively 3 T T
+ + T
+ T
ES * +
251 £ + i
S : ; : :
& : * = .
T ol - = £
w ! ! ; T
3 15 | ' I :
o = s e s
'S h
1
0.5+ ! i ! ; 1
— ) +
| 1 | 1
initial ini.ortho. final fin.ortho.

A maturation function on (1—Scr), representing the
‘non-CYP’ elimination routes, was not supported by our
data. If this represents renal CL, a maturation function is
expected to apply. This paradoxical result might be
explained by the relative paucity of data in children aged
less than 2 years, and the small contribution of renal CL to
total CL for the drugs considered in our study. By design,
we focused on drugs eliminated mainly by CYP-mediated
metabolism. If our approach was to be extended to drugs
eliminated to a significant proportion by the renal route, a
maturation function for renal function such as that descri-
bed by Rhodin et al. [10] should certainly be included in

MODEL

the model. The threshold value of Scr (the sum of CRs)
required to use our approach cannot be determined with the
data at hand. Obviously, it depends on the nature of the
non-CYP pathways, their maturation kinetics and their
proportions.

Several limits of our model need to be delineated. First,
the influence of disease on liver function was not taken into
account. For example, inflammation may alter the expres-
sion of CYPs and transporters in the liver [38], thereby
modifying drug CL, e.g. [39]. Second, our model applies
only to term neonates. The same approach could be pur-
sued for preterm neonates but more data on maturation
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Fig. 3 Box plot of fold-error
prediction of clearance ratio,
based on data in children aged
less than 2 years (30 values)

Fig. 4 Fold-error prediction of
clearance ratio in children aged
less than 2 years, as a function
of age (left) or Scrap (right). CR
contribution ratio

Table 4 R,,.. estimate for the
main models
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Fig. 5 Variation of each component of the final model as a function
of age: fat-free mass (FFM) ratio is FFM.,/42.1, where FFM,, is
calculated according to [31]; unbound fraction of drug in plasma (fu)
ratio is fug,/fu,y, where fu., is calculated according to [11] (see

functions are needed. Prematurity is associated with lower
enzyme activity, leading to a lower CL ratio and lower
dosing rate. Third, our model focuses on the prediction of
CL, allowing the maintenance dose to be estimated. Cal-
culation of a loading dose would require an estimate of the
volume of distribution. Fourth, the obese child is a special
case that we were unable to assess with the data at hand.
However, the use of FFM as a BS descriptor in our model
should theoretically ensure good predictive performances
in obese children [2]. Finally, linear kinetics is a necessary
assumption in the calculation of CRs. Non-linear kinetics
results in a variation of CRs with dosing rate.

Regarding children aged less than 2 years, there are
additional limits. First, there is a paucity of data in this
age range. Second, the two major components of our
approach, namely the maturation functions and the CRs,
are prone to uncertainty. The maturations functions pub-
lished in 2006 and used in the physiologically based
pharmacokinetic software package Simcyp (Certara,
Princeton, NJ, USA) [11] rely on scarce data in children
aged less than 2 years, and part of them were obtained
in vitro. The CRs have been published since 2007 [24]
and validated for prediction of the impact of CYP-medi-
ated drug—drug interactions and genetic polymorphisms
on more than 1000 examples in adults [23]. However, in
neonates, some compensation (i.e. increased elimination
rate per unit of tissue mass) of the low activity of CYPs
by other routes may occur, resulting in a larger than
expected variation of the CRs. Because of these limits,
the model should be used with caution in children aged
less than 2 years until an external validation has been
carried out.

The model opens the way for predicting CYP-mediated
drug—drug interactions and the impact of CYP polymor-
phisms in children aged less than 2 years within the same
modelling paradigm. A consequence of the model is that

AGE (years)

AGE (years)

“Appendix”) and ‘maturation function’ is Scrap + (1—Scgr). The red
line is a fitted sigmoid function (see text). Each point represents a
study (one of the 210 values used as data)

the CR of the j-th CYP involved in drug metabolism in a
child is:

CR,q, - Ab;(age)
[>" CRug, - Abj(age)] + (1 — Y CRug)’

CR.p, (age) =

where the sum is over all CYPs involved. This age-adjusted
CR may be used in static models published earlier for
calculation of an area under the curve ratio in the case of a
drug—drug interaction or CYP polymorphism [40].

5 Conclusions

The proposed model is expected to be useful to calculate
the maintenance dose of drugs eliminated mainly by CYPs.
After a suitable external validation, it could be used in
children aged less than 2 years. In older children, the
model reduces to a simple approach based on BSA or
preferably on FFM at power 0.75.
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Appendix
Fraction of Cytochrome Abundance

The fraction of cytochrome (CYP) abundance with respect
to the adult value as a function age was calculated using the
relationships described by Johnson et al. [11], where age is
in years.

1.41

For CYPIA2: Ab = #agem
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For CY2D6: Ab = -0Lege 1 (036

0.101+4-age
For CYP2C9: Ab = g51-%¢ + 0.21
For CYP2C19: Ab = g5572% 4+ 0.23

0.83

For CYP3A4: Ab = %¢

0.31+age" 83
Unbound Fractions

The unbound fractions in children were calculated as
described by Johnson [11]:
1

1—fuaq)-Pen ’
1 ( ad cl
+ fuch'Pud

fllch =

where P., and P, are the concentrations of the binding
protein in plasma in children and in adults, respectively.
If the binding protein is albumin, then P,q = 45 g/L and

Pe, = 1.1287 x Ln(age) + 33.746.

If the binding protein is acid alpha-1 glycoprotein, then
P.q = 0.83 g/LL and

0.887.age"

h T 889038 | 20038

In the two last equations, age is in days. Finally, if the
binding protein is unknown, P,q and P, are calculated as
the mean of the two equations above.
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