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Toward precision medicine in pediatric population using
cytochrome P450 phenotyping approaches and physiologically
based pharmacokinetic modeling
Gaëlle Magliocco1,2, Frédérique Rodieux1, Jules Desmeules1,2,3,4, Caroline Flora Samer1,3,4 and Youssef Daali1,2,3,4

The activity of drug-metabolizing enzymes (DME) shows high inter- and intra-individual variability. Genetic polymorphisms,
exposure to drugs, and environmental toxins are known to significantly alter DME expression. In addition, the activity of these
enzymes is highly age-dependent due to maturation processes that occur during development. Currently, there is a vast choice of
phenotyping methods in adults using exogenous probes to characterize the activity of these enzymes. However, this can hardly be
applied to children since it requires the intake of non-therapeutic xenobiotics. In addition, sampling may be challenging in the
pediatric population for a variety of reasons: limited volume (e.g., blood), inappropriate sampling methods for age (e.g., urine), and
metric requiring invasive or multiple blood samples. This review covers the main existing methods that can be used in the pediatric
population to determine DME activity, with a particular focus on cytochrome P450 enzymes. Less invasive tools are described,
including phenotyping using endogenous probes. Finally, the potential of pediatric model-informed precision dosing using
physiologically based pharmacokinetic modeling is discussed.

Pediatric Research (2020) 87:441–449; https://doi.org/10.1038/s41390-019-0609-z

INTRODUCTION
Drug responses in children may differ from those in adults due to
age-related differences, which are not limited to changes in
weight and/or height. Childhood is characterized by growth in
height, weight, and organs, and also by changes in body
composition, as well as by important functional maturation of
organs, and enzymatic and metabolic processes.1 The term
ontogeny includes all the developmental events of an individual
organism.
Physiological changes in children during ontogeny are rapid,

complex, and non-linear.1,2 They occur at different rates according
to age and individual, being more pronounced during the first 2
years of life, especially during the neonatal period. They explain
the great heterogeneity of the pediatric population.3,4 The impact
of physiological transformations on the pharmacokinetics (PKs)
and pharmacodynamics (PDs) of drugs makes pediatric doses
extrapolated from adult data (simply adjusted to the child’s body
weight) inaccurate and makes it difficult to determine optimal
dose in children.2

It is not yet perfectly known how the maturation affects the
absorption, distribution, metabolism, and excretion of drugs. In
newborns and young children, oral absorption may be delayed
and decreased for many drugs due to slow gastric emptying and
transit, relative hypochloremia, and incomplete intestinal flora in
the newborns.5,6 Dermal absorption is increased, mainly because
of a higher body surface to weight ratio and the thinness of the
stratum corneum.7 The water-rich body composition of the young

child influences the volume of distribution of hydrophilic
molecules, while the variation in fat mass influences the
distribution of lipophilic molecules.8 The reduced plasma protein
binding capacity in the first year of life may explain an increase in
the free fraction and sensitivity to some drugs.9 Immature renal
function contributes to decreased clearance (CL), increased half-
life, and the risk of accumulation of a large number of water-
soluble drugs and drug metabolites.10,11 However, of all these
changes, the main determinants of overall pharmacokinetic
differences observed between adults and children appear to be
related to changes in drug metabolism.
Although the latter occurs in various organs, such as the

intestine, lungs, kidney, skin, and brain, it is generally assumed
that it occurs mainly in the liver.12 For many drugs, metabolism is
carried out in two phases: phase I reactions, mediated essentially
by oxidative cytochrome P450 enzymes (CYP450), and phase II
reactions, such as glucuroconjugation by uridine 5′-diphospho-
glucuronosyltransferase (UGT) and sulfonation by sulfotransferase
(SULT). All these enzymes are grouped under the term of drug-
metabolizing enzymes (DMEs).13

CYP450 plays major role in drug metabolism. More than 50
functional human CYP450 have been described, about 10 of which
are responsible for the biotransformation of more than 70 to 80%
of all currently marketed drugs.14 The most expressed isoforms in
the liver are CYP3A4 and CYP2C9, whereas CYP2C8, CYP2E1,
CYP1A2, CYP2D6, CYP2B6, CYP2C19, and 3A5 are less abundant
but play a significant role in drug metabolism. The isoforms may

Received: 12 July 2019 Revised: 4 September 2019 Accepted: 22 September 2019
Published online: 10 October 2019

1Department of Acute Medicine, Division of Clinical Pharmacology and Toxicology, Geneva University Hospitals, Geneva, Switzerland; 2Faculty of Sciences, School of Pharmacy,
University of Geneva and Lausanne, Geneva, Switzerland; 3Swiss Center for Applied Human Toxicology, Geneva, Switzerland and 4Faculty of Medicine, University of Geneva,
Geneva, Switzerland
Correspondence: Youssef Daali (youssef.daali@hcuge.ch)
These authors contributed equally: Gaëlle Magliocco, Frédérique Rodieux

www.nature.com/pr

© International Pediatric Research Foundation, Inc. 2019

1
2
3
4
5
6
7
8
9
0
()
;,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41390-019-0609-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41390-019-0609-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41390-019-0609-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41390-019-0609-z&domain=pdf
mailto:youssef.daali@hcuge.ch
www.nature.com/pr


have overlapping substrate specificities.15 The second contribut-
ing factor to drug metabolism are the UGT enzymes,16 mainly
UGT2B7 (metabolizing up to 35% of medications on the market)
followed by UGT1A4 and UGT1A1.17

The activity of most DME is highly variable from one individual
to another but also within the same individual. The variability in
DME activity can be caused by various factors, including
exogenous factors, such as co-medications, food components,
smoking habits, and environmental factors, as well as endogenous
factors, such as genetic polymorphisms, gender, co-morbidity, and
age. The activity can be reduced or increased, and result in a
modification of the drug CL.18 A decrease in DME activity may lead
to reduced CL of drug substrate and increased plasma concentra-
tions, resulting in increased effect and potential drug-related
toxicity due to overexposure. If the drug is a prodrug that needs to
be metabolically activated, the opposite effect is expected, which
is a decrease in effectiveness. Increased DME activity may result in
increased CL, decreased plasma concentrations, and potentially
decreased effect, except for prodrugs for which there is a risk of
toxicity.
With respect to endogenous factors, in recent years, significant

work has been done to understand the impact of genetic
polymorphisms on DME activity. For some DME, many allelic
variants, with different degrees of functional significance, have
been described. With more than 100 polymorphisms described,
CYP2D6 is the most studied DME in relation to drug metabolism.
The impact of its variability can be clinically significant and even
fatal. Around the world, government agencies, research teams,
and clinicians are working on the implementation of pharmaco-
genetic testing for routine medical care and the development of
clinical dosing recommendations based on pre-emptive DME
activity assessment.19

Age is also an important endogenous factor in the variability of
DME activity. Different studies have shown that most DME are
present at birth, although not mature (i.e., with decreased activity
compared to adulthood).2 With age, the specific activity of these
different DME evolves to reach adult activity, each one with a
specific pattern. It is generally accepted that CYP1A2 activity
appears to be very low at birth (5% of adult activity) and develop
slowly after birth; activity reaching 25% at the end of early
childhood, then about 50% at 6 years. In comparison, CYP2B6
activity increases rapidly, that is, twice as much, in the first month
of life. The activity of CYP2C9 and 2C19 increases mainly during
the first 2 years of life, while CYP3A4 activity reaches 50% of that
of an adult at 1 year. CYP2D6 activity in newborns is about 20% of
that in adults. It reaches 90% of adult values around the age of 1
year and adult values between 2 and 3 years old. CYP3A7, on the
other hand, is a predominant isoform during fetal life and in
children; its activity decreases significantly from birth and
disappears almost around the age of 1 year in the liver tissue.1,2

The ontogeny of phase II enzymes is less well described. The
activity of UGTs is reduced at birth and also increases gradually,
with different profiles depending on the isoforms. Their activity
reaches their adult values around 3 months.20 DME with higher
activity in fetal life than in postnatal life are rare, but described for
SULT1E1, SULT1A3, and flavin-containing monooxygenase.21 The
immaturity of DME can have significant clinical effects. The best-
known example is the classic historical case of Gray Baby
syndrome in chloramphenicol-treated neonates when doses were
extrapolated from adult because of the immature UGT.22

However, although the importance of ontogeny and its effect
on DME activity was highlighted several years ago, data on DME
activity in children are still sporadic, the specific rate of evolution
of enzymes activity is still poorly understood, and it is not clear
when adult activity is reached.
In children, the phenomenon of maturation (ontogeny) must be

taken into account among the factors that modify DME activity. It
must be considered when interpreting a lack of clinical response

or the occurrence of adverse drug reactions despite appropriate
weight-based dosing, and also to allow a priori drug dosing
adjustment accordingly. Given the number of covariates involved
in DME activity, it should be kept in mind that DME activity, in
particular in children, is determined at a given point in time and
may evolve over time and in parallel with the maturation of
enzymes. It is essential to develop accurate approaches to assess
the effective DME activity and the effect of these covariates on
drug PKs in children.
This review aims to describe:

Existing approaches to predict DME activity: CYP450 genotyping
and phenotyping procedures.
Modeling and simulation methods, such as physiologically based
pharmacokinetics (PBPKs), based on physiological compartments
and integrating database of drugs and systems, such as genetics,
ethnicity, pathologies, and organs function23 to achieve the goal
of individualized therapy by predicting the effect of several factors
on drug PKs.

GENOTYPING
CYP450 genotyping is based on DNA analysis, including the
detection of genetic polymorphisms, gene deletion, and the
assessment of copy number variation.24 If there is a relationship
between genotype and phenotype, genotyping allows the
prediction of enzyme activity from the identified alleles.25 CYP2C9,
CYP2C19, CYP2D6, and CYP3A5 polymorphisms are associated
with a corresponding well-established phenotype (e.g., poor or
extensive metabolizer).
The advantage of a genotyping test is that it represents a trait

marker. The test can be performed in any situation and its result
lasts a lifetime
It should however be pointed out that genotyping may not

screen for some rare variants and an allele may be erroneously
considered functional.26 In addition, it does not measure the
ontogeny and the influence of some environmental factors on
CYP450 activity, which may limit its use in several cases.27

Drug–drug interactions (DDI), for instance, can induce or inhibit
CYP450 activity, leading to sub-therapeutic or increased drug
concentrations, respectively.
Currently, genotype-guided therapy is increasingly being

applied clinically in adults. Its use is still limited in pediatrics,
even if CYP3A5 genotype is increasingly assessed in pediatric
transplant recipients receiving tacrolimus.27 Studies have shown
that age and CYP3A5 expresser genotype in children receiving
tacrolimus are independently associated with higher dose
requirements and lower tacrolimus concentration/dose ratios.28,29

In addition, CYP3A5 genotype-guided dosing may lead to earlier
therapeutic tacrolimus concentrations and fewer out-of-range
concentrations.30

Similarly, there is a growing interest in pharmacogenetic testing
in children with attention-deficit hyperactivity disorder, depres-
sion, and anxiety disorders to predict therapeutic response,
adverse drug reaction, and psychotropic drugs selection,31 as
well as CYP2C19 genotype-guided proton-pump inhibitor therapy
in children.32

In order to facilitate sampling in children, saliva sample, which is
clearly less invasive and more easily collected in children, can be
used in this population to perform genotyping.33

PHENOTYPING
Determining the in vivo metabolic activity, that is, phenotyping, is
the most accurate way to document the combined effects of
genetic, environmental, endogenous, ontogenetic, and other
developmental factors on CYP450 activity, and also, when this
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assessment is made in a specific individual, the most accurate way
to predict a personalized therapeutic dosage.34

CYP450 phenotyping consists in administering a probe, which is
usually a drug specifically metabolized by an isoenzyme. In most
cases, this probe is given orally, but it can also be administered
intravenously. The probe must be specific, safe for humans,
assessable in biological fluids together with its major metabolite
(s), and available as a therapeutic drug for exogenous phenotyp-
ing.35 After the intake or injection of the probe, a phenotyping
metric is determined most of the time with blood or urinary
samples. Ideally, systemic or partial CL are considered as gold
standards for CYP450 activity phenotyping.
Different criteria must be met to validate the use of a

phenotyping metric, including correlation with a validated
metric and changes during treatment with CYP450 inhibitors
or inducers.35

Phenotyping can be performed by administering a probe
(selective phenotyping) or multiple probes (mixed phenotyping)
at a time, also known as the “cocktail phenotyping” method.36 For
some isoenzymes, it is also possible to quantify endogenous
biomarkers (e.g., cortisol and its metabolite 6β-hydroxycortisol for
CYP3A), which is less invasive.37

When phenotyping in children, it is necessary to take into
account the difficulties that are added to this population
compared to adults. The use of non-toxic probes, validated in
children with an appropriate microdosing approach in order to
avoid pharmacological effects during phenotyping, is absolutely
necessary. The choice of the probe is therefore particularly
important, as well as its conditions of administration. The
preparation of micro-dose forms being challenging, fast dissolving
buccal films have been studied by Kiene et al.38 and appear to be
a very promising diagnostic tool for the pediatric population.38

The measurement methods are also important to consider in
children, for whom blood tests can be tedious, blood volume
collected is limited, and urine collection at a given time point
impossible. For these reasons, measurement methods requiring as
little sampling as possible, a microsize sampling volume or even
alternative methods, such as saliva samples, are necessary. The
dried blood spots (DBS) sampling method consisting of collecting
a drop of capillary blood (obtained from a finger or heel prick) on
blotting paper is applied to phenotyping. Although this method is
minimally invasive, it remains painful and difficult to generalize in
children.39

In this review, the different exogenous probes that have been
used in children to phenotype CYP450 enzymes, including
CYP1A2, CYP2C19, CYP2D6, and CYP3A, are discussed. Despite
its importance, CYP2C9 is not discussed in this article as data are
very limited in children regarding phenotyping.

CYP1A2
Despite a complex metabolism involving several enzymes,
caffeine is the most widely accepted probe to phenotype CYP1A2
activity since this enzyme contributes to about 95% of the total
caffeine CL.40 In children, it may be relatively easily measured after

ingestion of a caffeinated beverage (usually 1.5 to 3 mg/kg).41,42

Children as young as 2 weeks old have been phenotyped in this
manner using blood, urine, or saliva after caffeine intake.41–43

Different phenotyping metrics can be used to characterize this
enzyme in children, including the plasma paraxanthine/caffeine
metabolite ratio (MR) and caffeine plasma or salivary CL.42–45 5-
Acetylamino-6-formylamino-3-methyluracil (AFMU), 1-methyluric
acid (1U), 1-methylxanthine (1X), and 1,7-dimethyluric acid (17U)
can also be quantified in urine in order to measure the following
urinary metabolic ratio (UMR): (AFMU+ 1X+ 1U)/17U, which is
representative of the activity of CYP1A2.41,43,46–50 Finally, to
phenotype CYP1A2 activity, it is also possible to give orally
labeled 13C-caffeine with a nonradioactive stable isotope and to
measure caffeine dose exhaled as 13CO2 over a 2-h period.51–54

None of these studies identified side effects. Table 1 summarizes
the different studies conducted in pediatric populations on
CYP1A2 phenotyping using caffeine.

CYP2C19
Currently, due to the limited availability of mephenytoin,
omeprazole is the most common used probe in the adult
population to phenotype CYP2C19 activity.34 Data regarding
CYP2C19 phenotyping in pediatric population is relatively poor.
Proton-pump inhibitors (PPIs) are relatively safe and frequently
used drugs in children during gastroesophageal reflux disease.55

This class of drugs is metabolized by CYP450 and mostly by
CYP2C19 into hydroxylated metabolites.34 Most of the time,
phenotyping using PPIs is done when children have a therapeutic
need to take a PPI. For instance, in 94 children aged 2 to 18 years,
CYP2C19 enzyme was phenotyped using plasma MR ratio of
lansoprazole/5-hydroxy lansoprazole after administration of 15 or
30mg lansoprazole (15 mg when body weight ≤30 kg and 30mg
when >30 kg) for therapeutic purposes in order to assess
genotype–phenotype correlation.56 No serious adverse effects
were observed during the study. Nineteen of these children were
then phenotyped with a single dose of 20mg omeprazole in order
to determine the plasma MR of omeprazole/5-hydroxyomeprazole
and to establish a potential correlation with lansoprazole. In
another study, 118 healthy Mexican children (mean age 10.2 ± 0.9
years) received 20mg omeprazole.57 Plasma MR of omeprazole/
5-hydroxyomeprazole was determined 0.5 to 4.5 h after dosing.
Table 2 summarizes the two studies described above.

CYP2D6
The best current probe for measuring CYP2D6 activity is
dextromethorphan (DEM), an opioid, which is predominantly
biotransformed by this enzyme into dextrorphan (DOR).58 It is the
reference probe in adults to characterize the activity of this
enzyme. DEM can be used at sub-therapeutic doses to phenotype
CYP2D6 activity in children.58 For this purpose, a dose of 0.5 mg/
kg of DEM (maximum dose of 30 mg) has already been
administered in different clinical trials to children as young as
3 years old.47–49 The urine is then collected for 8 h in most studies
(ranging from 4 to 12 h59,60) and the UMR DEM/DOR is established.

Table 2. Summary of pediatric studies performed to measure CYP2C19 activity using non-therapeutic exogenous probes

References Agea Subjects
(number)

Probe Range
(mean ± SD)

Sampling

Omeprazole/5-hydroxyomeprazole plasma metabolic ratio

Gumus et al.56 2–18 years 19 Oral omeprazole 20
mg

NA Blood sampling 3 h after drug administration

Favela-Mendoza
et al.57

10.2 ± 0.9 years 118 NA Blood sampling between 0.5 and 4.5 h after
drug administration

NA not available, SD standard deviation
aEither mean plus or minus SD or ranges are presented based on the availability from the original paper
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In one study, 0.3 mg/kg of DEM was administered to children in
their first year of life: 2 weeks, 1, 2, 4, 6, and 12 months. Urine was
collected for 12 or 24 h using fiber-based diapers to understand
the influence of developmental maturation on drug biotransfor-
mation.60 Evans et al.59 and Kennedy et al.47–49 reported that no
side effects were observed during the studies. The different
studies conducted in infants and children to phenotype CYP2D6
using DEM are described in Table 3.

CYP3A
In adulthood, midazolam, a benzodiazepine, appears to be the
reference probe for CYP3A activity since it is metabolized
selectively to 1′-hydroxymidazolam by this enzyme.61 In children,
assessment of CYP3A activity is somehow more challenging for
ethical reasons. Indeed, the risks associated with midazolam intake
could be significant in this population. For these reasons, CYP3A
phenotyping using midazolam in children was only performed
when this drug was used for therapeutic purposes (i.e.,
sedation).62 One report used non-therapeutic midazolam to
phenotype 50 obese and 50 non-obese children, but they were
mainly close to adulthood (i.e., 11–18 years).63 They received an
intravenous micro-dose of midazolam infused within 5 min (1 µg).
The 13C-erythromycin breath test, another widely accepted and
validated CYP3A probe, has also been used to phenotype CYP3A
activity of newborn infants, but only in the context of an
ureaplasma infection.64

Both omeprazole and DEM are biotransformed by CYP3A (minor
metabolic pathway) into omeprazole-sulfone and 3-
methoxymorphinan (3HM), respectively.65,66 Thus, in addition to
CYP2C19 and CYP2D6, omeprazole and DEM can be used to
phenotype CYP3A activity. However, it is somewhat controversial
as modulation of the other metabolic pathway (e.g., inhibition of
CYP2D6 or CYP2C19) may impact their metabolism by CYP3A and
skew the results.
Omeprazole 20mg has been used in a recent study to

characterize CYP3A activity by using plasma MR of omeprazole/
sulfone-omeprazole in a pediatrics’ study involving 118 healthy
volunteers at a mean age of 10.2 ± 0.9 years.57

Regarding DEM, a dose of 0.3 mg/kg was administered to
newborns at 0.5, 1, 2, 3, 4, and 6 months of age. The UMR 3HM/
DOR was then used to determine CYP3A activity to measure the
effect of infant diet on enzymatic activity.67

No information was found on the possible side effects of these
probes in these two studies. Table 4 summarizes the clinical trials
conducted when DEM and omeprazole were used to phenotype
CYP3A activity.
As explained above, phenotyping of CYP450 can also use

endogenous probes and/or simultaneous probes (phenotyping
cocktail). It seems also possible to use pupillometry as a non-
invasive method for CYP2D6 phenotyping.68 Finally, PBPK model-
ing is another promising tool for the prediction of pediatric PK.
These methods are described thereafter.

ENDOGENOUS CYP450 BIOMARKERS
There is a growing interest in CYP450 phenotyping using
endogenous markers. In the adult population, cortisol/6β-hydro-
xycortisol and cholesterol/4β-hydroxycholesterol are currently the
most commonly described endogenous probes for CYP3A.37 In
childhood, it is a very promising area but poorly explored.
As explained above, changes in the maturation of CYP3A

may influence the overall metabolic capacity of the drug through
this enzyme sub-family. This has been also demonstrated using the
6β-hydroxycortisol/cortisol UMR in a neonatal population. Nakamura
et al.69,70 showed that the ratio decreased significantly from day 0 to
day 7 after birth in mature neonates, probably due to a decrease in
CYP3A7 expression. In addition, the 6β-hydroxycortisol/cortisol UMR
was significantly higher in mature neonates than in adults on day ofTa
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birth, but significantly lower than in adults within 5 days after birth.
Similarly, Vauzelle-Kervroedan et al.71 observed a progressive and
significant decline of 6β-hydroxycortisol/cortisol UMR in 7 preterm
neonates, 13 term neonates, and 30 infants from 7.2 to 5.0 (p=
0.048), the ratio being the highest in the first group. They suggested
that the decrease in CYP3A7 expression is faster than the increase in
CYP3A4 content after birth.
Tay-Sontheimer et al.72 observed a significant down-

regulation (or even undetectable levels) of an unidentified
compound, M1 (m/z 444.3102), in urine samples of poor
metabolizer (PM) subjects compared to non-PMs subjects in a
pediatric population (n= 189) using metabolomics.72 The
creatinine/M1 UMR was more than 100-fold higher in PMs than
non-PMs (p < 0.0001). This endogenous urinary biomarker seems
very promising to phenotype CYP2D6 activity and needs to be
identified structurally.

PHENOTYPING COCKTAIL
To our knowledge, only one report used an oral cocktail to
phenotype CYP450 activity in children. Li et al.73 gave
simultaneously four probe drugs to 12 children/adolescents
aged 12 to 21 years with a non-alcoholic fatty liver disease and
17 control subjects aged 18 to 21 years: caffeine (100 mg,
CYP1A2), omeprazole (20 mg, CYP2C19), losartan (25 mg,
CYP2C9), and midazolam (2 mg, CYP3A). Venous blood and
urine samples were then collected at 1, 2, 4, and 6 h.
Although not widely used, phenotyping cocktails remain

potentially interesting for use in pediatric, especially with the
development of micro-dose cocktails and non-invasive sampling
methods.

PUPILLOMETRY
Pupillometry, that is, measurement of pupil size and reactivity
using a handheld pupilometer, was studied as a method of
evaluating opioid PD. Although the extent of pupil dilatation
may provide an index of nociceptive input via autonomic
innervation of the iris muscles, the extent of attenuation of the
pupillary response upon exposure to analgesics opioids may
reflect the extent of μ opioid receptors occupancy in the central
nervous system. In adults, a correlation between pupil response
and PKs of tramadol has been demonstrated.74,75 The pupil
response was different between ultrarapid metabolizer and
extensive metabolizer patients, and correlated with the trama-
dol/M1 MR.74,76 Studies are needed to determine whether the
measurement of pupillary response and/or pupil diameter could
be a useful biomarker for determining CYP2D6 activity in
children and thus determine whether pupillometry could be a
rapid and non-invasive method to phenotype CYP2D6 activity
after opioid administration such as tramadol, codeine, or
oxycodone.

Physiologically based pharmacokinetics
Model Informed Prediction Dosing (MIPD) may be of value in a
pediatric clinical setting, particularly for drugs with a narrow
therapeutic window or drugs highly metabolized or subject to
DDI. Over the past decade, PBPK approaches integrating devel-
opmental physiology, ontogeny, organs failure, and DDI have
been developed and used in drug development.77–79 However,
their routine use in adjusting doses in children remains limited.
PBPK models are multi-compartment models capable of

predicting the PKs and PDs of drugs, taking into account realistic
anatomical and physiological properties of the body as well as
physicochemical properties of the drugs. Predictions are based on
in vitro and in vivo input data for the drugs. Various softwares are
available for PBPK modeling, such as Simcyp®, Gastro-Plus®, and
PK-Sim®. In-house models can also be developed using mathe-
matical softwares such as Matlab®. They include different models
of absorption, distribution, and elimination processes. Prior to
clinical use, models have to be fully validated in accordance with
regulatory guidelines.80 For further details regarding the use of
PBPK in children, the authors refer to a previous published review
by Marsousi et al.81

Recently, Templeton et al.82 conducted a 10-year literature
review for pediatric drugs with PK data. They built PBPK models
for 35 drug models and compared predicted and observed
concentrations in different age groups. Overall, PBPK modeling
adequately predicted observed data for all drugs tested in all
simulated age groups, except in neonates where only 55%
predicted concentrations were within 1.5 time the observed
concentrations. Diestelhorst et al.83 proposed a PBPK model to
improve prescribing practices of the alkylating agent busulfan in
children. Glutathione S-transferase activity was implemented in 11
organs and an age-dependent enzyme activity and maturation
ratio was fixed compared to adults (ratios of 0.8, 0.6, and 0.9 for
children up to 2 years, >2–6 years, and >6–18 years, respectively).
The study was conducted in 36 children and the developed PBPK
model successfully described the observed concentrations. In
another study, a PBPK model was set up to predict tramadol PKs
during pediatric life.84 Tramadol metabolic pathways, including
CYP2B6, CYP2D6, and CYP3A4, were optimized in vitro and in vivo,
considering the ontogenetic profiles and maturation functions.
Renal maturation in pediatric age groups was also considered for
renal CL of tramadol and its metabolites. Overall, the model
predicted well tramadol CL in early infancy.
The integration of DME activity data, assessed by genotyping or

phenotyping, with PBPK modeling will certainly increase the
predictability and accuracy of the models and thus improve
dosage adjustments.

CONCLUSION
In clinical practice, the measurement of DME activity, by
phenotyping or genotyping, is often performed a posteriori to

Table 4. Summary of pediatric studies performed to measure CY3A activity using non-therapeutic exogenous probes

References Agea Subjects
(number)

Probe Range
(mean ± SD)

Sampling

3HM/DOR plasma metabolic ratio

Blake et al.67 0.5–6 months 38 Oral DEM 0.3mg/kg NA 24-h urine collection after drug administration

Omeprazole/sulfone-omeprazole plasma metabolic ratio

Favela-Mendoza
et al.57

10.2 ± 0.9 years 118 Oral omeprazole 20
mg

NA Blood sampling between 0.5 and 4.5 h after
drug administration

3HM 3-methoxymorphinane, DEM dextromethorphan, DOR dextrorphan, NA not available, SD standard deviation
aEither mean plus or minus SD or ranges are presented based on the availability from the original paper

Toward precision medicine in pediatric population using cytochrome P450. . .
G Magliocco et al.

447

Pediatric Research (2020) 87:441 – 449



understand a lack of clinical response to treatment, low plasma
concentrations discordant with the prescribed dosage, and doubt
about observance, and also in case of adverse drug reactions at
therapeutic dose.
Drug selection and dose adjustment based on the pre-emptive

DME activity assessment should be evaluated in prospective
randomized controlled trials. This would make sense, especially for
children in whom the activity of the DME varies with their
development and for drugs with a narrow therapeutic range, or
whose efficacy and toxicity are clearly related to plasma
concentrations.
To date, CYP2D6 genotyping is only required by the Food and

Drug Administration (FDA) prior to administration and for genotype-
specific dose adjustment of two drugs, pimozide and tetrabenazine,
to avoid toxicity. The use of these two drugs in the pediatric
population is limited to a few sporadic cases. Clinical dosing
recommendations or drug selection based on DME activity predicted
by genotype are already available in adults. They are published by
independent international expert panels, such as the Clinical
Pharmacogenetics Implementation Consortium (https://cpicpgx.
org), on the Pharmacogenomics Knowledgebase (PharmGKB)
website (https://www.pharmgkb.org/). Most CYP450 guidelines are
for CYP2D6 and treatment with its substrates codeine, tramadol, and
some antidepressants, as well as CYP3A and tacrolimus.
To date, no specific guideline has been specifically designed for

the pediatric population. However, St. Jude Research Hospital is
already using a clinical decision support system to guide the
dosing and prescribing of codeine in children with sickle cell
disease by the age of 9 months, in line with CPIC
pharmacogenetics-based codeine prescribing recommendations
in adults and warnings from the FDA.85

Other clinical decision support tools could be validated in
children, in the same way as those validated in adults, and based
on the actual DME activity, to allow for safer administration of
drugs in the pediatric population.
In the age of personalized medicine, it seems necessary to be

able to develop such dosing guidelines based on the enzyme
activity in both adults and children. In addition, the development
of PBPK models and MIPD should help clinicians to improve drugs’
efficacy and safety in children.
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