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IntroduCtIon

The availability of genetic and genomic data has been 
considered an important breakthrough in the evalua-
tion of differences in disease susceptibility, progres-
sion, and prognosis. Likewise, access to pharmacogenetic 
information has been deemed important to character-
ize and explain the variability in treatment response.

Currently, assessment of the clinical relevance of 
these factors by regulatory agencies relies on voluntary 
data submission. However, little attention has been 
paid to 2 important requirements for accurately inter-
preting such data: (1) validation of the methods and 
(2) integrated approach, including other relevant 
covariates. This latter point is critical for pediatric 
diseases, as true genetic differences must be distin-
guished from the effects of developmental growth in 

This article aims to provide an overview of the current 
situation regarding pharmacogenetic and pharmacogenomic 
(PG) studies in pediatrics, with a special focus on the role 
of PG data in the regulatory decision-making process. Despite 
the gap in pharmacogenetic research due to the lack of trans-
lational studies in adults and children, several technologies 
exist in drug development and biomarkers validation, which 
could supply valuable information concerning labeling and 
dosing recommendations. If performed under strict good 
clinical practice quality criteria, such findings could be 
included in the submission package of new chemical entities 
and used as additional information for prescribers, support-
ing further evaluation and understanding of the efficacy 
and safety profile of new medicines. Even though regulatory 
authorities may be aware of the potential role of PG in medical 

practice and guidances are available about the integration 
of PG in drug development, most data obtained from PG 
studies are not used by prescribers. The challenge is to better 
understand whether PG markers can be used to assess poten-
tial differences in drug response during  the clinical program, 
so PG data can be integrated into the regulatory decision-
making process, enabling the introduction of labeling infor-
mation that promotes optimal dosing in the pediatric 
population.
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children. The challenge for the coming years will be 
therefore the development of methodology for the 
appropriate integration of data on genes, phenotypes, 
and other biological markers to explain variability in 
drug response in children, taking into account the role 
of other important confounders.

Based on this perspective, the integration of novel 
methodologies in conjunction with advanced statisti-
cal models is likely to become critical for the success-
ful evaluation of genetic associations in drug response 
and subsequent incorporation of clinically relevant 
findings into the label of medicinal products. Con-
sequently, a key step in the translation of pharmaco-
genetic data will be the precise and objective definition 
of response for both efficacy and adverse events (or 
various clinical phenotypes).

In this section, we provide an overview of the cur-
rent situation with regard to the value of translational 
research as the basis for the optimization of pediatric 
drug development and its implications for labeling. 
The hurdles and in particular the fragmentation in the 
efforts in pharmacogenetic research are highlighted. 
Throughout the article, the term PG will be used to 
include both pharmacogenetics and pharmacogenom-
ics. A working definition that involves the study of 
how interacting systems of genes determine drug 
response will be used in this article to define PG in 
general.1,2

developmental Growth and Variability  
in treatment response in Children

PG studies are mostly conducted in adult populations. 
There are a limited number of clinical studies involv-
ing children, and among those very few can be con-
sidered translational studies. Thus, there is a lack of 
pediatric PG data that could be used to support drug 
labeling. It should be noted, however, that despite this 
situation, research findings not yet included into prod-
uct labels are being used in clinical practice (eg, pedi-
atric oncology drugs) in a very empirical manner, a 
practice that may have safety and efficacy implications 
for this vulnerable population.

In addition to practical and ethical issues, one of 
the main challenges regarding the evaluation of PG 
factors in children is how to account for the confound-
ing effect of developmental growth and variability in 
individual response. Diseases tend to differ between 
infants and children, as well as between children and 
adults, suggesting that relationships between genotype 
and phenotype may also be different. Therefore, the 
extrapolation of adult pharmacogenetic data to pedi-
atric patients may not be straightforward depending 

on the clinical condition and the age bracket being 
compared. Moreover, metabolic or physiological matu-
ration is the result of complex and continuous pro-
cesses, from the prenatal period to mid-childhood to 
adolescence,3 such that age-specific changes in phar-
macokinetic and pharmacodynamic parameters play 
a crucial role in pediatric drug response.4,5

Biological variability is the second issue to be con-
sidered in the evaluation of PG factors in children. 
Variability to drugs is well documented: among patients 
treated with standard dosage schedules, 20% to 30% 
will experience poor efficacy, whereas 5% to 15% will 
have safety concerns.6,7 Quite often such findings are 
associated with differences in systemic exposure to a 
drug (ie, between-subject variability in metabolic clear-
ance) or with disease factors (ie, between-subject vari-
ability in drug potency or intrinsic activity).

The evaluation of PG data in drug development is 
aimed at identifying the sources of interindividual 
variability in drug- and disease-related factors, so that 
one can ultimately explain differences in drug response 
across the population. In fact, on the basis of these 
premises, pharmaceutical companies have systemati-
cally avoided the development of compounds that 
show elimination via polymorphic metabolic routes, 
such as CYP3A4 substrates.8

However, many covariates contribute to variation 
in response to drugs and thus to between-subject dif-
ferences. Major covariates typically identified in drug 
development include adherence (ie, taking a medicine), 
formulation (ie, differences in bioavailability), and 
demographic variables (ie, age, gender, lifestyle, etc). 
Until recently, these intrinsic and extrinsic factors were 
considered among the main explanatory causes of vari-
ability. In contrast, it was less likely for genetic variation 
or polymorphisms to be considered contributing factors 
to variation in drug response. This situation is worse 
in pediatric research, as even less attention is given to 
developmental pharmacogenomics. For example, some 
developmental genes, such as those for fetal hemoglo-
bin, are expressed early in life and then are switched 
off in adulthood. Such gene switching could be associ-
ated with differences in the therapeutic effects of drugs, 
either efficacy or toxicity, but very limited data are 
available to characterize its clinical relevance.9

Despite the clear role of developmental growth on 
gene expression and subsequent phenotypical differ-
ences, drug response in children has much in common 
with the responses in adults and other mammals.10 In 
fact, there are cases in which a pediatric indication 
may be based on controlled and well-established trials 
in adults, with other information supporting pediatric 
use, as stated in the Paediatric Rule of 1994. Various 
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examples of polymorphisms in pharmacokinetics, 
pharmacodynamics, and disease can be mentioned, 
but such a variation does not translate into differences 
in response between children and adults (eg, antiret-
rovirals,11 deferiprone12). On the other hand, there are 
genetic variations that lead to differences in response 
in children and adults, such as methotrexate,13 anti-
depressants,14 and a few antitumor agents used in 
neuroblastoma.15 The key question remains, therefore, 
how to discriminate which polymorphisms will show 
marked differences across populations and, most 
important, how to assess the clinical relevance of such 
differences. Such an evaluation demands translational 
research efforts, which do not only ensure data gen-
eration in a systematic manner but also support the 
use of the model-based approaches for accurate inter-
pretation and extrapolation of findings.16

Based on the aforementioned, it becomes evident 
that the most conservative position is assumed by 
regulatory authorities when data are lacking. As a con-
sequence, drug effects in adults are considered to differ 
from children until proven otherwise. This perception 
often arises because of historical reasons (ie, most 
drugs have not been adequately studied in the pedi-
atric population).17

Impact of PG on drug development and  
regulatory decision-Making Process in Pediatrics

Three factors need to be taken into account to define 
efficacy and safety of a drug: drug exposure in rel-
evant tissues (described by the ADME process), the 
pharmacodynamics of the drug (relationship between 
drug concentration and effect), and the underlying 
disease. To date, numerous ADME response-gene 
data sets18-20 are available in adults, which allow 
understanding of the role of genetic variation in 
drug-metabolizing enzymes. Considering the impact 
of PG data in clinical practice, investigations related 
to drug metabolism have been well accepted in adults 
but not in children. Generally, ADME data are col-
lected and evaluated in preclinical and early clinical 
drug development. However, as data mount from the 
later phases of drug development, this information 
needs to be put into context with regard to its rele-
vance for treatment response. Without assessing such 
a relationship, any observed PG differences become 
ambiguous, making the judgment of such differences 
rather difficult, if not impossible. An example of 
such a translational effort is the research on the 
detailed understanding of the mechanism of action 
and metabolism of anticoagulants, particularly war-
farin, which has led to changes in the drug label by 

the US Food and Drug Administration, including 
recommendations related to PG data.21 Likewise, the 
application of PG to pharmacodynamics and ADME 
properties should not be different in pediatric drug 
development.22,23 However, with the exception of a 
few examples, the integration of PG has not been per-
formed systematically because of ethical and practical 
issues in pediatric studies.

The ultimate goal in drug development, irrespective 
of whether treatment refers to adult or pediatric indica-
tions, is not only to deliver drugs of value for patients 
but also to improve medical practice, such as prescrip-
tion guidelines and dosing recommendations that are 
tailored to the specific needs of a patient group or popu-
lation. In the case of pediatric populations, it is essential 
to consider how PG data can be effectively used for 
such purposes. Thus far, this has not really happened 
in a systematic manner. For regulatory and labeling 
purposes, one must consider the predictive rather than 
(simply) prognostic value of PG data, which require 
the integration of biomarkers of treatment response to 
pharmacogenetic studies. In fact, a recent mechanistic 
classification of biomarkers has been proposed, which 
elegantly establishes the correlation between PG factors 
to other indicators of physiological function, pathogenic 
processes, and pharmacological response to a drug.24,25 
This classification is applicable to any patient popula-
tion and offers additional advantages for the assessment 
of specificity and sensitivity of the end points of inter-
est, which are an important component of the validation 
procedures for any methodology.26,27 Unfortunately, 
validation procedures are lacking for PG data, particu-
larly for data obtained in pediatric disease conditions. 
In addition, there is another aspect related to validation 
of biomarkers that needs to be carefully considered—
namely, whether it is meant to be used as a decision-
making tool in drug development or to support medical 
decisions in clinical practice. In drug development, 
the objective is to characterize the efficacy and/or safety 
of drugs as assessed during well-controlled clinical 
trials. In contrast, in medical practice, the aim is not 
only to obtain proxys for treatment outcome in terms 
of safety and efficacy. Rather, the main objective is to 
facilitate decision making in those conditions for which 
the absence of such data could have clinical implica-
tions, including different diagnosis and changes in the 
therapeutic management.

These goals are unlikely to be achieved under the 
current paradigm, which is primarily focused on meth-
ods and other technical aspects of data acquisition. The 
gap and challenges for data integration and interpreta-
tion have been taken for granted and left out of the 
scope of most regulatory and scientific initiatives.
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PG In PedIatrIC druG deVeloPMent

Current approaches in PG research

In a previous publication by our group, we have high-
lighted the lack of a well-defined, hypothesis-driven 
strategy for translational PG research, which has pre-
vented the interpretation of findings for regulatory 
purposes and subsequently incorporation of the PG 
information into the label.28 Despite the aforementioned 
validation issues, claims continue to be made about 
PG data, without taking into account the variety of 
methodologies from which they arise. In fact, the need 
for standardized techniques in PG research protocols 
has not been perceived yet, nor is its potential impact 
on the use of PG data in the regulatory processes.

Current research protocols can be classified in 
2 categories: the first approach is based on associa-
tion studies of drug response with single-nucleotide 
polymorphisms (SNPs) in “candidate genes,” which 
are genes selected according to their putative role in 
pharmacokinetics and pharmacodynamics using a 
hypothesis-driven approach. The second approach 
intends to associate independently evenly distributed 
SNPs across the human genome in (or in linkage with) 
candidate genes with response, without using any a 
priori knowledge about the pharmacology of a drug, 
that is, a hypothesis-free approach.

Although the candidate gene approach is appealing, 
it may fail for several reasons. First, most methods do 
not take into account the potential role of other genes, 
including those genes whose function is not yet under-
stood. In addition, it does not account for gene duplica-
tion and other mechanisms that alter protein expression, 
such as gene-environment interactions. Also the 
genome-wide analysis (GWA) of SNPs has important 
limitations, especially with regard to the inferences 
that can be made from such findings. Among other 
issues, confounders are often present, which lead to 
the identification of noncausal correlations between 
gene and phenotype. In addition, sophisticated statisti-
cal approaches may be required to account for multiplic-
ity of testing. These limitations are further compounded 
by the difficulties in assessing clinical relevance, as the 
studies from which these data arise were not designed 
for the assessment of PG as primary endpoints. An 
interesting step between the candidate gene and the 
whole-genome PG analysis is the study of drug response 
in downstream and interacting signaling pathways. 
Pathways of genes with allelic variants may be more 
important than individual genes, with the effects of 
polymorphisms in networks of genes acting together to 

create one phenotype. In addition, it has to be realized 
that genetic factors are estimated to account for 15% to 
30% of the interindividual variation in drug response. 
Thus far, only for certain drugs an exceptionally high 
degree of interindividual variation in treatment response 
has been observed, and such findings were usually 
attributed to genetic variants in pharmacodynamics 
or disease. For that reason, drug efficacy and safety are 
likely to be a complex result of environmental (extrin-
sic) and endogenous (intrinsic) factors with the influ-
ence of many interacting genes. Moreover, it should be 
noted that drug treatment itself may modulate or alter 
phenotypical features. Therefore, translation of pharma-
cogenetic data into label claims or dosing recommenda-
tions may require both prospective and retrospective 
evaluation of candidate genes in well-defined case 
control cohorts. Such a learning-confirming paradigm 
is essential to ensure accurate assessment and inter-
pretation of the clinical relevance of PG data.

From the data analysis perspective, readers should 
be aware that use of naive pooling and other nonpara-
metrical approaches predominates in PG research. 
These methods do not account for the variance structure 
and often do not consider longitudinal factors, as the 
assumption is that genotype does not change over time. 
This assumption ignores the fact that gene expression 
and other phenotypical data are often more informative 
or correlate better with variability in disease and drug 
effects. Multivariate and hierarchical models are 
urgently needed for the accurate evaluation of drug-gene 
associations. For instance, research on the role of PG 
differences in drug metabolism often neglects variation 
due to the effect of formulation, which may be observed 
as within-subject or between-subject variability depend-
ing on the study design. Likewise, poor adherence to 
treatment is well known to be the ultimate cause of lack 
of response or increase in adverse events. PG research 
protocols ignore the impact of patient behavior with 
regard to adherence, which has been shown not to be 
random across treatment arms and dose levels.

Therefore, statistical methods are needed that 
ensure common factors in variation to drug response 
are first addressed before polymorphisms are evaluated 
to identify the correct source and explain variation in 
response. This implies the use of parametric approaches 
in which genetic and nongenetic factors—important 
for the evaluation of phenotype associations—are inte-
grated and analyzed concomitantly. The use of Bayes-
ian hierarchical models and nonlinear mixed effects 
modeling (population approach) may be a powerful 
tool to investigate the relationships between genetic 
and nongenetic covariates and pharmacokinetic/
pharmacodynamic parameters. In conjunction with 
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clinical trial simulation techniques, such models make 
it possible to explore the implications of different clini-
cally relevant scenarios and describe variability in drug 
response across specific groups of the population.

Another important problem is that scientific journals 
and research groups tend to only publish positive asso-
ciation results while potentially neglecting important 
study quality issues such as the power and sample size 
of the study needed to detect so-called true associations 
in complex phenotypes. Preferentially, both negative 
and positive associations with polymorphisms and drug 
response should be reported to make meta-analysis 
of data possible. As already mentioned earlier, the 
challenge has become the development of methodology 
for appropriate integration of data on genes, pheno-
types, and other biological markers to explain vari-
ability in drug response in children, taking into account 
the confounders of study design. Epidemiologic 
research, gene expression analyses, and proteomic 
methods (in target tissues) with sophisticated statisti-
cal models are likely to be important for the successful 
evaluation of genetic associations in drug response. 
Several suggestions can be made for conducting studies 
to develop polygenetic models for drug response. How-
ever, the key step in any clinical PG study is the precise 
and objective definition of response for both efficacy 
and adverse events (or various clinical phenotypes). 
If efficacy and safety outcomes are not clearly defined, 
PG variables related to the outcome become useless.

It should be clear that most treatment-gene associa-
tions of clinical relevance and higher frequency will 
be of small effect and multifactorial. In contrast, many 
of the PG polymorphisms in drug disposition that have 
been well studied and published (eg, cytochrome P450) 
tend to be of large effect, are rare depending on the 
ethnic background, and involve a single gene (or a few 
genes). Nevertheless, neglecting the impact of nonge-
netic factors on drug response will lead to confounded 
associations whether multifactorial or single-gene drug 
response is involved. Therefore, to account for the 
“noise” in the data, one must bear in mind issues such 
as statistical power and stratification, ensuring uni-
form criteria for patient inclusion and exclusion. 
Moreover, protocol design should consider the assess-
ment of other disease characteristics, as well as demo-
graphic and environmental factors as covariates for 
response, and incorporate differences in drug exposure 
and measures of treatment compliance. In addition to 
the validation and data analysis aspects, prospective 
multicenter PG studies must comply with the regula-
tions regarding the handling of PG samples and rele-
vant analytical procedures, as defined by International 
Conference on Harmonisation (ICH) E6 guidelines.29 

Unfortunately, even under these circumstances, pro-
tocol designs may not be suitable for establishing 
associations between treatment response and PG, par-
ticularly if the primary objective of the protocol is 
efficacy (ie, active vs control) and subjects have not 
been stratified accordingly across treatment arms. 
Given the dynamic, reversible nature of some efficacy 
and toxicity endpoints, associations may be missed if 
exposure-response relationships are not known.

Validation of Pharmacogenetic Biomarkers

As already outlined, the accurate use of PG markers 
for decision making demands further efforts on valida-
tion. The validation requirements will vary depending 
on the intended application or stakeholder, such as 
researcher, regulator, medical practitioner, or patient. 
Appropriate study size is of great importance, as well 
as the confirmation of findings in independent patient 
groups. As a matter of fact, case control cohorts have 
been proposed and performed in a number of cases. 
For instance, the effect of the polymorphism in the 
ABCB1 gene in antidepressant therapy has been shown 
for those drugs that have been identified as substrates 
of ABCB1.30 However, even in the case of case-control 
cohorts, PG markers may not be valid for all popula-
tions, either because of differences in genetic back-
ground or because of environmental factors. This 
implies that validation of PG markers across different 
groups is important and necessary. In this respect, 
when a genetic polymorphism has been demonstrated 
to mechanistically affect a specific drug pathway, the 
chances of finding this marker to be valid across 
patient groups is substantially larger, which justifies 
that research should be done to find the explanation 
for an observed PG association.

On another aspect, one should realize that age can 
have a profound effect on the validity of PG markers. 
For example, because of the maturation processes of 
drug-metabolizing enzymes, genetic polymorphisms in 
the genes encoding these enzymes will not have the 
same impact in adults and children, particularly neo-
nates and young infants.31 Therefore, PG markers that 
are to be used in these populations require validation 
with studies involving the appropriate age range. Sub-
sequently, such markers may be incorporated into patient 
diagnostic procedures only after they have been vali-
dated in the appropriate patient population and their 
effect has been identified mechanistically and proven 
clinically useful in prospective randomized trials.

The influence of environment and clinical history 
on a patient’s phenotype also needs to be taken into 
account because the phenotype could interact with 
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the genotype and consequently affect the clinical 
response of the patient. In addition, during biomarker 
validation, procedures and quality control measures 
should be in place to identify sampling errors, so that 
methodological limitations can be clearly discrimi-
nated from procedural issues. Of particular interest 
are the estimates of sensitivity and specificity for a 
given method because important decisions on drug 
prescription may follow from the results of such a test 
or diagnostics. For example, the implementation of 
2 different genotyping platforms for identifying the 
same SNP should be considered. In the experience 
of one of the authors, it was observed that some geno-
typing techniques may misclassify ≥1% of the samples 
(unpublished data). Of course, the importance of this 
bias will depend on the frequency of the polymor-
phism and/or if adverse events are associated with it. 
Typically, the implications of such a misclassification 
may be minimized quickly if other phenotype infor-
mation or therapeutic drug monitoring is available. 
However, under these circumstances, one may ques-
tion the clinical value of such a PG marker.

The impact of the lack in assay sensitivity and/or 
assay specificity needs therefore to be carefully evalu-
ated in light of the overall benefit-risk ratio. First, it is 
important to establish if PG-specific data need to be 
integrated with any other known covariates for a given 
drug or disease condition. When treating patients, it 
is the clinical sensitivity/specificity that is required 
for decision making, not the sensitivity/specificity of 
the PG technique or method itself. However, it is also 
true that clinical decisions often have to be made based 
on incomplete information regarding each individual 
covariate or its interactions. Therefore, it is important 
to distinguish clinical validation from assay validation. 
In fact, many readers may be unaware that in compari-
son to new DNA methodologies, many clinical chem-
istry tests typically have far lower assay specificity 
and/or sensitivity.32 This limitation has been often 
overlooked in most published literature regarding PG 
research. From a therapeutic perspective, it is essential 
to make a comprehensive assessment of the impact of 
false negatives and false positives arising from techni-
cal or methodological procedures as they may deter-
mine the value of such markers for clinical decision 
making. An immediate consequence of the differences 
in specificity and sensitivity is that accurate interpreta-
tion of PG differences may be limited to the population 
level but not necessarily valid for individual patients.

The integration of PG data into regulatory submis-
sions will have to take into account the aforemen-
tioned limitations. A case-by-case approach may not 
be sufficient to warrant effective use of the PG data 

because of the exploratory nature of research protocols 
and empiricism in evidence-synthesis in medical prac-
tice. Thus, guidelines will need to focus on scientific 
principles that stand the test of time and incorporate 
flexibility as both technology and medical understand-
ing evolve. Model-based statistical methods must be 
considered to translate the evidence from PG differ-
ences into specific dose recommendations and/or 
actions for prescriber and patient.

reGulatory ConsIderatIons  
on the use of PG data to enhanCe  
the deVeloPMent of new MedICInes

PG and the regulatory agencies

There is wide recognition by regulatory authorities 
that biomarkers, especially PG, have the potential to 
improve the discovery, development, and use of medi-
cines.33 The Food and Drug Administration (FDA) has 
indicated in its Critical Path Initiative that a new gen-
eration of predictive biomarkers (ie, PG biomarkers) 
is one of the most important areas for improving medi-
cal product development.34,35 The European Medicines 
Agency (EMA) also mentions PG as a challenging new 
technology in its Road Map to 2010.36 Overall, indi-
vidual regulatory agencies have issued various white 
papers, points to consider, draft guidances, and final 
guidances to integrate PG into drug development. As 
such, regulatory guidance documents become impor-
tant in steering operating practices for sponsors of 
pharmaceutical research and development.37

In addition to such guidances, a few other initiatives 
reflect the need for creating a stronger scientific basis 
for decision making in regulatory processes. For 
instance, the regulatory agencies in the United States, 
Europe, and Japan have introduced new practices and 
hired additional personnel to facilitate early contact 
with sponsors, encouraging among other things the sub-
mission of PG data. These changes derive from an initial 
concept of “safe harbor,” which has progressed, par-
ticularly in the United States, to the voluntary genomic 
data submission (VGDS) and, more recently, to the 
acceptance and inclusion of other exploratory biomark-
ers (voluntary exploratory data submission [VXDS]).

However, although the focus of regulators on safety 
and efficacy involves consideration of predefined cri-
teria for the review of clinical trial submissions, VGDS 
has been used to promote emerging biomarkers specific 
to drug development, without considering (1) the vali-
dation of the methods and (2) the integration of other 
relevant covariates. In this respect, it is surprising that 
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pharmacokinetic/pharmacodynamic (PK/PD) model-
ing has not been considered yet as the approach of 
choice for covariates analysis and ultimately to assess 
the relevance of PG differences together with other 
influential factors. In conjunction with clinical trial 
simulations, it is possible to quantify the interaction 
between all relevant factors explaining between-subject 
differences and thereby assess the contribution and 
clinical implications of PG, as compared with the over-
all variability.

Recent agreements among the 3 major geographic 
regions have also led to combined efforts in regulatory 
guidelines as represented by the ICH on the following: 
(a) ICHE15 guidance on “Definitions for Genomic 
Biomarkers, Pharmacogenomics, Pharmacogenetics, 
Genomic Data and Sample Coding Categories” and 
(b) the recently proposed ICH E16 draft guidance on 
“Pharmacogenomic Biomarker Qualification: Format 
and Data Standards.” Thus, PG has become a key sci-
entific topic to which regulatory agencies are proac-
tively engaged in evidentiary progress to understand 
the value of PG data for future regulatory applications 
such as the assessment of dose selection, safety, and 
efficacy.33,38 It is unfortunate that no actions have been 
taken yet to endorse the importance of model-based 
data analysis methodologies.

Ultimately and ideally, the path in drug development 
culminates with the regulatory approval of a new chemi-
cal entity. But it does not end there. A major part of the 
regulatory approval process is the identification of 
relevant data from across extensive evidence accumu-
lated over a long time span to justify and support the 
claims in the label of a new medicine. Just as with other 
types of data sets, the integration of PG into a label 
must fulfill similar stringent clinical science criteria 
and meet prescriber as well as patient needs. Thus, 
these needs are not only to effectively and safely use 
a medicinal product but also to understand its benefits 
and risks, as is practicably feasible with the available 
data at the time of approval. It should also be noted 
that regulatory approvals are no longer considered end- 
points but are now an en route milestone, as the data 
collection continues postmarketing for pharmacovigi-
lance and further understanding of the overall clinical 
utility. As already explained, assessment of the contri-
bution of PG differences to changes in the risk-benefit 
ratio and consequently its implications for patients and 
prescribers are likely to remain wishful thinking with-
out guidelines aimed at (1) the requirements for inte-
gration of PG data and (2) the methodology for the 
analysis of the results in conjunction with other relevant 
factors contributing to between-subject variability in 
treatment response.

applications of PG in drug development  
and on the Medicine label

It is important to differentiate the use of PG in drug 
development from PG on a medicine label or PG within 
medical practice or PG in peer-reviewed research. There 
are only limited PG assays or diagnostics available for 
human application in general. PG diagnostics are pri-
marily related to drug metabolism because this is the 
main area in which there is mechanistic evidence and 
some understanding of the clinical usefulness of the 
data. Some examples associated with patient screening 
procedures or dosing algorithms are found in early 
phase drug development or when an adverse event 
arises for a drug that has a narrow therapeutic range. 
In contrast, the objective of a label is primarily to guide 
the prescriber for the safe and efficacious use of a medi-
cine. To this purpose, quantitative methods are required 
that take into account biological differences, possible 
dosing regimens, and the decision criteria and course 
of actions to be taken by the prescriber.

Such an approach differs considerably from the 
policy currently implemented by some regulatory 
agencies. The FDA has published a comprehensive 
list on the use of PG data and established a definition 
of “valid” genomic biomarkers in the context of FDA-
approved medicine labels.39 About 10% of these labels 
contain some PG information, but this number appears 
to be slowly increasing during the past decade. In the 
last update from the first quarter of 2008, a PG test was 
“required” or “recommended” for 10 of the 17 different 
biomarkers mentioned in the labels. Nevertheless, the 
differences between the advancement of these con-
cepts in adult as compared to pediatric indications 
become evident from the fact that among these recent 
10 biomarkers, only very few are approved for pediatric 
use: CCR5 chemokine C-C motif receptor as a required 
test in the label for maraviroc (from 16 years on), G6PD 
deficiency as a recommended test in the label for ras-
buricase (from 1 month on) or dapsone (from 12 years 
on), test for thiopurine methyltransferase (TPMT) vari-
ants recommended in the thioguanine and mercapto-
purine label (no age limitations), and the urea cycle 
disorder deficiency test for valproic acid (over 2 years).

In summary, it generally appears that most PG infor-
mation is descriptive with no specific action for the 
prescriber or patient (such as diagnostic testing or 
change of dosing or choice of drug)—all of which 
reflects the lack of PG data and of quantitative methods 
for the assessment of its clinical relevance, including 
subsequent prescriber actions. Of note and just as 
important, it should be clear that the value of additional 
PG data remains unknown or hypothetical until sufficient 
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evidence demonstrates its relevance. What is certainly 
critical in this process is the need to assess the clinical 
utility, which can only be accurately evaluated if PG 
data are analyzed in an integrated manner with other 
pharmacokinetic, pharmacodynamic, and disease vari-
ables. Thus, it is not surprising that only a few labels 
have recommended actions (typically for safety issues) 
and even fewer require or mandate a diagnostic PG test 
before being able to prescribe the specific medicine.

Depending on the clinical use of PG data in drug 
development, there are different levels of validation 
requirements in PG for assay versus medical interpreta-
tions. Regarding laboratory techniques or test proce-
dures, validation is a common practice both for (bio)
analytical methods used in drug development and for 
in vitro diagnostics40 in which the focus is on assay 
characteristics (accuracy, sensitivity, specificity). These 
principles can be applied to the methodologies used to 
generate PG data. In comparison, for regulatory pur-
poses, validation should be consistent with approaches 
applied to other types of data sets used in drug develop-
ment. Thus, early stage protocols should be exploratory 
and aimed at finding relevant clinical associations with 
a biomarker, whereas later stage protocols should yield 
confirmatory evidence of the correlation between PG 
differences and a clinical endpoint (efficacy or safety). 
Therefore, the validation of PG biomarkers for clinical 
use requires a different type of data set than assay vali-
dation and needs to be fit for purpose. These differences 
imply that PG data generation may demand specific 
protocols, which may have ethical and practical impli-
cations if implemented during drug development.

A clear distinction is therefore needed with regard 
to the requirements for the generation of PG data before 
and after market approval of a new medicine. Given 
that the volume of PG data emerging from human pro-
tocols is increasing, there will be differing opinions 
about its relevance until evidence for treatment-gene 
interactions is established with some confidence. How-
ever, one of the major advantages of PG in drug devel-
opment is the potential to explain or predict some of 
the variability in drug response. Such information can 
be used in protocol design so as to screen, enrich, and/
or guide dose titration during clinical evaluation of 
new medicines. In contrast, to define PG-related rec-
ommendations in medical practice, extensive genetic 
epidemiology data spanning over many patient-years 
are required. Such a volume of data cannot be easily 
obtained during drug development, particularly when 
the prevalence of the genetic variants is low. In any 
case, accurate clinical validation requires the use of 
PK/PD modeling and simulation, as it ensures 

integration of PG data to other influential covariates and 
enables optimization of prospective study protocols.

Even if associations are established demonstrating 
the clinical relevance of PG differences, increased com-
plexity of treatment needs to be taken into account, and 
as for other types of medical data, such criteria should 
only be applied when there is significant improvement 
of the benefit/risk for the patient. Also, cultural and 
education hurdles exist that need to be overcome if PG 
is to become part of the standard toolkit in therapeutics. 
Physicians are not trained to dose titrate or classify 
patients based in terms of their genotype. The same 
type of training is required in clinical pharmacology to 
ensure proper interpretation of PG data and subsequent 
translation of findings into labeling recommendations. 
Certainly, ancillary technologies are required for medi-
cal and patient education before PG can become a reality 
in everyday life therapeutics. Identification of a geno-
type does not solve the problem of optimal dosing or 
treatment prognosis. Hardly feasible at present, dosing 
algorithms need to evolve in parallel to pharmaceutical 
formulation technologies to enable dose titration, frac-
tioning, or tailoring while minimizing the risk of medi-
cal prescription errors, which are critical in adults but 
even more so in pediatric patients. Thus, there are prac-
tical challenges for the integration of PG into medical 
practice, which demand concerted efforts by industry, 
regulatory agencies, and health care professionals.

oVerVIew of PG data In  
PedIatrIC dIseases suMMarIzed  
Per theraPeutIC area

To gather evidence of the challenges and issues 
described in the previous sections, a literature review 
was performed to summarize some of the existing 
literature data regarding PG studies in the pediatric 
population. Data have been classified into different 
therapeutic areas to facilitate further understanding 
of disease-related factors and possibly fill the current 
gaps in PG knowledge in young patients.

From Table I, it is clear that the clinical relevance 
of PG information and subsequent impact on prescrip-
tion are variable. Even in those cases where changes 
in prescription practice are recommended, there is 
little research on the benefit of screening, taking into 
account allele and disease prevalence as well as speci-
ficity and sensitivity of the methods. An analysis of 
health claims data suggests that avoiding the burden 
of ineffective treatment is likely to offset the costs of 
screening the population of primary care patients with 
asthma-like symptoms for treatment response,41 but 
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thus far, similar analyses have not been performed for 
other diseases.

Irrespective of whether PG or other biomarkers refer 
to pediatric or adult diseases, the challenge is collect-
ing the relevant data based on a precise and objective 
definition of response for both efficacy and adverse 
events. Subsequently, once appropriate data have been 
collected, 2 issues should be considered in the analysis 
and interpretation of the available information. First, 
a quantitative, model-based evaluation should be per-
formed of the PG differences.16 The second issue per-
tains to the need for updated PG information, which 
reflects changes in clinical relevance. In this respect, 
the contribution of collaborative networks aimed at 
identifying genomic markers in the pediatric popula-
tion and subsequent data sharing is becoming increas-
ingly important.42

ConClusIons

Within drug development, PG is high on the agenda 
of regulatory authorities worldwide. There is now broad 
awareness on the potential of PG biomarkers and their 
contribution to the scientific evidence in support of 
drug approval. However, most PG may not qualify from 
a regulatory perspective toward actionable decisions 
by prescribers to alter key medical outcomes and thus 
be included on a medicine label. Yet, within drug devel-
opment, there are key steps to which PG could be inte-
grated to assist the progression of a new chemical entity 
more efficiently or to terminate faster. Even though the 
details of the actual PG assay or test do not end up on 
the label or in medical practice, such PG data may 
contribute to decision making and go/no-go criteria 
used prior to the approval of the medicinal product. 
In medical practice for both adult and pediatric patients, 
the potential relevance of PG for personalized medi-
cines is as yet limited and should only be applied when 
clear benefit for the patient is justified in a transparent, 
scientific, and systematic way.

It is surprising that none of the initiatives under-
taken to characterize the role of PG factors has con-
sidered the need to integrate other clinical, 
pharmacological, and demographic factors. Although 
modeling and simulation (M&S) have gained relevance 
as a quantitative, integrative tool in drug development 
and therapeutics, it is wearisome to see the role of PG 
disconnected from all other factors (covariates) con-
tributing to clinical outcome. Moreover, it should be 
noted that because of the interaction between various 
drug- and disease-related factors, many of the associa-
tions may not be identified, even if statistical power 
is formally taken into account.

Given that genetic factors must be considered within 
a specific clinical context, and in conjunction with 
environmental factors, different scenarios are required 
to assess the added value of PG both in drug develop-
ment and/or in medical practice. Obviously, this is a 
complex question that involves not only the cost of the 
PG test itself but also other feasibility issues. In pediatric 
diseases, these considerations include long-term effects.

Drug development and drug therapy in children 
have to deal with practical and ethical hurdles, which 
increase the challenges for the effective collection, 
use, analysis, and interpretation of PG data. Yet, even 
with these barriers, the availability of PG biomarkers 
may make a difference, ensuring that children receive 
the dose and/or drug that is the most effective and 
least harmful for them.

Bullet PoInts

 • Currently, assessment of the clinical relevance of these 
factors by regulatory agencies relies on voluntary data 
submission. However, little attention has been paid 
to 2 important requirements for accurately interpreting 
such data: (1) validation of the methods and (2) inte-
grated approach, including other relevant covariates. 
This latter point is critical for pediatric diseases, as 
true genetic differences must be distinguished from 
the effects of developmental growth in children.

 • The challenge for the coming years will be the devel-
opment of methodology for appropriate integration of 
data on genes, phenotypes, and other biological mark-
ers to explain variability in drug response in children. 
Consequently, a key step in the translation of phar-
macogenetic data will be the precise and objective 
definition of response for both efficacy and adverse 
events (or various clinical phenotypes).

 • Because important decisions on drug prescription may 
follow from the results of tests or diagnostics, model-
based approaches (M&S) are recommended as a tool for 
clinical validation. They ensure integration of PG data 
with other influential covariates, providing quantitative 
estimates of the risk-benefit ratio for individual patients 
across a range of clinically relevant scenarios.

 • A clear distinction is needed with regard to the require-
ments for the generation of PG data before and after 
market approval of a new medicine. One of the major 
advantages of PG in drug development is the potential 
to explain or predict some of the variability in drug 
response. Such information can be used in protocol 
design so as to screen, enrich, and/or guide dose titra-
tion during clinical evaluation of new medicines.

 • In contrast, to define PG-related recommendations in 
medical practice, extensive genetic epidemiology data 
spanning over many patient-years are required. Such 
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a volume of data cannot be obtained during drug devel-
opment, particularly when the prevalence of the genetic 
variants is low.
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