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Abstract
Background: Pediatric drug development is plagued by small sample sizes, unvalidated clinical endpoints, and limited studies.
Objectives: The objective of this study was to determine whether age stratification within the pediatric population could be used to
(1) assess response to a pharmacologic intervention and to (2) design future trials based upon published stratified disease data
using clinical trial simulation (CTS). Methods: Data available from the literature for Kawasaki disease (KD) was used in the model.
Age-stratified CTS for a theoretical new drug was conducted. Results: Population-specific differences due to age might affect trial
success if not taken into account. CTS predicted inflammatory indices, and inclusion cutoff significantly altered the trial outcome.
Finally, altered pharmacokinetics/pharmacodynamics in varying age groups of KD patients may alter drug exposure and response.
Conclusions: If assumptions regarding a pediatric disease process, such as KD, do not include age stratification with inclusion or
response, then the wrong decision could result with regard to age-appropriateness or approval of a drug.
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Introduction

Investigators and regulators involved in planning, conducting,

and evaluating pediatric clinical research struggle with small

sample sizes, unvalidated endpoints, and limited and some-

times unsuccessful trials. Within the context of drug develop-

ment, a failed trial is one in which the trial is unsuccessful in

establishing safety and efficacy in the study population.1 When

a trial fails, it is important to investigate the root cause(s) for its

failure, and what the best course of action is for repeat or future

trials. One possible reason for the trial failure could be not

taking age into account and/or not stratifying the study popu-

lation by age. If the study population is not stratified by age,

variation in disease manifestations in the different strata may

be missed. Furthermore, if the cohort is not age stratified, one

might miss observing the heterogeneity in therapy response

across different age strata. Finally, if the study population is

not stratified by age, the need for adjustments in drug dosing by

age could be missed because of differences in pharmacoki-

netics (PK) or pharmacodynamics (PD).

Age stratification in the pediatric population in a drug devel-

opment trial does not ensure that the disease process and effi-

cacy is assessed. In fact, out of more than 300 products studied

under the Best Pharmaceuticals for Children Act (BPCA) and

the Pediatric Research Equity Act (PREA), we could only

identify 3 products (Dymista, Sabril, Topopmax) where the

assessment of efficacy was different between pediatric age

groups. Therefore, the assumption that differences in disease

processes between pediatric age groups may occur requires

special consideration in developing those trials.

One way to test the impact of age stratification on the study

population and trial outcome is to simulate the clinical trial.

Clinical trial simulation (CTS) is a modeling approach that

makes assumptions about different aspects of a clinical trial

and postulates outcomes based on those assumptions. Thereby,

the effect on outcome of changes in various elements of the

trial can be tested prior to the actual conduct of the trial. By

simulating variations of these elements, CTS can aid in
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selecting trial designs that have a higher chance of successfully

answering the question being investigated (such as whether or

not a drug is safe and effective). CTS has been used to better

understand the reasons for failed trials,2,3 and is also increas-

ingly being utilized to answer trial design questions by testing

hypotheses.4–6 Without CTS, the investigation might require a

large sample size to gain evidence within each stratum to inves-

tigate a design question such as whether or not the trial may fail

because of a lack of age stratification. Demonstrating the

importance of age stratification in diseases and for drugs tar-

geting those diseases is critical when the age of the child deter-

mines the natural history of the illness. One example of such an

illness is Kawasaki disease (KD).

KD is an acute febrile illness involving generalized inflam-

mation of the small and medium-sized blood vessels. It occurs

primarily in childhood, and it is estimated that approximately

3000 children are hospitalized annually with KD in the US. The

highest incidence is reported in Asian countries. The etiology

of KD remains unknown. It has been postulated that the cau-

sative agent is likely infectious, although both genetic predis-

position and autoimmune reactions have also been suggested.

KD is characterized by an array of clinical manifestations,

including prolonged fever, rash, nonexudative bilateral con-

junctivitis, erythema and edema of the hands and feet, ‘‘straw-

berry’’ tongue, and cervical lymphadenopathy. Although

mainly a self-limited illness, KD can lead to coronary artery

abnormalities (CAA) in some children and is the leading cause

of acquired heart disease during childhood.

Age appears to be an important factor in the pathogenesis of

KD and for the risk of sequela such as CAA. A recent study by

Song et al7 identified age-specific clinical characteristics and

laboratory findings in a large cohort of infants and children

with KD. The objective of the investigation herein was to pose

3 different scenarios, using CTS as one tool to study the critical

nature of age stratification in drug development using KD as

the disease of interest. Data from Song et al were used in the

simulation designs described below.

Methods

The methods in this exercise used 3 different strategies specific

to 3 different hypotheses and 3 different designs (see Table 1).

We simulated 1000 trials, which included populations of

infants/children with the age stratification for each population

based on Song et al7 (Figure 1).

To simulate the demographics for each cohort, we used the

PK-Sim (Bayer Technology Services GmbH, Leverkusen, Ger-

many) population generator. The population generator first

used a uniform random-number distribution to determine age

for each simulated individual based on the age distribution

reported in Song et al.7 The population generator then assigned

a height according to the height distribution defined in the

National Health and Nutrition Examination Survey (NHANES)

database for the given age.8 With age and height defined, the

algorithm then assigned a weight based on these values.

Table 1. Hypotheses That Were Tested Using Clinical Trial Simulation.

Hypothesis Design Illustrates

The disease is the same in 2
different age strata, but the
disease manifestations are
different.

Enroll patients based upon their laboratory results.
Assuming a uniform response to therapy across
ages, what effect will this alteration in recruitment
have?

Study population is changed when CRP �8 mg/dL is
used as an inclusion criterion, 65% infants with KD
who would not develop CAA are excluded.

The disease is different in 2
different strata and will respond
differently to therapy.

Assume a difference in response to therapy. To what
extent can this difference jeopardize the success
of the trial?

Drug X þ IVIG decreases risk of coronary artery
aneurysm in infants but not children, but if infants
and children are analyzed together the effect of
drug X will be decreased

The dosing is appropriate in one
age strata but not in another.

Assume that a single dose per BSA is inappropriate in
one or more age group. How far of a change in
response would be required to make the whole
trial fail?

Box plots of AUC among different age groups of
pediatric patients after receiving 6 mg/kg dose of
drug X. Infants have overexposure to drug X at 6
mg/dose.

Abbreviations: AUC, area under the curve; BSA, body surface area; CRP, C-reactive protein; IVIG, intravenous immunoglobulin; KD, Kawasaki disease.

Figure 1. Diagram of the patient population in which the 3 hypoth-
eses were addressed in the 3 simulation exercises.
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Hypothesis 1: The disease is the same in 2 different age
strata, but the disease manifestations are different

If we assume that the Song et al7 data represent real-world

observation, any substantial change in the number of children

in each age strata could bias a trial’s results. In order to test this

hypothesis, we used a C-reactive protein (CRP) concentration

of �8 mg/dL as a hypothetical inclusion criterion, since CRP

tended to be >8 in children older than 5 years with coronary

artery disease and <8 in infants younger than 1 year. Because

CRP was significantly higher in children compared to infants,7

this inclusion criterion would exclude a substantial number of

infants.

In order to generate a population based on the new inclusion

criteria, we used the normal function in Stata 13.1 (StataCorp

LP, College Station, TX) to randomly generate CRP concen-

trations based on the distribution reported in Song et al7 for

each of the 1000 participants in the trial population. The mean

CRP value was calculated for each individual from the 1000

simulations.

Hypothesis 2: The disease is different in 2 different strata
and will respond differently to therapy

We assumed that hypothetical drug X was submitted to the US

Food and Drug Administration (FDA) for prevention of CAA in

children with KD. A mean + standard deviation absolute risk

reduction (ARR) of 7% + 1.5% in infants and 2% + 0.5% in

children was assumed. We simulated 1000 participants and gen-

erated the ARR for each age cohort based on the above distri-

bution. For each simulated population, we calculated the number

of subjects that would develop CAA by subtracting ARR from

CAA incidence reported in Song et al.7 The mean number of

subjects per age cohort and CAA status was calculated to deter-

mine the ARR across the 1000 simulated populations.

Hypothesis 3: The dosing is appropriate in one age
stratum but not in another

To test this hypothesis, a database for simulation was used to

generate a complete range of ages (0-20 years) and weights

(2.35-101 kg) for virtual subjects derived from the US Centers

for Disease Control (CDC) growth charts.8 A 2-compartment

model with first-order elimination was used as the hypothetical

population PK model, which incorporated a maturation func-

tion to account for changes in apparent oral clearance (CL/F)

due to cytochrome P450 3A4 (CYP3A4) maturation in infants.9

In the model, the effect of body weight and age on drug clear-

ance (CL/F) was described as follows10:

CL ¼ TVCL�ðWT=70kgÞ0:75 �ð1� ð1�bÞ�e�Age�0:0693=TCLÞ;
where TVCL represents the typical value of clearance for the

adult population, b is the fractional clearance at birth, and TCL

is the maturation half-life of CYP3A4 enzyme. For the simula-

tion below, b ¼ 0.2 and TCL ¼ 3 months. These assumptions,

regarding the maximum change in CL/F and the maturation

rate, are consistent with differences in CYP3A4 expression in

newborns.9 Simulations were performed for 4374 subjects

receiving a 6-mg/kg intravenous bolus dose of drug X. The

predicted areas under the curve (AUCs) among different pre-

specified age groups were calculated.

Results

Hypothesis 1: The disease is the same in 2 different age
strata, but the disease manifestations are different

The proportion of infants and children who developed CAA

after intravenous immunoglobulin (IVIG) in Song et al7 was

12.4% and 16.7%, respectively. If CRP�8 mg/dL is used as an

inclusion criterion, 91 of 141 infants with KD who would not

develop CAA are excluded, and no infants who would develop

CAA are excluded. This scenario increases the rate of CAA

from 12.4% to 28.6% in infants. Because children had higher

CRP levels, using an inclusion criterion of CRP �8 did not

alter the population in the older children, and the rate of CAA

remained 16.7%. Consequently, in a CAA prevention trial with

CRP �8 mg/dL as an inclusion criterion, IVIG appears to be

less effective in infants (Figure 2).

Hypothesis 2: The disease is different in 2 different strata
and will respond differently to therapy

If the approval threshold was set at an ARR of 5%, drug X

would be approved in infants but not children. If the age

Figure 2. Hypothesis 1: When C-reactive protein (CRP) �8 mg/dL is
used as an inclusion criterion, 90 infants from the original cohort who
did not develop coronary artery abnormalities (CAA) are excluded.
The exclusion of 64% of the original cohort of infants without CAA
changes the rate of CAA from 12% to 29% in infants, making intra-
venous immunoglobulin appear less effective in infants. Inset: The
reason that CRP �8 mg/dL biases the results is that distribution of
CRP concentrations is age dependent.
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cohorts were combined, the drug would be approved in all

children, exposing children aged 5 years and older to a drug

with little benefit (Figure 3).

Hypothesis 3: The dosing is appropriate in one age
stratum but not in another

The dotted line represents the target therapeutic range of the

drug exposure in patients, assuming a similar exposure-

response relationship across the age range (Figure 4). In this

case, body weight–adjusted dosing at 6 mg/kg is acceptable for

children older than 1 year but can lead to a more than 3-fold

overexposure in infants younger than 1 year. Appropriate dose

adjustments by age would be needed for safety.

Discussion

Because of the small size of many pediatric clinical trials, it is

impossible to directly test the hypothesis that age stratification

in pediatric trials makes a difference in the clinical trial out-

come. Therefore, CTS provides a method to project the possi-

ble outcome of age differences on disease and/or response to

therapy with or without age stratification. CTS utilizes 2 types

of models. Pharmacologically based (PK-PD) models incorpor-

ating concentration and response data can provide insight into

predictions of safety and efficacy of a drug and can inform

optimal dosing and regimen selection. However, this type of

model can only be employed when PK-PD measurements have

been previously collected in some patient population. The sec-

ond type of model simulates other important parameters in the

trial, such as inclusion criteria, dropout, compliance, placebo

response, non-inferiority margins, etc. It is the second type of

simulation that was used in this evaluation. Kawasaki disease

was selected as the case study here because of the large differ-

ence in clinical phenotype observed between infants and older

children with KD.7 Whereas there are other examples of

pediatric diseases that have different clinical manifestations

at different ages, KD is a pediatric illness with dramatic dif-

ferences between age groups that can be objectively measured.

In the hypothesis of the first simulation design, a cutoff

value that favored one stratum over another was assumed and

had a sizable impact on the outcome of the clinical trial. In the

literature there are examples of simulations that predict clin-

ical subgroups of neuroblastoma by age, using predicted dou-

bling rates of different malignant cells to predict age-specific

severity of malignant syndromes.4 If one age group were

enrolled in a clinical trial, there would not be representative

inclusion of different clinical severities in the subjects

enrolled. Another example of the potential for age-related

misclassification is microalbuminuria in type 1 diabetes.11

Persistent microalbuminuria was significantly associated with

diabetes duration only in older children. In this situation, if a

cutoff of persistent microalbuminuria were chosen to be low,

older individuals could be excluded from a trial and the higher

rates never detected.

In the second hypothesis, the absolute risk reduction from a

drug X varied in the 2 age groups, and there was no age stra-

tification. This model assumes that only drug X is metabolized

by the hypothetical route; other drugs may not behave in that

manner (aka, equations) or have additional competing routes or

Figure 3. Hypothesis 2: The disease is different in 2 different age
strata and will respond differently to therapy. If FDA sets the approval
threshold as an absolute risk reduction (ARR) of 5%, drug X would be
approved in infants but not children. If the age cohorts were com-
bined, the drug would be approved in all children, exposing children
�5 years to a drug with little benefit. Inset: The number of children in
the age cohort that developed coronary artery abnormalities (CAA)
on intravenous immunoglobulin (IVIG) alone and IVIG þ drug X.

Figure 4. Hypothesis 3: Simulation of pediatric patients of different
pre-specified age groups (shown on the x-axis) receiving 6 mg/kg
intravenous bolus dose of drug X. The solid line represents the median
area under the curve (AUC) in adult patients, and the dashed lines
represent the targeted therapeutic range.
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complexity such as biologics. This example may not really be

considered CTS but simulating a typical population pharmaco-

kinetic (PopPK) model factoring for age and maturation-

related factors on oral clearance (CL/F). In this situation, age

stratification would have allowed an appropriate age-specific

approval. An inappropriate approval for all age groups meant

that some children would be exposed to the drug unnecessarily.

A potential example of the avoidance of this situation is in the

lack of approval of albuterol for children younger than 4 years.

Albuterol in this age group was reviewed at the FDA Pediatric

Advisory Committee (PAC) on December 8, 2009.12 There

were 3 submitted trials in children younger than 4, none of

which showed efficacy in that population. This is in contrast

to children 4 years of age and older, who have an FDA-

approved indication for treatment or prevention of bronchos-

pasm in patients with reversible obstructive airway disease and

the prevention of exercise-induced bronchospasm. If there had

not been age stratification in this situation, children younger

than 4 years would be inappropriately exposed to albuterol.

Finally, the third hypothesis demonstrates that age stratifi-

cation for the purpose of determining drug exposure means that

optimal dosing can be determined for each age group. This

concept has important efficacy and safety implications. An

example of this can be seen with the drug guanfacine. Guanfa-

cine is a nonstimulant agent FDA-approved for the treatment of

attention-deficit hyperactivity disorder (ADHD) at a daily dose

of up to 4 mg in pediatric patients aged 6 years and older.

Subsequently, following drug approval, the drug sponsor pro-

posed to increase the dose to 7 mg/day for adolescents aged

13-17 years. This was due to findings suggesting that adoles-

cents receiving the 4-mg/day dose were being underdosed

based on differences in body weight compared to younger chil-

dren. When given the same dose of 4 mg/day, exposures in

children (6-12 years of age) were roughly 40% higher than that

in adolescents.13 A more appropriate dose of 7 mg/day in ado-

lescents which achieved efficacious concentrations was identi-

fied using model-based approaches.

Benjamin et al14 and Momper et al1 looked at the reasons

for failed pediatric trials submitted to the FDA and why they

failed to gain pediatric approval and labeling. Inappropriate

dose ranging was one of the findings in both studies, sug-

gesting that appropriate age-dosing intervals could be one

variable that would lead to improved success in pediatric

clinical trials.

In the sample of KD patients presented by Song et al,7 the

CAAþ group older than 5 years had a CRP of 17.1 + 5.2,

whereas the CAAþ group younger than 1 year had a CRP of

8.3 + 5.3. Duration of total fever was significantly less in the

patients younger than 1 year than in patients older than 5 years.

In addition, the number of symptoms experienced by the older

group was significantly greater than that in the younger group.

This age breakdown was maintained for our study with the

assumption that any priorities that were identified in our simu-

lation might have a differential effect on the 2 age groups.

However, other reports of clinical parameters in KD (aside

from laboratory values) do not show a difference between

patients that are infants versus children older than 5 years.11

Age stratification in pediatric trials is common in oncology15

and in most pediatric drug development trials. However, the

use of pediatric CTS to understand the effect of age stratifica-

tion on trial outcome is rarely reported in the literature. Using

PK data, Krishna et al16 reported CTS as a means of estimating

the effect of pediatric age with the goal of determining the

appropriate dose of fexofenadine (adult dose, 60 mg) in chil-

dren 6-12 years, 2-5 years, and 6 months–2 years. The authors

found that children aged 1-12 years weighing more than

10.5 kg should get a dose of 30 mg, and children 6 months and

older and less than 10.5 kg should get a dose of 15 mg. This

report represents the PK-PD type of simulation exercise men-

tioned above.9,10 The second type of pediatric age stratification

simulation is represented by the work described herein, and

appears to be absent from the literature. Clinical trial simula-

tion is very useful for testing hypotheses that may impact an

upcoming trial, is used in drug development for adults, and

could be used in pediatric drug development to decrease the

high rate of pediatric study failures.

The prior disease information required for CTS for age stra-

tification is a substantial challenge. When the number of pedia-

tric patients in the youngest age group is very small, the

response is often to extrapolate drug efficacy from the older

pediatric population. Therefore, exploration of the disease pro-

cess and of the response to therapy depends on a high degree of

awareness that these processes may be different in other pedia-

tric age strata.

This work has several limitations. The first is that, in the

case of hypotheses 1 and 2, the patient data used for simulation

are themselves simulated according to the distribution

observed in the population described by Song et al.7 Since the

objective of this exercise is to postulate that age stratification

makes a difference to trial outcome and not to achieve a clinical

objective, we believe that this data set is adequate. The second

limitation is that the simulations in hypotheses 1 and 2 are

‘‘exaggerated’’ versions of each example, so that, for example,

in hypothesis 1, if one of the parameters with a large overlap in

values between children younger than 1 and older than 5 years

were chosen, the difference between age categories would be

less pronounced. Likewise, in hypothesis 2, more subtle differ-

ences may have resulted from choosing a difference in absolute

risk reduction of less than 5%. In summary, if assumptions

regarding a pediatric disease process do not include age strati-

fication of inclusion criteria or treatment response during drug

development, then the wrong conclusion could result with

respect to the safety and efficacy of a drug for different ages.

CTS provides a valuable tool for hypothesis testing related to

age-specific disease processes such as KD, and response to

intervention and outcomes during drug development. Given the

high rate of failure of pediatric drug development trials, CTS

may provide a means for improving the success rate of pedia-

tric studies.
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