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Introduction: Off-label drug use in the paediatric population is common, and the lack

of high-quality efficacy studies poses patients at risk for failing pharmacotherapy.

Next to efficacy studies, pharmacokinetic (PK) studies are increasingly used to inform

paediatric dose selection. As resources for paediatric trials are limited, we aimed to

summarize existing PK and efficacy studies to identify knowledge gaps in available

evidence supporting paediatric dosing recommendations, thereby taking paediatric

cardiovascular drugs as proof of concept.

Methods: For each cardiovascular drug, paediatric indication and prespecified age

group, together comprising one record, the authorized state was assessed. Next, for

off-label records, the highest level of evidence was scored. High-quality efficacy

studies were defined as meta-analysis or randomized controlled trials. Other compar-

ative research, noncomparative research or consensus-based expert opinions were

considered low quality. The level of evidence for PK studies was scored per drug and

per age group, but regardless of indication.

Results: A total of 58 drugs included 417 records, of which 279 (67%) were off-label.

Of all off-label records, the majority (81%) were not supported by high-quality

efficacy studies, but for 140 of these records (62%) high-quality PK studies were

available.

Conclusion: We demonstrated that for the majority of off-label cardiovascular drugs,

only low-quality efficacy studies were available. However, high-quality PK studies

were frequently available. Combining these PK data with extrapolation of efficacy

data from adults may help to close the current information gap and prioritize the

drugs for which clinical studies and safety data are urgently needed.
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1 | INTRODUCTION

Despite joint efforts to increase scientific evidence and drug

approvals for children, off-label drug use in the paediatric population

remains common.1 Off-label drug use is defined as the prescription

of drugs for indications, age groups, dosages, formulations or routes

of administration different from those that are listed in the product

label.2 Even in recent years, off-label drugs have continued to be

prescribed to children at high rates in the ambulatory and in-hospital

setting.1,3 This raises concerns as off-label drug use is associated

with lower safety.4,5 In general, there is a higher risk of adverse drug

reactions (ADRs) for off-label versus authorized drug use.5 Further-

more, in adults, more ADRs occurred when off-label drug use was

not substantiated by strong scientific evidence (defined as at least

one randomized controlled trial [RCT]).5 Hence, patients are at

increased risk of toxicity when off-label drugs lack strong scientific

evidence.

Recently, we investigated the level of evidence for each drug

used in the paediatric population, per indication and per pre-specified

age group, together comprising one record each. We confirmed that a

substantial number of records (42%) are still off-label in paediatrics

and the majority (87%) of these off-label records were not supported

by efficacy studies with a high level of evidence (either meta-analysis

or RCTs of high quality).6

There is thus a lack of high-quality studies, which puts children at

a possible risk for failing pharmacotherapy. Conducting multiple RCTs

for the many age-specific indications where high-quality evidence is

lacking faces major challenges for obvious financial, ethical and practi-

cal reasons. Thus, innovative approaches are needed to close this

information gap. Recent regulatory guidelines for paediatric drug

development encourage such approaches, for instance with the

extrapolation of efficacy data from adults to the paediatric population

in cases where disease progression and response to intervention are

assumed reasonably similar.7,8 Using this approach, pharmacokinetic

(PK) data in children can be considered as a biomarker for effect and

used to extrapolate adult efficacy data as they are important for vali-

dating predicted doses because unexpected age-related variation in

drug disposition might occur.9 Even though paediatric clinical studies

are still needed, PK studies may require a smaller sample compared to

traditional efficacy studies and are in general easier to perform, espe-

cially when modelling and simulation can support their design.10,11

The feasibility of developing model-informed dosing guidelines for

clinical implementation using existing PK data has been demonstrated

and frameworks are available.12,13 For instance, the efficacy of

esomeprazole was extrapolated using adult efficacy and paediatric PK

data.14 Also, PK data have an important role in guiding decisions on

paediatric off-label drug use as they provide important information on

treatment risks and benefits. This includes decisions on different

treatment options by patients, parents and physicians, but also on

selecting which drugs to include in treatment protocols or

formularies.15

Consequently, to evaluate the need for paediatric data and

future research to close the off-label information gap, the availability

of paediatric efficacy and PK studies is equally important. Of all the

drug classes we evaluated, the evidence underlying off-label use was

especially low for cardiovascular drugs: 69% of all records were off-

label and only 12% of these records were supported by high-quality

efficacy studies.6 Although several reviews have focused on the

available evidence for individual drugs16 or gave an overview of

available efficacy studies for a selected group of drugs or patient

population,17–19 a summary of both efficacy and PK evidence has

not been presented for an entire drug class. Furthermore, although

the value of PK studies is well recognized by paediatric drug develop-

ment programmes, existing paediatric decision tools do not prioritize

certain drugs for further study based on existing evidence.7 We

therefore aimed to summarize existing PK and efficacy studies to

identify knowledge gaps in available evidence supporting paediatric

dosing recommendations by taking paediatric cardiovascular drugs as

an example.

2 | METHODS

This study builds on the previous published review on the level of

evidence for paediatric pharmacotherapy.6 We used the data reposi-

tory that was generated to collect data on the level of evidence for

paediatric pharmacology (https://doi.org/10.17026/dans-27e-s6yf).

This study evaluated the level of evidence underlying the dosing

recommendations of the Dutch Paediatric Formulary (DPF; www.

kinderformularium.nl).

What is already known about this subject

• Off-label drug use in the paediatric population is common

and the lack of high-quality efficacy studies poses

patients at risk for failing pharmacotherapy.

• Pharmacokinetic (PK) studies are increasingly used to

inform paediatric dose selection.

• In what extent PK studies are available to do so was

unknown.

What this study adds

• For the majority of off-label cardiovascular drugs only

low-quality efficacy studies are available.

• High-quality PK studies were frequently available in case

efficacy studies were lacking.

• Combining these PK data with extrapolation of efficacy

data from adults may help to close the current informa-

tion gap.

2 SMEETS ET AL.
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2.1 | Data source

The DPF was launched in 2008 to provide dosing guidelines for all

drugs, both authorized and off-label, relevant to the paediatric popula-

tion in the Netherlands. Drugs are included in the formulary when the

drug is licensed for a paediatric age group or, in case of off-label use,

when a medical need is identified by paediatric professionals. For

every drug, a monograph is developed and maintained following a

structured decision framework. As part of this process, for every drug

the authorization status is evaluated. A drug is considered to be

authorized for paediatric use when the posology section Summary of

Product Characteristics (SmPC) (paragraphs 4.1 and 4.2), issued by the

Dutch Medicines Evaluation Board, contains an explicit and unambig-

uous dose recommendation for paediatric age groups. For these

authorized drug-indication combinations, we did not assess the under-

lying evidence. Our project focuses on off-label drug indications.

For off-label use, a standardized PubMed search was performed

by a senior pharmacist to retrieve available scientific information on

efficacy, safety and dose in the paediatric population. The exact

search query is shown in Supporting Information Table S1. The avail-

able scientific evidence supporting a dose recommendation and

related safety issues are documented in benefit-risk analysis docu-

ments and reviewed by a multidisciplinary editorial board. The assess-

ments are repeated every 5 years or more frequent if warranted by

emerging evidence. In the past 12 years, paediatric dose recommen-

dations for more than 750 drugs were established (either based on

SmPC or based on assessment of original literature) and the repository

continues to expand as it is constantly updated. Recently, we licensed

the information and database use to Germany, Austria and Norway

for country-specific versions.

2.2 | Data collection

Using the results of the literature reviews we performed to support

the dosing recommendations, we evaluated the highest level of evi-

dence for efficacy for all drugs described in the DPF. For each drug

the highest level of evidence per indication and age group (together

constituting one record) was scored using the documented studies in

the benefit-risk analysis documents. Thus, each drug might have mul-

tiple records when it is prescribed for multiple indications and/or age

groups.

2.3 | ATC classification of drugs

Drugs were classified according to the Anatomical Therapeutic Chem-

ical (ATC) system to allow analysis on several levels of drug classes.

This international classification system assigns drugs to a group based

on the organ or system on which they act and their therapeutic, phar-

macological and chemical properties. At ATC level 1, 14 major drug

groups are defined (A to V). For this substudy, we only included ATC

level 1 Cardiovascular system drugs (code C) and present our results

specified for each ATC level 2 class to provide more detail. The total

DPF dataset by Van der Zanden6 was used to define the highest level

of evidence for each indication and each age group as listed in the

DPF for cardiovascular drugs (ATC C). Only creatine monohydrate

(C01EB06) was excluded as it did not contain a cardiovascular indica-

tion in the DPF.

2.4 | Definition of age groups

Age categories were defined according to the European Medicines

Agency (EMA) classification system. Groups were defined as preterm

neonates (<37 weeks gestational age and <28 days postnatal age),

term neonates (≥37 weeks gestational age and <28 days postnatal

age), infants (1 month-2 years), young children (2-6 years), children

(6-12 years) and adolescents (12-18 years). Corresponding weight-

based categories were defined using Dutch Growth chart data to

enable appropriate scoring when only weight categories were listed in

the SmPC or DPF 19. Records for preterm and term neonates were

only included when explicitly specified in the DPF. When the dose

recommendation applied to only a part of the EMA classified age

range (eg, 4-6 years), the evidence level was scored for the entire

EMA category (eg, 2-6 years).

2.5 | Scoring of the level of evidence

All records were scored using a predefined scoring system. First, the

authorization status per record was evaluated. Next, if a record was

off-label, the listed literature from the benefit-risk analysis document

was scored for the level of evidence, defined by the evidence-based

medicine methodology. The quality of RCTs was evaluated using the

Jadad classification. When no published scientific evidence was avail-

able, the dose recommendation of the DPF was established based on

clinical practice and the expert opinion of the editorial board. These

records were scored as consensus (D). For off-label records, levels A1

and A2 were considered high-level evidence, whereas levels B, C and

D were considered low-level evidence.

To ensure that no high-quality evidence was missed due to a lag

time between the latest update (<5 years ago) and the current study,

the initial PubMed DPF search was repeated for all drugs with a

level B, C or D classification. In addition, the European Public Assess-

ment Reports as part of Articles 45 and 46 of the Paediatric Regula-

tion were checked on additional clinical studies.

2.6 | Data verification

To verify our scoring system, a senior pharmacist verified the scored

level of evidence for a sample of 10% of all drugs listed in the DPF. All

drugs were sorted based on the ATC code to ensure every ATC group

and thus each assessor was reflected in the sample. Every 10th drug

based on the ATC5 code was incorporated in the verification sample.

SMEETS ET AL. 3
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The Intraclass Correlation Coefficient (ICC), a two-way mixed model,

was selected to assess conformity between two assessors. As sug-

gested by Koo et al, a score above 0.75 indicates good/excellent

agreement and therefore a score of higher than 0.75 was considered

acceptable for further analysis.

Data validation took place for 77 drugs, including 168 indications,

with a total of 1008 records. The interrater reliability for these cases

had an ICC of 0.869 (95% confidence interval [CI] 0.853-0.883). For

80.8% (n = 814) of records the level of evidence scored by the first

observer was exactly similar to the level scored by the senior pharma-

cist. For 89.2% (n = 899) the level of evidence was exactly similar or

deviated only by one level. Underestimation of the level of evidence

(n = 106) occurred approximately as frequently as overestimation

(n = 88).6

Based on these results, we believe our results are reproducible

and the criteria used for scoring were adequate. Furthermore, we are

confident that the dose recommendations of the DPF are complete,

up-to-date and based on the best available evidence.

3 | DEFINITIONS

3.1 | Age groups

Age categories were defined according to the EMA classification sys-

tem.20 Groups were defined as preterm neonates (<37 weeks gesta-

tional age and <28 days postnatal age), term neonates (≥37 weeks

gestational age and <28 days postnatal age), infants (1 month-

<2 years), young children (2-<6 years), children (6-<12 years) and ado-

lescents (12-<18 years). Corresponding weight-based categories were

defined using Dutch Growth chart data to enable appropriate scoring

when only weight categories were listed in the SmPC or DPF.21

Records for preterm and term neonates were only included when

explicitly specified in the DPF. When the dose recommendation

applied to only a part of the EMA classified age range (eg, 4-6 years),

the evidence level was scored for the entire EMA category (eg,

2-6 years).

3.2 | Efficacy and PK studies

The highest level of evidence for efficacy studies available for each

drug, indication and pre-specified age group, together comprising one

record each, was scored. Thus, each drug may have multiple records

when it is prescribed for multiple indications and/or age groups. For

instance, metoprolol is included in the DPF and dosing recommenda-

tions are listed for two indications: hypertension from term neonates

up to adolescents (five age groups) and dilated cardiomyopathy with

heart failure from young children up to adolescents (three age groups).

Metoprolol therefore comprises a total of eight records (Figure 1).

Literature was assessed in March 2021 using a standardized scor-

ing system using seven categories for efficacy studies and six catego-

ries for PK studies (Figure 2). For each record, the highest level of

evidence was assessed for efficacy studies. If the drug was licensed

for that record, this was considered and referred to as the highest

level of available evidence (A0). For off-label records, the level of evi-

dence was defined by the evidence-based medicine methodology

(Figure 2). Single RCTs were evaluated using the Jadad scoring sys-

tem.22 When no scientific evidence was available at all, the level of

evidence was scored as consensus (D). Levels A1 and A2 were consid-

ered as high levels of evidence whereas levels B, C and D were con-

sidered low levels of evidence.5

For PK studies, the highest level of evidence was assessed per

drug and age group, regardless of indication. If the drug was licensed

for that record, this was considered and referred to as the highest

level of available evidence. As no universal classification system for

PK studies exists, we combined the definitions presented by Barker

et al23 and Gastine et al24 Accordingly, population PK models (A1, A2

F IGURE 1 Structured approach to scoring evidence for drugs, indications and records, taking metoprolol as an example. Metoprolol
comprises two indications and eight records.

4 SMEETS ET AL.
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and B) were considered as high levels of evidence whereas

traditional PK studies (C) reporting single concentrations only were

considered a low level of evidence. The standardized PubMed search

for efficacy and PK studies is listed in Supporting Information

Table S1. We deliberately chose not to differentiate between PK and

PK/pharmacodynamic (PD) studies, although the latter might provide

more information than PK studies alone. To what magnitude PK/PD

studies can yield insights on PD determinants of drug action would

require an additional scoring system for the amount and quality of

PDs that is included in a particular study. This is beyond the scope of

the current manuscript and was therefore not investigated.

4 | DATA ANALYSIS

Data were first analysed on a drug level to indicate the percentage of

off-label drugs. Next, the highest level of evidence per record was

analysed. The latter is more informative for the clinical situation as

this takes the varying levels of evidence per indication into account.

For instance, enalapril is used on-label for the treatment of hyperten-

sion and symptomatic heart failure in children weighing more than

20 kg.25 Yet its use is off-label for children below 20 kg for hyperten-

sion and symptomatic heart failure and for children of all weights for

the treatment of proteinuria. The latter would not be taken into

account when only analysing our data on a drug level. Following, the

analysis was performed on a ATC level 2 (ATC2) to enable comparison

between the different ATC2 classes. ATC2 distinguishes drugs used

for cardiac therapy (C01), antihypertensives (C02), diuretics (C03),

peripheral vasodilators (C04), vasoprotectives (C05), beta blocking

agents (C07), calcium channel blockers (C08), agents acting on the

renin-angiotensin system (C09) and lipid-modifying agents (C10). For

each class, the percentage of off-label records was assessed.

With the aim of guiding the future research agenda, we combined

the level of evidence of PK studies as well as efficacy studies to iden-

tify drugs for which critical evidence is lacking (Figure 3). To do this

we extended the paediatric study decision tree by Dunne et al7 by

adding steps at the top of the algorithm focussed on the availability

of both PK and efficacy studies. We proceeded on the basis that the

design of the efficacy studies performed was appropriate. Thus, for

records supported by high-quality efficacy studies, we assumed that

the study used an appropriate paediatric dose and study design. We

therefore considered records for which high-quality efficacy studies

are available as having no priority. For records lacking high-quality

efficacy studies, the level of evidence of available PK studies was

assessed. If high-quality PK studies were available, records were cate-

gorized as intermediate priority and when both high-quality PK and

efficacy studies were lacking, records were classed as high priority.

The validity of extrapolation of efficacy to the paediatric population

from adult data and paediatric PK data depends on two important

assumptions.26 First, there should be similar disease progression and

response to intervention. Next, adults and children should have a sim-

ilar exposure-response relationship. Because determining similarity is

a complex process involving the review of pathophysiological charac-

teristics and discussion with experts, this did not fit the scope of the

current manuscript. We rherefore focused on the first two steps of

the extended decision tool by assessing the availability of efficacy as

well as PK studies because we believe these are the first steps for

selecting drugs for further study. For each ATC level 2 subgroup, the

percentage of records lacking high-quality efficacy studies was calcu-

lated as well as the percentage of records for which PK studies are

available.

Data were collected using Castor EDC version 2020.2.32.

Analysis took place using descriptive statistics in IBM SPSS Statistics

version 25.0.0.1. Microsoft Excel was used to create tables and

figures.

5 | RESULTS

A total of 58 drugs (Supporting Information Table S2) were analysed

with a total of 108 indications, together representing a total of

417 records across six age groups (Supporting Information Table S3).

F IGURE 2 Scoring system of the level of evidence of efficacy and PK studies. Jadad classification adapted from Jadad et al.22 DPF, Dutch
Paediatric Formulary; PK, pharmacokinetic; TDM, therapeutic drug monitoring.

SMEETS ET AL. 5

 13652125, 0, D
ow

nloaded from
 https://bpspubs.onlinelibrary.w

iley.com
/doi/10.1111/bcp.15781 by E

rasm
us U

niversity R
otterdam

 U
niversiteitsbibliotheek, W

iley O
nline L

ibrary on [19/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



The available records in the DPF increased with age. Of the 108 listed

indications, 12% had at least one dosing recommendation for preterm

neonates, 37% for term neonates, 78% for infants, 79% for young

children, 90% for children and 91% for adolescents. When data were

categorized based on ATC level 2, cardiac therapy (C01) was the larg-

est subgroup, with 18 drugs and 106 records. Peripheral vasodilators

(C04) and vasoprotectives (C05) were the smallest groups, with only

one drug and four records in each group (Table 1).

F IGURE 3 Decisiontool to select drugs for future research based on efficacy and pharmacokinetic studies, embedded in the paediatric
decision tree from Dunne et al. The opacified area reflects the Dunne paediatric decision tree. Systematic reviews or meta-analyses with at least
two studies of level or randomized controlled trials with at least four points on the Jadad scale were considered to be high-quality efficacy
studies. Population PK models were considered a high level of evidence whereas individual PK studies were considered a low level of evidence
for PK studies. PK, pharmacokinetics; PD, pharmacodynamics. *Assuming efficacy studies applied the appropriate dose and study design.

6 SMEETS ET AL.
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TABLE 1 Number of drugs and records included in the cardiovascular drug class (C), sorted by ATC level 2 class.

ATC level 2 Number of drugs Number of indications

Number of records (number of

indications � number of age groups)

C01: Cardiac therapy 18 26 106

C02: Antihypertensives 5 12 46

C03: Diuretics 6 12 64

C04: Peripheral vasodilators 1 1 4

C05: Vasoprotectives 1 1 4

C07: Beta blocking agents 7 22 80

C08: Calcium channel blockers 4 9 31

C09: Agents acting on the RAAS 9 14 54

C10: Lipid modifying agents 7 11 28

Total 58 108 417

Abbreviations: ATC, anatomical therapeutic chemical; RAAS, renin-angiotensin-aldosterone system.

F IGURE 4 (A) The level of evidence of efficacy studies per age group (per record). The highest level of evidence available per record (drug-
indication age). A0, licensed for use; A1, systematic review or meta-analysis with at least two studies of level A2; A2, randomized controlled trial
with at least four points on the Jadad scale; B, comparative research with a maximum of three on the Jadad scale; C, noncomparative research; D,
consensus or expert opinion; JADAD, ; n, number of records; SmPC. (B) The level of evidence for pharmacokinetic studies per age group (per
drug). A0, ; A1, population PK models with external validation; A2, population PK models with internal validation; B, other population PK
models; C, studies mentioning single samples or single PK parameters; n, the number of drugs listed in the Dutch Paediatric Formulary for each
age group; PK, pharmacokinetic; SmPC.
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5.1 | Efficacy studies

The percentage of off-label records was 67% (n = 279). Across age

groups, the percentage of off-label records decreased from 80% in

term neonates to 58% in adolescents (Figure 4A). The proportion of

off-label records across age groups with a high level of evidence

(A1 and A2) was 19% (range 16-23%). To gain more insight in the dis-

tribution of level of evidence between the different drug classes, data

were organized into ATC level 2 subgroups and the percentage of off-

label records for each subgroup was assessed. Excluding subgroups

with only one drug (C04 and C05), this varied between 32% (lipid-

modifying agents, C10) up to 91% (beta-blocking agents, C07), regard-

less of age. Beta-blocking agents and calcium-channel blockers had

the highest proportion of off-label records (91% and 84%) and of

these off-label records, only 16% and 0% were supported by a high

level of evidence, respectively (Figure 5 and Supporting Information

Table S1).

5.2 | PK studies

Externally validated population PK models (level A1 evidence) were

not available for any of the drugs. The number of authorized drugs

ranged from 25% in preterm neonates up to 58% in adolescents. PK

studies of high quality (A2 or B) were frequently available, with more

PK studies being available in the younger age groups (63% of all drugs)

compared to the older age groups (16% of all drugs). The proportion

of drugs with only low (level C) or no supporting PK evidence varied

between 13% and37% (Figure 4B).

5.2.1 | Records without high-level efficacy studies

In total, 227 records were neither authorized nor supported by high-

quality efficacy studies. For 140 of these records (62%), high-quality

PK studies were available. This was especially the case in preterm

(88%) and term (63%) neonates. Between the different ATC2 sub-

groups, C04 and C05 excluded, the percentage of records for which

PK studies were available varied between 0% (lipid-modifying agents,

C10) and 58% (beta-blocking agents, C07) (Figure 5). The full

research priority list including drugs that lack efficacy studies of high

quality, specified per drug, indication and age group, is summarized in

Table 2.

6 | DISCUSSION

We have summarized existing paediatric cardiovascular PK and effi-

cacy studies, thereby presenting a clear information gap and suggest-

ing priorities for future research. To the best of our knowledge, we

are the first to report the level of evidence for both PK and efficacy

studies for any drug class used in the paediatric population and offer a

clinically relevant list of drugs lacking high-quality evidence. We have

demonstrated that for cardiovascular off-label records, the majority

(81%) are only supported by a low level of evidence and there is a sig-

nificant deficit in knowledge on efficacy data, especially in the youn-

ger age groups. Furthermore, beta-blocking agents and calcium-

channel blockers are the two subgroups with the highest percentage

of off-label records. For these records, high-quality efficacy studies

are scarce. Not only efficacy studies can inform paediatric drug

F IGURE 5 Proportion of available efficacy and PK studies in the Anatomical Therapeutic Chemical 2 group. PK, pharmacokinetic; RAAS,
renin-angiotensin-aldosterone system.
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TABLE 2 Records for which high-quality efficacy studies are lacking

Drug name Indication Age group

Level of evidence:

efficacy studies

Level of evidence:

PK studies

Adrenalin

(epinephrine)

Positive inotropic and chronotropic effect Term neonates D A2

Reanimation Term neonates D A2

Subglottic laryngitis Infants to adolescents D SmPC

Vasoconstriction, hypotension Term neonates D A2

Amiodarone Severe treatment resistant cardiac

arrhythmias

Infants B A2

Young children to

adolescents

B C

Amlodipine Hypertension Infants D A2

Young children C A2

Atenolol Hypertension Infants D No data available

Supraventricular arrhythmias Young children

Children to adolescents

D

B

B

B

Infants B No data available

Young children to

adolescents

B B

Bumetanide Diuretic (for oedema) Infants to children C B

Adolescents C No data available

Captopril Heart failure Term neonates D No data available

Infants to adolescents B C

Hypertension Term neonates C No data available

Infants, adolescents

Young children to children

C

B

C

C

Carvedilol Heart failure in Duchenne Muscular

Dystrophy

Infants to children

Adolescents

D

B

A2

A2

Clonidine ADHD

Adjuvant to other analgesics

Growth hormone secretion test

Hypertension

Sleeping disorders in ADHD

Infants

Young children

Adolescents

Infants to adolescents

Infants to adolescents

Young children to

adolescents

D

C

B

C

D

C

A2

A2

A2

A2

A2

A2

Cholestyramine Cholestatic pruritus

Diarrhoea caused by bile salts

Hypercholesterolaemia

Infants

Infants

Infants

D

B

D

No data available

No data available

No data available

Dopamine Circulatory insufficiency, hypotension

Increasing kidney perfusion

Infants to adolescents

Term neonates to

adolescents

D

D

B

B

Ephedrine Hypotension in regional anaesthesia and

resuscitation

Infants to children C No data available

Enalapril Heart failure

Hypertension

Proteinuria

Term neonates

Term neonates

Term neonates

C

D

D

C

C

C

Esmolol Arrhythmias

Perioperative hypertension

Supraventricular tachycardia

Infants to adolescents

Children to adolescents

Infants - Adolescents

C

C

C

B

B

B

Ezetimibe Homozygous familiar

hypercholesterolaemia

Homozygous sitosterolaemia

(phytosterolaemia)

Primary hypercholesterolaemia

Children

Adolescents

Children

Adolescents

Children

B

D

B

D

B

No data available

No data available

No data available

No data available

No data available

(Continues)
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TABLE 2 (Continued)

Drug name Indication Age group

Level of evidence:

efficacy studies

Level of evidence:

PK studies

Adolescents D No data available

Flecainide acetate Supraventricular arrhythmias, life-

threatening ventricular arrhythmias

Term neonates to

adolescents

C B

Hydrochlorothiazide Bronchopulmonary dysplasia

Diuresis

Hypercalciuria

Hypertension

Nephrogenic diabetes insipidus

Preterm neonates

Young children to

adolescents

(Pre)term neonates

(Pre)term neonates

Infants to adolescents

(Pre)term neonates

Preterm neonates

Term neonates

Infants

D

D

D

C

C

D

D

C

C

A2

SmPC

A2

A2

SmPC

A2

A2

A2

SmPC

Isoprenaline Increasing cardiac output Infants to young children D C

Children to adolescents D B

Labetalol Hypertension

Hypertensive crisis

Infants

Young children to

adolescents

Infants

Young children to

adolescents

D

D

B

C

C

No data available

C

No data available

Levosimendan Acute heart failure (second line) Term neonates, young

children

Children

B

C

B

B

Adolescents C No data available

Lisinopril Hypertension Infants to young children B B

Metoprolol Dilated cardiomyopathy and heart failure Infants

Young children

B

B

No data available

C

Children to adolescents B SmPC

Hypertension Term neonates

Infants

Young children

D

D

C

C

No data available

C

Midodrine (Orthostatic) hypotension Infants to adolescents B No data available

Milrinone Circulatory insufficiency, treatment of a

low-output state following cardiac

surgery

Thromboembolic-threatened limbs

Preterm neonates

Term neonates

D

D

A2

SmPC

Nicardipine Acute hypertension

Hypertensive crisis

Term neonates

Infants

Young children to

adolescents

C

B

C

No data available

No data available

No data available

Nifedipine Hypertension Infants C B

Young children to children

Adolescents

C

C

No data available

C

Raynaud's phenomenon Infants C B

Young children to children

Adolescents

C

C

No data available

C

Nitroglycerin Hypertensive crisis Infants

Young children to

adolescents

D

D

C

No data available

Nitroprusside Hypertensive crisis Term neonates C No data available

Noradrenalin

(norepinephrine)

Circulatory insufficiency Preterm neonates to

adolescents

C A2

10 SMEETS ET AL.
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dosing, we also investigated the availability and quality of PK studies.

We found that for many drugs lacking high-quality efficacy studies,

high-quality PK studies were available (62%). Especially in preterm

and term neonates, high-quality PK studies were frequently available

(88% and 63%) in situations where high-quality efficacy studies were

lacking.

Related to our decision tree, the highest priority for further

research are records with low quality efficacy and PK studies

TABLE 2 (Continued)

Drug name Indication Age group

Level of evidence:

efficacy studies

Level of evidence:

PK studies

Phentolamine

mesylate

Prophylaxis of dermal necrosis in

norepinephrine extravasation

Infants to adolescents D No data available

Phenylephrine

hydrochloride

Cyanotic spell Infants to young children

Children

C

D

A2

A2

Adolescents D No data available

During bypass Adolescents D No data available

Propafenone Severe therapy-resistant (supra)ventricular

arrhythmias

Term neonates to infants C C

Propranolol Hypertension

Prevention of cyanotic spell in tetralogy of

Fallot

Long-QT syndrome

Term neonates

Infants

Young children

Children to adolescents

Term neonates

Infants

Young children

Children to adolescents

Term neonates, young

children

Infants, children,

adolescents

D

D

B

B

D

C

C

D

D

D

B

SmPC

B

SmPC

B

SmPC

B

SmPC

B

SmPC

Quinidine sulphate Brugada syndrome Infants C No data available

Young children to

adolescents

C B

Ramipril Hypertension Young children to

adolescents

C No data available

Sotalol Conversion of arrhythmias

(Supra)ventricular arrhythmias

Infants to children

Adolescents

Term neonates to children

Adolescents

C

C

C

C

A2

B

A2

B

Spironolactone Ascites Infants to adolescents C SmPC

Fluid accumulation and oedema (Pre)term neonates D No data available

Triamterene Hypertension Infants to adolescents D No data available

Verapamil Hypertension Young children to

adolescents

D SmPC

Myoclonic epilepsy (Dravet syndrome) Infants C C

Prophylaxis of supraventricular tachycardia Young children to

adolescents

Young children to

adolescents

C

D

SmPC

SmPC

Severe therapy-resistant supraventricular

tachycardia

Infants B C

Note: The final column indicates whether no or only low-quality PK studies were available (dark orange) or if high-quality PK studies were available (light

orange).

Abbreviations: ADHD, attention deficit hyperactivity disorder; PK, pharmacokinetic. For efficacy studies: B, comparative studies of poor quality

(Jadad<4); C, noncomparative studies, case reports and case series; D, consensus and expert opinion. For PK studies: SmPC, summary of product

characteristics; A2, population PK models with internal validation; B, other population PK models and studies where a PK curve was made; C, studies

mentioning single samples or single PK parameters.
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(eg, atenolol to treat hypertension in infants). There is some need for

future studies for records with no high-quality efficacy data but high-

quality PK data (eg, hydrochlorothiazide to treat bronchopulmonary

dysplasia in preterm neonates) and little need for records that are

authorized or for which high-quality efficacy studies are available

(eg, spironolactone to enhance diuresis in children/adolescents).

Up to now similar studies providing an overview of the level of

evidence supporting off-label drug use in the paediatric population

including PK studies have not been published. Only for specific sub-

classes, the level of evidence of efficacy studies was summarized or

an overview of safety data was given. The level of evidence support-

ing the use of beta-blockers in various paediatric and vascular condi-

tions by efficacy studies was investigated qualitatively by Kaley

et al.17 In line with our results, they demonstrated that the level of

evidence was only moderate or low for most indications. However,

they did not take PK studies into account, although these studies

might be of great value in the absence of high-quality efficacy studies

when disease progression, response to drug intervention and dose-

response relationship are sufficiently similar in both groups.7 Similarly,

a meta-analysis regarding the pharmacological treatment of arterial

hypertension in children and adolescents exclusively included RCTs

and did not look into studies with a lower level of evidence.18 Lastly,

the safety of statins in the paediatric population was investigated, but

again only RCTs were included in the analysis.27 Thus, although stud-

ies are available that summarize existing efficacy or safety data, the

available evidence has not been combined with PK data.

The added value of PK studies was recently highlighted by a pub-

lished framework for conducting benefit-risk assessments of off-label

drugs in children.15 Using paediatric PK studies, extrapolation

approaches are increasingly used in drug development programmes in

both the United States and European Union.28 However, even though

anecdotal examples are available for individual drugs in which PK and

efficacy studies are both reviewed,16,29 neither an overview of exist-

ing PK data nor a practical framework exists for prioritizing drugs for

further study. This is surprising because PK studies have already

supported paediatric dose selection, also in the DPF. For instance, for

clonidine, high-quality PK data are available across the paediatric age

span.30–32 These data provide information on age-related PK changes,

also in age groups and indications for which high-quality efficacy stud-

ies were absent. Therefore, by summarizing available PK and efficacy

studies and by using the extended decision tree, information gaps in

paediatric prescribing might be identified, as we demonstrated for

cardiovascular drugs.

Our study has some limitations. First, we only addressed the

availability and quality of PK studies, but could not assess the similar-

ity of disease between adults and children or the similarity in the

dose-response relationship This is due to the complex nature of defin-

ing similarity across populations, which needs to be performed on a

drug and indication basis by experts. Also, when creating a research

priority list, other aspects, such as epidemiological data on the fre-

quency and severity of disease, should be taken into account, next to

the availability of appropriate therapeutic alternatives and drug costs.

However, defining suitable alternatives faces multiple difficulties as

indications for use might be similar but the proposed alternative dif-

fers significantly in mechanism of action, side effects, PK or available

formulations. This prevents the interchangeable use of similar drugs

with a low level of evidence and drugs with a high level of evidence.

We did not assess the feasibility of extrapolating efficacy data to

younger age groups based on published PK data. Also, even when

high-quality paediatric PK data are available, several points need to be

addressed before the paediatric dose and dosage regimen can be esti-

mated from adult and paediatric PK data.7 Second, we assumed similar

PK properties of one drug across indications. Differences in PKs

between different conditions might very well exist due to variations in

the target paediatric population, eg, obese or critically ill children, but

these are not taken into account in the first steps of the decision tool.

Also, we did not investigate the availability of safety studies. Even

though PK studies are able to provide valuable dosing information,

they are not able to replace the need for clinical safety studies. For

drugs where PD markers are more relevant for dose selection than PK

data, eg, anticoagulants, antihyperglycaemic drugs or lipid lowering

drugs, PK and safety studies only may not be enough and PK-PD

studies across the age range may be needed. Finally, we did not

address the quality of PK studies next to type of studies, even though

this can also affect the robustness of the evidence.

As records were based on dosing recommendations in the DPF,

some limitations were encountered in our analysis. First, on-label drug

use does not necessarily mean that the drug is well investigated in the

paediatric population, which is especially true for old drugs. Second, a

lack of dosing recommendations for certain age groups could be due

to a complete lack of evidence or nonrelevance. For instance, for

amiodarone only dosing recommendations for infants up to adoles-

cents are included in the DPF, but neonates may also need amiodar-

one treatment. On the other hand, clonidine to treat sleeping

disorders in the context of attention deficit hyperactivity is not

relevant in neonates. This distinction between a lack of evidence and

nonrelevance is not taken into account in our analysis. In general, the

selection of drugs represents prescribing patterns in the four

European countries where the DPF dosing guidelines are available.

This may differ across other parts of the world, but since the

number of drugs is so large and will overlap considerably, we do not

expect a significant different overall trend for other countries. For car-

diovascular drugs specifically, the same applies and we consider the

selected drugs to be the most relevant within the paediatric popula-

tion. Furthermore, our search string could have been insufficient to

cover all available literature, but we consider this limitation as minor

as this string was checked by a librarian.

Finally, our assumption that the design of the performed efficacy

studies was appropriate unfortunately does not always hold true. For

instance, in infants with single ventricle physiology, the administration

of enalapril was not beneficial in a large double-blind RCT conducted

by Hsu et al.33 Enalapril PK studies indicate that young children

require higher mg/kg dosages than the dosages used in the Hsu study

to reach adequate target concentrations.34,35 Furthermore, there

were several concerns about the generalisability of the study findings

by Hsu et al,36,37 therefore the lack of efficacy of enalapril observed

12 SMEETS ET AL.
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in this trial might have been due to underdosing and the characteris-

tics of the patient population, not inefficacy of the drug itself.16 Again,

we would like to stress that our analysis is concentrated on the first

steps of the decision tool only. Later steps merit further consideration

by experts to select drugs for further study and to design appropriate

paediatric studies. With our research priority list, we aim to give an

overview of drugs that lack scientific evidence, which can be regarded

as a starting point for further study.

In conclusion, by extending the paediatric decision tree we are

the first to report the level of scientific evidence of both efficacy and

PK studies in the paediatric population for multiple drugs. For cardio-

vascular drugs, high-quality efficacy studies were often not available,

but for some of these drugs PK studies have been conducted and

could therefore be of value in paediatric dose selection. This is espe-

cially promising for cardiovascular drugs as traditional clinical trials in

paediatric cardiology face unique challenges.38 We therefore empha-

size the importance of using paediatric PK data in closing current

information gaps as the feasibility and added value of developing

model-informed dosing guidelines for clinical implementation based

on existing PK data have already been demonstrated.12 PK data are

thus able to fill important knowledge gaps, especially when external

validation is available. This approach can solidify the benefit-risk

assessment for paediatric pharmacotherapy. This may be of help for

guideline or dosing handbook committees. The identified knowledge

gaps may be valuable to regulators, policymakers or researchers

worldwide to drive the research agenda.
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