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III. Zusammenfassung  

Die Therapie der pädiatrischen Herzinsuffizienz mit Angiotensin-Converting-Enzyme 

(ACE)-Hemmern ist weit verbreitet, basiert jedoch hauptsächlich auf der Extrapolation von 

Erkenntnissen, die bei Erwachsenen gewonnen wurden. Im Rahmen des europäischen 

Projekts „Labeling of Enalapril from Neonates up to Adolescents” (LENA) wurden 

altersgerechte, orodispersible Minitabletten mit Enalapril entwickelt und klinisch evaluiert, 

sodass sie 2023 für Kinder mit Herzinsuffizienz ab der Geburt zugelassen wurden. Die 

erwartete Zunahme der Anwendung von Enalapril bei sehr jungen und ACE-Hemmer naïven 

Kindern mit Herzinsuffizienz verstärkt die Notwendigkeit, die Pharmakokinetik und 

Pharmakodynamik von Enalapril sowie den Einfluss von alters- und krankheitsbedingten 

Unterschieden auf diese zu untersuchen. Zu diesem Zweck wurden Daten von ACE-Hemmer 

naïven Kindern mit Herzinsuffizienz aus den LENA-Studien modellunabhängig und 

modellabhängig analysiert. 

Zunächst wurde ein kombiniertes pharmakokinetisches Populationsmodell für Enalapril und 

seinen aktiven Metaboliten Enalaprilat entwickelt. Die populationspharmakokinetische 

Analyse ergab, dass die Clearance von Enalaprilat mit zunehmendem Alter zunimmt und 

mit steigendem Serumkreatinin abnimmt. Außerdem nimmt das Verteilungsvolumen von 

Enalaprilat mit steigendem Ross-Score, einem Maß für den Schweregrad der 

Herzinsuffizienz, ab. Um die klinische Relevanz des Gewichts und der identifizierten 

Kovariaten zu bewerten, wurden Simulationen durchgeführt. Dabei wurde der Ross-Score 

als klinisch relevante Kovariate für die erste Dosis von Enalapril identifiziert. Darüber 

hinaus waren Alter, Gewicht und Nierenfunktion klinisch relevante Kovariaten sowohl für 

die erste Dosis als auch für die Steady-State-Dosis von Enalapril. 

Als Zweites wurde eine systematische Literaturrecherche durchgeführt und Daten zur 

Plasma-Renin-Aktivität aus den LENA-Studien ausgewertet, um den Einfluss von Alter, 

Herzinsuffizienz und ACE-Hemmer-Behandlung auf den pharmakodynamischen Parameter 

Plasma-Renin-Aktivität zu beurteilen. Aus den Literaturdaten ging ein altersbedingter 

Rückgang der Plasma-Renin-Aktivität bei gesunden Kindern hervor, wobei die Werte bei 

Neugeborenen bis zu siebenmal höher waren als bei älteren Kindern. Im Vergleich zu 

gesunden Gleichaltrigen wiesen Kinder mit Herzinsuffizienz unter sechs Monaten eine 

drei- bis viermal höhere Plasma-Renin-Aktivität auf. Darüber hinaus hatten Kinder mit 

symptomatischer Herzinsuffizienz vor der Behandlung mit Enalapril eine signifikant höhere 



Zusammenfassung 

V 
 

Plasma-Renin-Aktivität als Kinder mit asymptomatischer Herzinsuffizienz. Nach 

wiederholter Verabreichung von Enalapril stieg die Plasma-Renin-Aktivität bei Kindern mit 

Herzinsuffizienz signifikant um den Faktor 4,5 an. 

Als Drittes wurde ein pharmakokinetisches/pharmakodynamisches Populationsmodell für 

gesunde Erwachsene und ein pharmakodynamisches Populationsmodell für Kinder mit 

Herzinsuffizienz entwickelt, um die Wirkung von Enalaprilat auf das Verhältnis von 

Angiotensin II zu Angiotensin I zu beschreiben. Vor der ersten Dosis von Enalapril zeigte 

sich bei Kindern mit Herzinsuffizienz ein höheres Verhältnis von Angiotensin II zu 

Angiotensin I als bei gesunden Erwachsenen. Außerdem war die Populationsschätzung der 

halbmaximalen Hemmkonzentration bei Kindern mit Herzinsuffizienz niedriger als bei 

gesunden Erwachsenen, was darauf hindeutet, dass Kinder mit Herzinsuffizienz 

möglicherweise empfindlicher auf Enalaprilat reagieren als gesunde Erwachsene. 

Angesichts der Veränderung des Verhältnisses von Angiotensin II zu Angiotensin I kann 

angenommen werden, dass mit der verabreichten Dosis von Enalapril bei Kindern mit 

Herzinsuffizienz eine wirksame ACE-Hemmung erreicht wurde.  
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IV. Summary  

The therapy of paediatric heart failure with angiotensin-converting enzyme (ACE) inhibitors 

is widespread, although it is primarily based on the extrapolation of findings obtained in 

adults. In the context of the European project ‘Labeling of Enalapril from Neonates up to 

Adolescents’ (LENA), age-appropriate, orodispersible minitablets with enalapril were 

developed and clinically evaluated, which resulted in their approval in 2023 for children with 

heart failure from birth. The expected increase in the use of enalapril in very young and 

ACE inhibitor naïve children with heart failure reinforces the need to investigate the 

pharmacokinetics and pharmacodynamics of enalapril as well as the influence of age- and 

disease-related differences on these. To this end, data from ACE inhibitor naïve children 

with heart failure from the LENA studies were analysed in a model-independent and model-

dependent manner.  

Firstly, a combined population pharmacokinetic model was developed for enalapril and its 

active metabolite enalaprilat. Population pharmacokinetic analysis revealed that the 

clearance of enalaprilat increases with increasing age and decreases with increasing serum 

creatinine. In addition, the volume of distribution of enalaprilat decreases with increasing 

Ross score, a measure of the severity of heart failure. To assess the clinical relevance of 

weight and the identified covariates, simulations were performed. Thereby, the Ross score 

was identified as a clinically relevant covariate for the first dose of enalapril. Furthermore, 

age, weight, and renal function were clinically relevant covariates for both the first dose and 

the steady state dose of enalapril.  

Secondly, a systematic literature review was conducted and data on plasma renin activity 

from the LENA studies were evaluated to assess the influence of age, heart failure, and 

ACE inhibitor treatment on the pharmacodynamic parameter plasma renin activity. An age-

related decline in plasma renin activity in healthy children was apparent from the literature 

data, with levels in neonates up to seven times higher than in older children. Compared with 

healthy peers, children with heart failure younger than six months had three to four times 

higher plasma renin activity. In addition, children with symptomatic heart failure had a 

significantly higher plasma renin activity than children with asymptomatic heart failure prior 

to treatment with enalapril. After repeated administration of enalapril, plasma renin activity 

increased significantly by a factor of 4.5 in children with heart failure.  
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Thirdly, a population pharmacokinetic/pharmacodynamic model for healthy adults and a 

population pharmacodynamic model for children with heart failure were developed to 

describe the effect of enalaprilat on the angiotensin II/angiotensin I ratio. Prior to the first 

dose of enalapril, children with heart failure had a higher angiotensin II/angiotensin I ratio 

than healthy adults. Moreover, the population estimate of the half-maximal inhibitory 

concentration was lower in children with heart failure than in healthy adults, suggesting that 

children with heart failure may be more sensitive to enalaprilat than healthy adults. In view 

of the change in the angiotensin II/angiotensin I ratio, it can be assumed that effective 

ACE inhibition was achieved with the administered dose of enalapril in children with heart 

failure. 

  



Table of Contents 

VIII 
 

V. Table of Contents 

I. Erklärung zur Dissertation ............................................................................ I 

II. Danksagung.................................................................................................... II 

III. Zusammenfassung ........................................................................................ IV 

IV. Summary ....................................................................................................... VI 

V. Table of Contents ...................................................................................... VIII 

VI. List of Abbreviations .................................................................................... XI 

VII. List of Figures ............................................................................................ XIV 

VIII. List of Tables .............................................................................................. XVI 

1 Introduction .................................................................................................... 1 

1.1 Paediatric Heart Failure .................................................................................... 1 

1.2 Enalapril and the Renin–Angiotensin–Aldosterone System ............................ 3 

1.3 Age- and Disease-Related Differences in Children with Heart Failure ........... 6 

1.4 The LENA Project ............................................................................................ 8 

1.4.1 Background ...................................................................................................... 8 

1.4.2 Investigational Medicinal Product and Dosing Regimen ................................. 8 

1.4.3 Pharmacokinetic Bridging Studies ................................................................. 10 

1.4.4 Safety Follow-up Study .................................................................................. 12 

1.4.5 Additional Investigation ................................................................................. 12 

1.4.6 Regulatory Status of Enalapril Orodispersible Minitablets and Therapeutic 
Alternatives .................................................................................................... 12 

1.5 Nonlinear Mixed Effects Modelling .............................................................. 14 

1.6 Aims of this Thesis ......................................................................................... 16 

2 Population Pharmacokinetic Analysis of Enalapril and Enalaprilat in 

Children with Heart Failure and Implications for Safe Dosing of 

Enalapril ........................................................................................................ 17 

2.1 Background .................................................................................................... 17 

2.2 Methods .......................................................................................................... 19 

2.2.1 Study Design and Investigated Population ..................................................... 19 

2.2.2 Dosing ............................................................................................................ 20 

2.2.3 Sampling ......................................................................................................... 20 

2.2.4 Analytical Methods ........................................................................................ 21 

2.2.5 Software ......................................................................................................... 21 

2.2.6 Base Model Development .............................................................................. 22 

2.2.7 Covariate Model Development ...................................................................... 23 

2.2.8 Model Evaluation ........................................................................................... 24 

2.2.9 Simulations ..................................................................................................... 24 



Table of Contents 

IX 
 

2.3 Results ............................................................................................................ 26 

2.3.1 Data ................................................................................................................ 26 

2.3.2 Base Model ..................................................................................................... 29 

2.3.3 Covariate Analysis ......................................................................................... 30 

2.3.4 Model Evaluation ........................................................................................... 31 

2.3.5 Simulations ..................................................................................................... 35 

2.4 Discussion ...................................................................................................... 38 

2.5 Limitations ..................................................................................................... 42 

2.6 Conclusions .................................................................................................... 43 

2.7 Disclosure ....................................................................................................... 43 

3 Influence of Age, Heart Failure and ACE Inhibitor Treatment on 

Plasma Renin Activity .................................................................................. 44 

3.1 Background .................................................................................................... 44 

3.2 Methods .......................................................................................................... 46 

3.2.1 Data Base from Literature Search .................................................................. 46 

3.2.2 Data from Paediatric Clinical Studies ............................................................ 47 

3.2.3 Statistical Analysis ......................................................................................... 48 

3.3 Results ............................................................................................................ 50 

3.3.1 Plasma Renin Activity in Healthy Children ................................................... 52 

3.3.2 Plasma Renin Activity in Children with Heart Failure without 
ACE Inhibitor Treatment ............................................................................... 58 

3.3.3 Plasma Renin Activity in Children with Heart Failure and Start of 
ACE Inhibitor Treatment ............................................................................... 61 

3.3.4 Plasma Renin Activity and Heart Failure Severity in Children with and 
without ACE Inhibitor Treatment .................................................................. 64 

3.4 Discussion ...................................................................................................... 66 

3.4.1 Age and Plasma Renin Activity ..................................................................... 66 

3.4.2 Heart Failure and Plasma Renin Activity ....................................................... 67 

3.4.3 ACE Inhibitor Treatment and Plasma Renin Activity ................................... 69 

3.5 Limitations ..................................................................................................... 72 

3.6 Conclusions .................................................................................................... 74 

3.7 Disclosure ....................................................................................................... 74 

4 Angiotensin II/Angiotensin I Ratio as Pharmacodynamic Parameter 

for Population Modelling in Healthy Adults and Children with Heart 

Failure Treated with Enalapril ................................................................... 75 

4.1 Background .................................................................................................... 75 

4.2 Methods .......................................................................................................... 77 

4.2.1 Adult Study: Study Design and Investigated Population ............................... 77 

4.2.2 Adult Study: Dosing and Sampling ................................................................ 77 



Table of Contents 

X 
 

4.2.3 Adult Study: Analytical Methods ................................................................... 78 

4.2.4 Paediatric Studies: Study Design and Investigated Population ...................... 78 

4.2.5 Paediatric Studies: Dosing and Sampling ...................................................... 79 

4.2.6 Paediatric Studies: Analytical Methods ......................................................... 80 

4.2.7 Software ......................................................................................................... 80 

4.2.8 Model Development of the Pharmacokinetic/Pharmacodynamic Model for 
Healthy Adults ................................................................................................ 80 

4.2.9 Model Evaluation of the Pharmacokinetic/Pharmacodynamic Model for 
Healthy Adults ................................................................................................ 82 

4.2.10 Comparison of the Time Course of the Effect in Healthy Adults and 
Children with Heart Failure ............................................................................ 82 

4.2.11 Change in the Angiotensin II/Angiotensin I Ratio After Initial Enalapril 
Dose in Children with Heart Failure .............................................................. 82 

4.2.12 Model Development of the Pharmacodynamic Model for Children with 
Heart Failure ................................................................................................... 82 

4.2.13 Model Evaluation of the Pharmacodynamic Model for Children with Heart 
Failure ............................................................................................................. 83 

4.3 Results ............................................................................................................ 84 

4.3.1 Adult Data ...................................................................................................... 84 

4.3.2 Paediatric Data ............................................................................................... 86 

4.3.3 Population Pharmacokinetic/Pharmacodynamic Model for Healthy Adults . 86 

4.3.4 Model Evaluation of the Pharmacokinetic/Pharmacodynamic Model for 
Healthy Adults ................................................................................................ 90 

4.3.5 Comparison of the Time Course of the Effect in Healthy Adults and 
Children with Heart Failure ............................................................................ 94 

4.3.6 Change in the Angiotensin II/Angiotensin I Ratio After Initial Enalapril 
Dose in Children with Heart Failure .............................................................. 96 

4.3.7 Population Pharmacodynamic Model for Children with Heart Failure ......... 96 

4.3.8 Model Evaluation of the Pharmacodynamic Model for Children with Heart 
Failure ............................................................................................................. 97 

4.4 Discussion ...................................................................................................... 99 

4.5 Limitations ................................................................................................... 102 

4.6 Conclusions .................................................................................................. 103 

4.7 Disclosure ..................................................................................................... 103 

5 Overall Conclusion and Perspective ......................................................... 104 

6 References ................................................................................................... 107 

7 Funding ....................................................................................................... 123 

8 Statement on the Use of Artificial Intelligence ........................................ 124 

9 Appendix ..................................................................................................... 125 

10 List of Publications ..................................................................................... 139 
 



List of Abbreviations 

XI 
 

VI. List of Abbreviations  

ACE Angiotensin-converting enzyme 

ADH Antidiuretic hormone 

ANG I Angiotensin I 

ANG II Angiotensin II 

AT1 receptor Angiotensin II type 1 receptor 

AUC Area under the concentration–time curve 

AUC∞ Area under the concentration–time curve from time zero to infinity 

AUCτ Area under the concentration–time curve during a dosage interval 

CES1 Carboxylesterase 1 

CHD Congenital heart disease 

CI Confidence interval 

CL/F Apparent clearance 

CL_ENA/F Apparent clearance of enalapril 

CL_ENAAT/F Apparent clearance of enalaprilat 

Cmax Maximum serum drug concentration  

Cmax,1 Maximum serum drug concentration after the first dose 

Cmax,ss 
Maximum steady state serum drug concentration during a dosage 
interval 

COSSAC 
Conditional sampling use for stepwise approach based on correlation 
tests 

CV Coefficient of variation 

DCM Dilated cardiomyopathy 

E0 Baseline effect 

EDTA Ethylenediaminetetraacetic acid  

ELISA Enzyme-linked immunosorbent assay 

Emax Maximum effect 



List of Abbreviations 

XII 
 

f Female 

fm Metabolised fraction of enalapril  

γ Sigmoidicity factor 

IC50 Half-maximal inhibitory concentration 

IIV Interindividual variability 

Imax Maximum inhibition 

k20 
Transfer rate constant from the central compartment of enalapril to the 
urine 

k23 
Transfer rate constant from the central compartment of enalapril to the 
central compartment of enalaprilat 

k30 
Transfer rate constant from the central compartment of enalaprilat to the 
urine 

ka Absorption rate constant 

ke0 Effect compartment transfer rate constant 

ktr Transit rate constant 

LENA Labeling of Enalapril from Neonates up to Adolescents 

LLOQ Lower limit of quantification 

m Male 

Max Maximum 

Min Minimum 

Mtt Mean transit time 

na Data not available  

NS Not significant 

NT-proBNP N-terminal pro-B-type natriuretic peptide  

ODMT Orodispersible minitablets 

PD Pharmacodynamic  

PK Pharmacokinetic 

PK/PD Pharmacokinetic/pharmacodynamic 

PRA Plasma renin activity 



List of Abbreviations 

XIII 
 

PRISMA Preferred Reporting Items for Systematic Reviews and Meta-Analyses 

Q/F Apparent intercompartmental clearance 

RIA Radioimmunoassay 

RSE Relative standard error 

SD Standard deviation 

SE Standard error 

tlag Lag time 

V1/F Apparent central volume of distribution 

V2/F Apparent peripheral volume of distribution 

Vd_ENA/F Apparent volume of distribution of enalapril 

Vd_ENAAT/F Apparent volume of distribution of enalaprilat 

WHO World Health Organization 

  



List of Figures 

XIV 
 

VII. List of Figures  

Figure 1.1 Enzymatic hydrolysis of enalapril to enalaprilat. ................................... 3 

Figure 1.2 Schematic diagram of the renin–angiotensin–aldosterone system and 
illustration of the effects of enalaprilat. .................................................. 4 

Figure 1.3 Size comparison of orodispersible minitablets with normal enalapril 
tablets. ..................................................................................................... 9 

Figure 1.4 Typical study course regarding pharmacokinetic and pharmacodynamic 
sampling for an ACE inhibitor naïve subject in the pharmacokinetic 
bridging studies. .................................................................................... 11 

Figure 2.1  Observed concentration of enalapril (a) and enalaprilat (b) plotted 
against time since last dose. .................................................................. 27 

Figure 2.2 Schematic illustration of the structural model used in the final 
combined pharmacokinetic model. ....................................................... 29 

Figure 2.3 Goodness-of-fit plots of the final combined pharmacokinetic model. . 32 

Figure 2.4 Prediction- and variability-corrected visual predictive checks of 
enalapril and enalaprilat for the final combined pharmacokinetic model.
............................................................................................................... 33 

Figure 2.5 Impact of weight and statistically significant covariates included in the 
final model on the predicted pharmacokinetic parameters of enalaprilat.
............................................................................................................... 36 

Figure 2.6 Impact of the Ross score on the maximum enalaprilat serum 
concentration after the first dose. .......................................................... 37 

Figure 3.1 Preferred reporting items for systematic reviews and meta-analyses 
flow diagram of the conducted literature search. .................................. 51 

Figure 3.2 Age-related change of plasma renin activity in healthy children from 
birth to 18 years of age.......................................................................... 53 

Figure 3.3 Plasma renin activity of healthy children and children with heart failure.
............................................................................................................... 59 

Figure 3.4 Plasma renin activity in children with heart failure from the LENA 
studies at different time points of enalapril therapy.............................. 62 

Figure 3.5 Plasma renin activity in asymptomatic children and children with 
symptomatic heart failure from the LENA studies. .............................. 65 

Figure 4.1 Effect concentration curve of a healthy adult subject. .......................... 87 

Figure 4.2 Goodness-of-fit plots (a) and visual predictive check (b) for the 
pharmacokinetic part of the final pharmacokinetic/pharmacodynamic 
model for healthy adults........................................................................ 91 

Figure 4.3 Goodness-of-fit plots for the pharmacodynamic part of the final 
pharmacokinetic/pharmacodynamic model for healthy adults (a) and 
visual predictive check of the final pharmacokinetic/pharmacodynamic 
model for healthy adults (b). ................................................................. 92 



List of Figures 

XV 
 

Figure 4.4 Visual predictive check for the pharmacokinetic part of the final 
pharmacokinetic/pharmacodynamic model for healthy adults in the 
period from 24 to 72 hours after administration of enalapril. ............... 93 

Figure 4.5 Comparison of the time course of the angiotensin II/angiotensin I ratio 
after enalapril administration in healthy adults and children with heart 
failure. ................................................................................................... 95 

Figure 4.6 Goodness-of-fit plots (a) and visual predictive check (b) for the final 
pharmacodynamic model for the children with heart failure. ............... 98 

  



List of Tables 

XVI 
 

VIII. List of Tables  

Table 2.1 Patient characteristics of the children with heart failure on the day of the 
first administration of enalapril ............................................................. 28 

Table 2.2 Parameter estimates and bootstrap results of the final combined 
pharmacokinetic model. ........................................................................ 34 

Table 3.1 Plasma renin activity specification and demographic parameters of 
healthy children in the literature ........................................................... 54 

Table 3.2 Plasma renin activity specification and demographic parameters of 
children with heart failure in the literature and in the LENA studies. .. 60 

Table 3.3 Concomitant heart failure medication of the investigated LENA 
subjects. ................................................................................................. 63 

Table 4.1 Characteristics of the healthy adults and children with heart failure. ... 85 

Table 4.2 Parameter estimates of the final pharmacokinetic/pharmacodynamic 
model for healthy adults........................................................................ 89 

Table 4.3 Parameter estimates of the final pharmacodynamic model for children 
with heart failure. .................................................................................. 96 

 

  



Introduction 

1 
 

1 Introduction 

1.1 Paediatric Heart Failure  

The International Society for Heart and Lung Transplantation defines paediatric heart failure 

as ‘a complex clinical syndrome resulting from impaired ventricular function (ejection or 

relaxation), volume or pressure overload, either alone or in combination’ [1, p. e23]. As with 

heart failure in adults, the consequence is that the oxygen demand of the organs cannot be 

adequately met [2]. However, the aetiology differs, as the main causes of heart failure in 

children are congenital heart diseases and cardiomyopathies [3]. The most common 

congenital heart disease is the ventricular septal defect, while dilated cardiomyopathy is the 

most frequent type of cardiomyopathy in childhood [4, 5]. 

The symptoms of heart failure differ particularly in infants and young children compared 

with adults. Common symptoms in infants and young children include tachypnoea, feeding 

difficulty, diaphoresis and pallor [6]. To account for these differences in symptoms when 

assessing the severity of heart failure in infants, the Ross score was developed [7]. 

Furthermore, the Ross score was modified to extend its application from infants to older 

children. The modified Ross score assesses six criteria: diaphoresis, tachypnoea, breathing, 

respiratory rate, heart rate and hepatomegaly [8]. For each criterion, the investigator awards 

zero to two points depending on the severity, so that the maximum achievable score is 12.  

In contrast to paediatric heart failure caused by cardiomyopathy, patients with paediatric 

heart failure due to congenital heart disease can often undergo corrective catheter- or 

surgery-based intervention [9]. Nevertheless, pharmacotherapy also plays a role in these 

patients. On the one hand, for the period until corrective intervention to improve their 

nutritional and clinical status prior to the intervention [10]. On the other hand, for cases in 

which heart failure persists despite catheter- or surgery-based intervention [11].  

In both adult and paediatric heart failure, the renin–angiotensin–aldosterone system is 

activated as a compensatory mechanism to maintain the cardiac output [3, 12]. As with heart 

failure in adults, angiotensin-converting enzyme (ACE) inhibitors are used to treat heart 

failure in children. In the CONSENSUS study, the ACE inhibitor enalapril significantly 

reduced mortality compared with placebo in adults with severe congestive heart failure [13]. 
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The international guideline for paediatric heart failure from 2025 recommends that 

ACE inhibitors should be used routinely in children with biventricular circulation and a 

systemic left ventricle if left ventricular systolic dysfunction is present [1]. However, the 

guideline also states that this recommendation is based on extrapolation from adult studies 

due to the lack of randomised controlled trials with ACE inhibitors in paediatric heart failure.  
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1.2 Enalapril and the Renin–Angiotensin–Aldosterone System 

The above-mentioned ACE inhibitor enalapril has been used for more than 40 years to treat 

hypertension and heart failure in adults. Enalaprilat, the active metabolite of enalapril, is a 

potent ACE inhibitor but is poorly absorbed after oral administration [14]. Therefore, the 

prodrug enalapril as maleate salt is used for oral administration [15]. Enalapril is absorbed 

by 60 to 70% and is then hydrolysed in the liver by carboxylesterase 1 to enalaprilat 

(Figure 1.1) [16, 17]. Both enalapril and enalaprilat are mainly excreted renally [15]. 

Enalaprilat interferes with the renin–angiotensin–aldosterone system by inhibiting ACE. 

 

Figure 1.1 Enzymatic hydrolysis of enalapril to enalaprilat.  Hepatic carboxylesterase 1 
cleaves the ethyl ester of enalapril, resulting in enalaprilat. For simplicity, other 
reactants and products of the reaction have been omitted in the illustration. CES1, 
carboxylesterase 1. 

The renin–angiotensin–aldosterone system regulates the fluid and electrolyte balance of the 

body. The endopeptidase renin cleaves angiotensinogen to angiotensin I (Figure 1.2). The 

release of renin from the juxtaglomerular cells of the kidney is regulated by the renal 

perfusion pressure, the sodium chloride concentration at the macula densa, the sympathetic 

activity via beta-1 receptors, and the negative feedback mediated by angiotensin II [18]. The 

generated angiotensin I is cleaved by ACE into angiotensin II. The binding of angiotensin II 

to the angiotensin II type 1 receptor triggers, among other things, vasoconstriction, 

increased release of aldosterone from the adrenal cortex and increased release of antidiuretic 

hormone from the posterior pituitary gland [19].  
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Figure 1.2 Schematic diagram of the renin–angiotensin–aldosterone system and illustration 

of the effects of enalaprilat. The red arrows indicate the changes caused by the 
inhibition of ACE by enalaprilat. ACE, angiotensin-converting enzyme; ADH, 
antidiuretic hormone; AT1 receptor, angiotensin II type 1 receptor. 

The inhibition of ACE by enalaprilat affects the parameters of the renin–angiotensin–

aldosterone system (Figure 1.2). In healthy men, it has been shown that after administration 

of enalapril, angiotensin II and aldosterone decreased significantly, while active renin and 

angiotensin I increased significantly [20]. In addition, a significant increase in plasma renin 

activity, which reflects renin activity ex vivo, was observed in these subjects. The increase 

in active renin and plasma renin activity can be explained by the fact that the decrease in 

angiotensin II leads to reduced negative feedback on renin secretion. The increase in active 

renin in turn leads to increased formation of angiotensin I.  

A significant decrease in angiotensin II and a significant increase in plasma renin activity 

were also observed in a group of 18 infants and children with congestive heart failure after 

administration of enalapril [21]. Moreover, a significant decrease in aldosterone levels was 

found in seven infants with congestive heart failure during oral enalapril therapy [22]. 

However, another study found no significant difference in plasma renin activity and 

aldosterone levels before and during enalapril therapy in 10 infants with congestive heart 
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failure [23]. Although further studies with enalapril have been conducted in children with 

heart failure, no parameters of the renin–angiotensin–aldosterone system were reported in 

these studies [24–29]. Overall, only limited data are available on the effects of enalapril 

administration on the parameters of the renin–angiotensin–aldosterone system in children 

with heart failure. Thus, further investigations are needed to better understand the effects of 

enalapril administration on the renin–angiotensin–aldosterone system in children with heart 

failure. 
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1.3 Age- and Disease-Related Differences in Children with Heart Failure 

As mentioned above, the use of ACE inhibitors in paediatric heart failure is primarily based 

on the extrapolation of data from adults. However, there are age- and disease-related 

differences in children with heart failure that could influence the pharmacokinetics and 

pharmacodynamics of drugs.  

Absorption might be influenced by changes in gastric pH and gastric emptying during 

maturation, but studies on these topics are rather contradictory [30]. Changes in body 

composition and plasma protein levels might influence the volume of distribution. Enalapril 

and enalaprilat can be classified as hydrophilic based on their log P values [31]. Extracellular 

water and total body water decrease with age, so that a decrease in volume of distribution 

has been observed for hydrophilic drugs with increasing age [30]. In addition, the amount of 

plasma proteins is lower in newborns and young infants [32]. A resulting increase in the 

unbound fraction might also influence pharmacodynamics, as more free substance would be 

available for action [32]. However, it remains unclear to what extent this is relevant for 

enalaprilat, which has moderate plasma protein binding of less than 50% [33]. Changes in 

enzyme expression and renal function might influence the clearance. The expression of 

carboxylesterase 1, the enzyme responsible for the hydrolysis of enalapril to enalaprilat, 

increases with age [34]. The glomerular filtration rate per 1.73 m2 also increases with age 

after birth, reaching adult levels towards the end of the first year of life [32]. This could be 

relevant for enalapril as well as enalaprilat, as both are mainly excreted renally. [15]. So far, 

the age-related dependence of pharmacodynamic responses has been studied less than the 

age-related dependence of pharmacokinetic processes [35]. It is known that the renin–

angiotensin–aldosterone system is influenced by age. Systematic reviews have shown that 

active renin, angiotensin I, angiotensin II and aldosterone decrease in healthy children 

during childhood [36–38]. Since enalaprilat affects the renin–angiotensin–aldosterone 

system, age-related changes could potentially also affect the pharmacodynamics of 

enalaprilat. 

Pathophysiological differences caused by heart failure might influence pharmacokinetics 

and pharmacodynamics. In adults with heart failure, it is known that peripheral 

hypoperfusion can affect absorption, volume of distribution, hepatic metabolism and renal 

elimination [39]. The distribution of water-soluble drugs can also be effected by the presence 

of ascites, for example [40]. Based on findings from cachectic patients with other diseases 
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in whom a reduced volume of distribution was observed, it is assumed that cardiac cachexia 

might also influence pharmacokinetics [40]. Since peripheral hypoperfusion also occurs in 

children with heart failure, and ascites as well as poor weight gain are possible symptoms, 

the pharmacokinetic changes mentioned above might also occur in children with heart failure 

[6]. A systematic review of population pharmacokinetic analyses of digoxin in the paediatric 

population showed that congestive heart failure was associated with reduced clearance in 

three studies and increased volume of distribution in one study [41]. There are indications 

of altered pharmacokinetics of enalapril and enalaprilat from studies in adults with heart 

failure. In adults with congestive heart failure, a reduced apparent oral clearance of enalapril 

and a slightly longer elimination half-life of enalaprilat were observed compared with adults 

with hypertension [42]. Another study found that the severity of chronic heart failure in 

adults significantly influenced enalaprilat trough levels [43]. Due to the disease, the renin–

angiotensin–aldosterone system is activated in children with heart failure [3]. The disease-

related activation of the renin–angiotensin–aldosterone system could potentially influence 

the pharmacodynamics of enalaprilat, as enalaprilat affects the renin–angiotensin–

aldosterone system. 

The differences in children with heart failure highlight the need for clinical studies in 

children with heart failure to collect pharmacokinetic and pharmacodynamic data in this 

population. The evaluation of pharmacokinetic and pharmacodynamic data from children 

with heart failure treated with enalapril is necessary to assess whether age- and disease-

related differences have a clinically significant impact on the pharmacokinetics and 

pharmacodynamics of enalapril and enalaprilat.   
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1.4 The LENA Project 

1.4.1 Background 

The Paediatric Regulation of the European Union from 2007 introduced paediatric-use 

marketing authorisation to promote the development of products with off-patent drugs for 

use in children [44]. Enalapril was one of the drugs on the priority list for studies into off-

patent paediatric medicinal products of the Paediatric Committee of the European Medicines 

Agency from 2009 [45]. It was stated that data on the pharmacokinetics, efficacy and safety 

of enalapril, as well as an age-appropriate formulation, are needed. Furthermore, at the 

European Medicines Agency Expert Group Meeting on Paediatric Heart Failure in 2010, it 

was declared that ACE inhibitors are recommended as first-line treatment for chronic heart 

failure [46]. At that time, enalapril was only available in tablet form in Europe and was only 

approved for children aged 6 years and older with arterial hypertension. However, the off-

label use of enalapril in children with heart failure was widespread [47]. Due to the lack of 

a paediatric dosage form, extemporaneous preparations of enalapril, such as a suspension of 

crushed tablets in water, were used [48]. Nevertheless, such extemporaneous preparations 

have the disadvantage that their bioavailability is unknown and their dosing may be 

inaccurate [48]. 

For these reasons, the collaborative project ‘Labeling of Enalapril from Neonates up to 

Adolescents’ (LENA) was initiated, which was funded by Seventh Framework Programme 

of the European Union (grant agreement no. 602295). For the LENA project, an academic 

consortium was established (Appendix 9.1). The aim of the LENA project was the 

development and clinical evaluation of a new age-appropriate formulation of enalapril for 

children with heart failure. As part of the LENA project, two pharmacokinetic bridging 

studies and a safety follow-up study were conducted to collect the data required for devising 

a paediatric-use marketing authorisation. 

1.4.2 Investigational Medicinal Product and Dosing Regimen  

In the context of the LENA project, orodispersible minitablets with 0.25 mg or 1 mg of 

enalapril maleate were developed as an age-appropriate dosage form that can be used from 

birth [49]. These were used as investigational medicinal products in the LENA studies. The 

orodispersible minitablets are round, biconvex and have a diameter of only 2 mm 

(Figure 1.3). After placing the orodispersible minitablets in the patient’s cheek pouch, they 

rapidly disintegrate into small, easily swallowable particles. The administration of the 
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orodispersible minitablets does not require any liquid, but a drink of the patient’s/parents’ 

choice can be given to facilitate swallowing. Even the administration of a single dose of 

0.025 mg or 0.125 mg enalapril maleate is possible by dispersing the 0.25 mg orodispersible 

minitablet directly in tap water in a syringe and administering the corresponding volume of 

the resulting dispersion [50]. 

Before the orodispersible minitablets were used in children with heart failure, a relative 

bioavailability study was conducted in healthy adults, using a standard tablet formulation as 

a reference [51]. The non-compartmental pharmacokinetic analysis indicated that no dose 

adjustment is necessary for reasons of bioavailability. Furthermore, the results of the relative 

bioavailability study showed that there is no significant difference in the bioavailability of 

enalapril whether the orodispersible minitablets are swallowed with water or dispersed in 

the mouth. 

 

Figure 1.3 Size comparison of orodispersible minitablets with normal enalapril tablets. The 
orodispersible minitablets on the left have a diameter of 2 mm and the normal tablets 
on the right have a diameter of 8 mm. The orodispersible minitablets contain 0.25 mg 
enalapril maleate (top left) and 1 mg enalapril maleate (bottom left). The normal 
tablets contain 10 mg enalapril maleate (top right) and 20 mg enalapril maleate 
(bottom right). From ‘Acceptability and Palatability of Novel Orodispersible 
Minitablets of Enalapril in Children up to the Age of 6 with Heart Failure’, by M. 
Lazic, M. Djukic, V. Vukomanovic, M. Bijelic, E. Obarcanin and M. Bajcetic, 2025, 
JCM, 14(3), p. 4 (doi:10.3390/jcm14030915). CC BY 4.0. 
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For the LENA studies, a dosing regimen was developed using a physiologically based 

pharmacokinetic simulation [52]. The basic idea behind the development was to achieve a 

similar exposure to enalapril and enalaprilat in children with heart failure as in adults. The 

dosing regimen specifies recommended titration doses, target doses and maximum doses 

depending on age and weight (Appendix 9.2). 

1.4.3 Pharmacokinetic Bridging Studies  

The developed enalapril orodispersible minitablets were administered to children with heart 

failure for eight weeks in two multicentre, prospective, open-label, phase II/III 

pharmacokinetic bridging studies. The studies were conducted from 2016 to 2018 at 7 sites 

in 5 European countries. The primary objective of the studies was the collection of 

pharmacokinetic data to characterise the dose exposure of enalapril and its active metabolite 

enalaprilat in children with dilated cardiomyopathy or congenital heart disease [53]. For this 

purpose, the first pharmacokinetic bridging study included children aged 1 month to under 

12 years with heart failure due to dilated cardiomyopathy, while the second pharmacokinetic 

bridging study included children from birth to under 6 years of age with heart failure due to 

congenital heart disease. A total of 102 children were included in both studies, comprising 

35 ACE inhibitor naïve subjects and 67 subjects with ACE inhibitor pretreatment. This work 

focuses on ACE inhibitor naïve subjects, as the pharmacodynamic effects can be better 

assessed when no ACE inhibition has taken place previously. Unless otherwise stated, all 

information in this work therefore refers to ACE inhibitor naïve subjects.  

Part of the pharmacokinetic bridging studies was an exploratory pharmacodynamic 

assessment and the collection of data on clinical parameters, acceptability, palatability and 

safety. The pharmacodynamic parameters were plasma renin activity, renin, angiotensin I, 

and aldosterone. The sampling regimen comprised a full 

pharmacokinetic/pharmacodynamic (PK/PD) profile, which was usually collected during the 

initial dose visit, as well as single pharmacokinetic and pharmacodynamic samples during 

the remaining study visits. Further details on the study course as well as pharmacokinetic 

and pharmacodynamic sampling can be found in Figure 1.4. 
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Figure 1.4 Typical study course regarding pharmacokinetic and pharmacodynamic sampling for an ACE inhibitor naïve subject in the 

pharmacokinetic bridging studies. 1The screening visit and the initial dose visit could be conducted on the same day if the children weighed more 
than 4.2 kg. 2The number of titration visits depended on the age of the patient and the investigator’s judgement. 3The dose confirmation visit and the 
first study control visit could be combined into one visit. 4As an alternative, the full pharmacokinetic/pharmacodynamic profile could also be collected 
after reaching steady state at the optimal dose. In this case, no pharmacokinetic sample was taken 12 hours postdose. ACE, angiotensin-converting 
enzyme; PD, pharmacodynamic; PK, pharmacokinetic; PK/PD, pharmacokinetic/pharmacodynamic; PRA, plasma renin activity. 
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1.4.4 Safety Follow-up Study 

Following the pharmacokinetic bridging studies, a joint, multicentre, prospective, open-

label, phase II/III safety follow-up study with a study period of 10 months was conducted. 

Subjects from both pharmacokinetic bridging studies were included if they were still being 

treated with enalapril orodispersible minitablets or had been treated with enalapril 

orodispersible minitablets for at least three days. The primary objective was to prove the 

safety of enalapril orodispersible minitablets [53]. In addition, data on pharmacokinetics, 

pharmacodynamics, clinical parameters, acceptability and palatability during long-term 

therapy with enalapril orodispersible minitablets were collected. The study visits of the 

safety follow-up study took place 3, 6, 9 and 12 months after the first administration of the 

enalapril orodispersible minitablets. During the study visits, single pharmacokinetic samples 

for enalapril and enalaprilat were taken from subjects who were still being treated with 

enalapril orodispersible minitablets, and single pharmacodynamic samples for plasma renin 

activity, renin, angiotensin I and aldosterone were taken from all subjects.  

1.4.5 Additional Investigation 

In addition to the pharmacodynamic parameters specified in the study protocols, various 

angiotensin peptides, including angiotensin II, were simultaneously determined as part of a 

doctoral thesis [54]. The existing samples were used for this investigation, and no additional 

samples were taken. 

1.4.6 Regulatory Status of Enalapril Orodispersible Minitablets and Therapeutic 

Alternatives 

Based on data from the LENA studies, the orodispersible minitablets with 0.25 mg enalapril 

maleate received a paediatric-use marketing authorisation from the European Medicines 

Agency in 2023 for the treatment of heart failure in children from birth to 17 years of age 

(Aqumeldi®, Proveca Pharma Limited, Dublin, Ireland) [55]. In 2025, the marketing 

authorisation was extended so that the orodispersible minitablets with 1 mg enalapril maleate 

are meanwhile also authorised in Europe. This now enables simple and age-appropriate 

administration of enalapril from birth onwards. 

Apart from enalapril, the only drugs approved in Europe for children with heart failure that 

act on the renin–angiotensin–aldosterone system are the ACE inhibitor captopril and the 

angiotensin receptor-neprilysin inhibitor sacubitril/valsartan.  



Introduction 

13 
 

Captopril has long been approved for the treatment of chronic heart failure with reduced 

systolic ventricular function in children, and an oral solution of captopril has been 

commercially available in Germany since 2023. Due to the longer half-life of enalapril, the 

enalapril orodispersible minitablets have the advantage that they only need to be 

administered once or twice a day, whereas the captopril solution usually needs to be 

administered three times a day [56, 57]. 

Sacubitril/valsartan was approved in Europe in 2023 for the treatment of symptomatic 

chronic heart failure with left ventricular dysfunction in children aged one year and older 

[58]. Since then, sacubitril/valsartan granules in capsules for opening have been 

commercially available as a paediatric dosage form. In comparison, however, enalapril 

orodispersible minitablets have the advantage of being approved for use from birth. 

Furthermore, no superiority of sacubitril/valsartan over enalapril could be shown in the 

52-week randomised, double-blind clinical efficacy study of sacubitril/valsartan in children 

from 1 month to under 18 years of age with heart failure due to systemic left ventricular 

systolic dysfunction [59]. In the study, a clinically meaningful reduction in the heart failure 

severity score and N-terminal pro-B-type natriuretic peptide (NT-proBNP) levels was 

observed with both enalapril and sacubitril/valsartan. In line with this, an analysis of clinical 

outcomes in children with congenital heart disease after eight weeks of therapy with enalapril 

orodispersible minitablets found a significant reduction in the heart failure severity score, 

the left ventricular diastolic dimension z-score, and NT-proBNP levels [60]. 

Considering the positive study results and the advantages mentioned above compared with 

the therapeutic alternatives, it is likely that the use of enalapril will increase, particularly in 

very young and ACE inhibitor naïve children with heart failure. Therefore, analyses of 

pharmacokinetic and pharmacodynamic data are highly relevant to gain further insights into 

the optimal dosage and effects of enalapril in this population. In the LENA studies, 

pharmacokinetic and pharmacodynamic data were generated before the first dose, after the 

first dose, and during long-term therapy. So far, the pharmacokinetic data have only been 

analysed non-compartmental, and the pharmacodynamic data have not yet been analysed 

[52]. Further analyses are essential to fully exploit the potential of the data. A suitable 

method for analysing pharmacokinetic and pharmacodynamic data is the population 

approach using nonlinear mixed effects modelling. 
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1.5 Nonlinear Mixed Effects Modelling  

Nonlinear mixed effects modelling is an approach that was introduced in the late 1970s to 

estimate population characteristics of pharmacokinetic parameters based on data from 

clinical routine [61]. This approach is now also used in the field of pharmacodynamics and 

in the context of drug development [62]. In addition to the approach, Lewis B. Sheiner and 

Stuart L. Beal also developed NONMEM®, the first computer programme for population 

analysis using nonlinear mixed effects modelling [63].  

The population approach ‘aims at describing the typical drug behaviour in the population as 

well as the variability observed from individual to individual’ [64, p. 198]. A population 

model typically comprises a structural model, a statistical model, and a covariate model. The 

structural model consists of one or multiple functions that describe the typical time course 

of a dependent variable, such as a concentration or an effect within the population [65]. The 

statistical model takes into account the variability in the observed data [62]. A population 

model considers at least two types of variability: the interindividual variability and the 

residual variability. The interindividual variability is the variability between different 

individuals of the population. The residual variability represents the variability between the 

individual prediction and the observation, which can arise from errors in dosage 

documentation, sampling and analytics, as well as model misspecification. The covariate 

model is used to explain the variability attributable to characteristics of the subjects such as 

age, sex and renal function [65].  

Mixed-effects models contain fixed-effect parameters and random-effect parameters. Fixed-

effect parameters can be defined as ‘structural parameters that take on a single value that 

represents the population typical value of the parameter’ [66, pp. 10-11]. Examples of fixed 

effect parameters are the population typical value of the clearance for pharmacokinetics and 

the population typical value of the half-maximal inhibitory concentration for 

pharmacodynamics. Fixed effects parameters also include the population typical value for 

the relationships between a covariate and a pharmacokinetic or pharmacodynamic 

parameter. Random effects are the interindividual variability and residual variability 

mentioned above. 

The population approach using nonlinear mixed effects modelling is widely used for 

paediatric populations. One of the advantages is that even sparse and unbalanced datasets, 

which are common in children, can be analysed through the simultaneous analysis of all data 
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[67]. Another advantage is that covariates such as age can be identified to explain part of the 

interindividual variability of pharmacokinetic and pharmacodynamic parameters [68]. In 

addition, simulations can be carried out with the developed population model to test what-if 

scenarios, such as the administration of a different dose [67]. Through the identification of 

covariates and insights gained from simulations, dosages can be optimised to ensure safe 

and effective treatment. Although studies with enalapril have been conducted in children 

with heart failure, in which pharmacokinetic data or pharmacokinetic and pharmacodynamic 

data were collected, these data have not been analysed using population modelling [21, 23, 

28].   
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1.6 Aims of this Thesis 

The general aim is to investigate the pharmacokinetics and pharmacodynamics in 

ACE inhibitor naïve children with heart failure who were treated with enalapril 

orodispersible minitablets. A key aspect that will be examined in this context is whether age- 

and disease-related differences in children with heart failure have an influence on the 

pharmacokinetics and pharmacodynamics. The investigations concerning the 

pharmacokinetics of enalapril and enalaprilat aim to provide deeper insights for the dosage 

of enalapril in this vulnerable population of very young and diseased children. In addition, a 

better understanding of the effects of enalapril on the renin–angiotensin–aldosterone system 

in children with heart failure shall be achieved through the pharmacodynamic analyses. 

Overall, the findings shall contribute to the safe and effective treatment of children with 

heart failure with enalapril. 

The thesis is divided into three parts, which pursue the following aims: 

1. In the first part, one aim is to develop a combined pharmacokinetic model for 

enalapril and enalaprilat in very young and ACE inhibitor naïve children with heart 

failure. Furthermore, clinically relevant covariates for the dosage of enalapril in this 

population shall be identified through the population pharmacokinetic analysis and 

subsequent simulations. 

 

2. The second part aims to assess the nature and extent of the influence of age, heart 

failure and ACE inhibitor treatment on the pharmacodynamic parameter plasma 

renin activity in children. To this end, a systematic literature review will be 

conducted and data from the LENA studies will be evaluated. 

 

3. The third part is intended to investigate the effect of enalaprilat on the 

angiotensin II/angiotensin I ratio in children with heart failure. Moreover, possible 

differences compared with healthy adults shall be identified. To achieve these aims, 

a population PK/PD model for healthy adults and a pharmacodynamic model for 

children with heart failure will be developed. 
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2 Population Pharmacokinetic Analysis of Enalapril and 

Enalaprilat in Children with Heart Failure and Implications 

for Safe Dosing of Enalapril 

2.1 Background 

As enalapril orodispersible tablets are approved for use from birth, it is expected that more 

newborns and infants with heart failure who have not yet received an ACE inhibitor will be 

treated with enalapril orodispersible tablets. Therefore, it is important to investigate whether 

the differences described above due to age and disease have an influence on the 

pharmacokinetics of enalapril and enalaprilat, which must be considered in the dosage for 

ACE inhibitor naïve children with heart failure. 

Non-compartmental analyses revealed indications of potential covariates that may influence 

the pharmacokinetics of enalapril and enalaprilat in children. Wells et al. [69] found a 

significantly higher area under the concentration–time curve (AUC) of enalaprilat in 

adolescents with hypertension compared with infants with hypertension when they 

normalised the AUC to a dose of 0.15 mg/kg, but not when they normalised the AUC to a 

dose of 1 mg/m2. In contrast, Nakamura et al. [28] found an inverse correlation between age 

and the AUC of enalapril and enalaprilat, normalised to a dose of 1 mg/m2, in paediatric 

patients with congenital heart disease aged between 10 days and 6.5 years. A previous non-

compartmental analysis of the LENA studies firstly indicated a potential impact of the 

aetiology of heart failure on the pharmacokinetic of enalapril, as patients with dilated 

cardiomyopathy had a 50% lower enalapril exposure than patients with congenital heart 

disease [52]. Secondly, differences in the pharmacokinetic parameters of enalapril and 

enalaprilat were found in the different age groups, indicating a potential impact of age on 

the pharmacokinetics of enalapril and enalaprilat. 

A population pharmacokinetic analysis of enalapril and enalaprilat in healthy adults 

receiving enalapril once as a tablet and once as orodispersible minitablets identified a 

covariate effect of normalised body weight on the volume of distribution of enalapril and a 

covariate effect of formulation on the mean transit time of enalapril absorption [70]. In an 

early population pharmacokinetic analysis of enalaprilat in healthy men from 1985, no 

covariates were investigated [71]. A population pharmacokinetic analysis of enalaprilat 



Population Pharmacokinetic Analysis of Enalapril and Enalaprilat in Children with Heart Failure and 
Implications for Safe Dosing of Enalapril 

18 
 

based on literature data from children with hypertension identified a covariate effect of 

weight on the volume of distribution and clearance of enalaprilat [72]. 

As far as is known, no population pharmacokinetic analysis of enalapril and enalaprilat 

focussing on very young and ACE inhibitor naïve children with heart failure has been 

performed previously. Therefore, reliable information on covariates that may influence the 

pharmacokinetics of enalapril and enalaprilat in this vulnerable population is lacking. 

However, safe dosing requires consideration of clinically relevant covariates, especially in 

ACE inhibitor naïve subjects, as in these subjects no previous experience with the dosage of 

ACE inhibitor is available. 

The aim is therefore to identify covariates that are clinically relevant for the dosing of 

enalapril in very young and ACE inhibitor naïve children with heart failure. To this purpose, 

a simultaneous population pharmacokinetic analysis of enalapril and enalaprilat in 

ACE inhibitor naïve children with heart failure was conducted on the basis of data from the 

LENA studies.  
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2.2 Methods  

2.2.1 Study Design and Investigated Population  

The data used originate from the two pharmacokinetic bridging studies of the LENA project, 

which are described in Chapter 1.4.3. The studies were conducted in hospitals in Austria, 

Germany, Hungary, the Netherlands (two sites) and Serbia (two sites). The ethics 

committees of the participating institutions had given their approval and informed parental 

consent was obtained before each subject was enrolled in the study. Assent of participating 

children was obtained in accordance with national requirements. The studies were registered 

on the EU Clinical Trials Register (EudraCT 2015-002335-17, EudraCT 2015-002396-18). 

Male and female patients with a weight greater than 2.5 kg and heart failure due to congenital 

heart disease or dilated cardiomyopathy were included in the studies. Subjects with 

congenital heart disease were eligible if they required after load reduction by drug therapy 

and were between birth to under 6 years of age. Subjects with dilated cardiomyopathy were 

eligible if they had left ventricular end-diastolic dimension ˃ P95 and/or left ventricular 

shortening fraction < 25%. In addition, the subjects with dilated cardiomyopathy had to be 

between 1 month and 12 years old. 

The exclusion criteria were:  

 Severe heart failure and/or end stage heart failure precluding introduction of 

ACE inhibitor.  

 Too low blood pressure, e.g. less than P5 for age. 

 Restrictive and hypertrophic cardiomyopathies. 

 Obstructive valvular disease (peak echocardiographic gradient more than 30 mmHg). 

 Uncorrected severe peripheral stenosis of large arteries including severe coarctation 

of the aorta. 

 Severe renal impairment with serum creatinine above two times the upper limit of 

normal according to the hospital’s test methodology. 

 History of angioedema. 

 Concomitant medication: renin inhibitors, angiotensin II antagonists or non-steroidal 

anti-inflammatory drugs except acetylsalicylic acid only for antiplatelet therapy. 

 Already enrolled in an interventional trial with an investigational drug, unless no 

interference with the current study can be shown. 
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Both studies together involved 35 ACE inhibitor naïve subjects. The serum concentrations 

of enalapril and enalaprilat used in this analysis were collected between January 2016 and 

April 2018. 

2.2.2 Dosing   

The dosing regimen developed for the LENA studies with age- and weight-dependent 

recommended titration doses, target doses and maximum doses was used (Appendix 9.2). 

The dosage for the subjects was selected according to the investigator’s judgement.  

For dosing, the appropriate number of orodispersible minitablets with 0.25 mg enalapril 

maleate or 1 mg enalapril maleate (now approved as Aqumeldi®, Proveca Pharma Limited, 

Dublin, Ireland) were administered orally. The orodispersible minitablets were placed in the 

patient’s cheek pouch, where they rapidly disintegrate into small particles that could be 

easily swallowed. A drink of the patient’s/parent’s choice (e.g. breast milk, formula milk, 

cow milk, and water) could be taken to facilitate swallowing. If the investigator considered 

an initial dose of 0.25 mg to be too high for the patient, the 0.25 mg orodispersible minitablet 

was dissolved in tap water in a syringe and the appropriate volume of the resulting dispersion 

was administered. According to the dosing regimen, daily doses ≤ 0.25 mg were 

administered once daily in the morning and daily doses > 0.25 mg were divided into two 

equal doses, each administered in the morning and evening.  

The dosing times at the study visits and 7 days before were recorded by the investigator or 

study nurse in electronic case report forms. The dosing times 7 days before were taken from 

the patient diary in which the parents noted the dosing times. 

2.2.3 Sampling 

The sampling regimen consisted of a pharmacokinetic full profile day with blood sampling 

at five or six predefined time points and single pharmacokinetic samples on the remaining 

study visits. For the investigated ACE inhibitor naïve subjects, it was recommended to obtain 

the pharmacokinetic full profile at the initial dose visit. The predefined time points for 

pharmacokinetic sampling were before as well as 1, 2, 4, 6, and 12 hours after administration 

of enalapril orodispersible minitablets.Alternatively, the pharmacokinetic full profile could 

also be obtained after reaching steady state at the optimal dose, that is, after at least 7 days 

at this dose. In this case, the predefined time points for pharmacokinetic sampling were 

before as well as 1, 2, 4, and 6 hours after administration of enalapril orodispersible 
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minitablets. A deviation of ± 15 minutes from the predefined time point was permitted. The 

exact time point of each pharmacokinetic sampling was noted. 

Single pharmacokinetic samples were collected during titration, dose confirmation, study 

control visits and at the end of the study. The predefined time points of the study visits are 

listed in Appendix 9.3. During titration and at the end of the study, the pharmacokinetic 

sample was collected predose and the sampling time was recorded. The time point of the 

single pharmacokinetic sample at the dose confirmation visit or at the study control visits 

could be determined by the investigator if the exact time of sampling and the time of the last 

dose intake were specified in the electronic case report form.  

A total of 200 µL of whole blood was taken per pharmacokinetic sample. If possible, an 

additional back-up sample was taken for reanalysis, which also comprised up to 200 µL of 

whole blood. The sampling regimen was designed using modelling and simulation 

techniques. The total collected blood volume during the studies did not exceed the 

recommended limits for blood loss in paediatrics in clinical studies according to the 

European Medicines Agency guideline [73]. 

2.2.4 Analytical Methods  

Serum samples were analysed after solid phase extraction using liquid chromatography–

triple quadrupole tandem mass spectrometry [Shimadzu HPLC 10 (Shimadzu, Duisburg, 

Germany) coupled with AB Sciex API 2000 mass spectrometer (Sciex, Darmstadt, 

Germany)]. The lower limit of quantification (LLOQ) was 0.195 µg/L for enalapril and 

0.180 µg/L for enalaprilat. Further information can be found elsewhere [52].  

2.2.5 Software 

Population pharmacokinetic analysis was performed by nonlinear mixed effects modelling 

using NONMEM® version 7.2.0 (ICON plc, Dublin, Ireland) and Perl-speaks-NONMEM 

version 4.9.0 via the graphical user interface Pirana® version 2.9.6 (Certara, Radnor, PA, 

USA) [74, 75]. The first-order conditional estimation method with interaction was used to 

estimate pharmacokinetic parameters and their variability. The dataset for the population 

pharmacokinetic analysis was created with Excel® version 2406 (Microsoft, Redmond, WA, 

USA) and R version 4.2.2 (The R Foundation for Statistical Computing, Vienna, Austria).  
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Statistical analyses and graphics were realized with R version 4.2.2 (The R Foundation for 

Statistical Computing, Vienna, Austria). The R packages used included nonmem2R for the 

goodness-of-fit plots, mrgsolve for the simulations and coveffectsplot for the creation of the 

forest plot [76, 77]. 

2.2.6 Base Model Development 

The starting point for the model development was a combined model in which a one-

compartment model of enalapril is coupled with a one-compartment model of enalaprilat 

with first-order absorption and elimination. This starting point was chosen because a 

combined model with one-compartment models for enalapril and enalaprilat had previously 

been used for an initial analysis of all LENA subjects [78]. As no urine data are available for 

enalapril and enalaprilat, a fixed value of 0.7 was used for the metabolised fraction of 

enalapril in this model based on literature data [69]. Due to the small number of samples in 

the absorption phase, the absorption rate constant was fixed to the estimated value of the 

aforementioned final model (0.6 h−1) [78]. Since bioavailability could not be determined on 

the basis of the available data, the apparent clearance and apparent volume of distribution 

for enalapril and enalaprilat are given. It was assumed that the interindividual variability of 

the parameters was lognormally distributed. The interindividual variability of the apparent 

clearance and apparent volume of distribution of enalapril and enalaprilat was therefore built 

in exponentially. For enalapril, a proportional error model and a combined error model with 

an additive and a proportional error were tested as a residual error model. For enalaprilat, 

the residual error was described by a proportional error model. Allometric scaling was 

applied to the apparent clearance and apparent volume of distribution of enalapril and 

enalaprilat as follows: 

�� = � ∙ � ��	
�
���
�	�


�



 
Equation 2.1 

where TV represents the typical value of the pharmacokinetic parameter at given weight, θ 

represents the population mean of the pharmacokinetic parameter at median body weight of 

the analysed population (BWmedian) and BWind represents the individual body weight. The 

exponent, n, was fixed to 0.75 for apparent clearances and fixed to 1 for apparent volumes 

of distribution. 
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For missing weight values, the last observation carried forward approach was used, in which 

the missing value is replaced by the last observed value of the subject. For enalapril, both 

the addition of an absorption lag time and the use of a two-compartment model were tested. 

For the apparent clearance of enalapril and enalaprilat, the addition of an exponential 

function and a (sigmoid) maximum effect (Emax) function with postmenstrual or postnatal 

age was tested as a maturation function. 

Model selection was based on the change in the objective function, the change in the residual 

and interindividual variability, the change in the relative standard errors of the parameter 

estimates and the visual inspection of the goodness-of-fit plots. Samples collected prior to 

the first administration of enalapril were excluded from the analysis, as no concentration was 

to be expected at that time in the ACE inhibitor naïve subjects. Furthermore, samples with 

insufficient information on dosing were excluded from the analysis. Samples with 

concentrations below the limit of quantification were either excluded (M1 method) or treated 

as censored (M3 method), and the respective estimates of the pharmacokinetic parameters 

were compared [79]. 

2.2.7 Covariate Model Development  

The stepwise covariate modelling approach was used to test potential covariates. 

Physiologically plausible covariate relationships were previously defined. Thus, age, sex, 

serum creatinine and Ross score were tested as covariates for the apparent clearance of 

enalapril and enalaprilat. In addition, age, sex and Ross score were tested as covariates for 

the apparent volume of distribution of enalapril and enalaprilat. The covariate Ross score 

represents the modified Ross score determined by the investigator [8]. In the forward step, a 

reduction in the objective function value of at least 3.84 (p < 0.05, one degree of freedom) 

led to the inclusion of the covariate in the model. To retain the covariate in the model, the 

increase in the objective function value after removal of the covariate had to be 

at least 6.63 (p < 0.01, one degree of freedom) in the backward step. A linear function model 

was tested for continuous and categorical covariates. For age and serum creatinine, a power 

function model was initially tested. If this led to the inclusion of the covariate, in the next 

step it was tested whether an exponential function model was superior to the power function 

model. For the Ross score, the exponential function model was tested directly, as the 

Ross score can also be zero and therefore the power function model cannot be used. As the 

continuous covariates age, serum creatinine and Ross score were time-varying covariates, 

this was considered in the stepwise covariate modelling. 
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The only categorical covariate, sex, was included in the model as follows for the covariate 

search:  

�� = �� ∙ (1 + �� ∙ ���) Equation 2.2 

where TV represents the typical value of the pharmacokinetic parameter for the respective 

sex (female = 0, male = 1), θ1 represents the population mean of the pharmacokinetic 

parameter for female subjects and θ2 represents the proportional change in the population 

mean of the pharmacokinetic parameter in male subjects compared with female subjects. 

2.2.8 Model Evaluation 

The final model was evaluated by visual inspection of the goodness-of-fit plots and the 

prediction- and variability-corrected visual predictive checks [80, 81]. The prediction- and 

variability-corrected visual predictive checks were generated based on 

2000 simulated replicates of the original dataset design. In addition, a nonparametric 

bootstrap was performed. Therefore, a total of 1000 bootstrap datasets were generated by 

resampling with replacement from the original dataset. The calculation of the median and 

the 95% confidence interval (CI) of the model parameters was carried out once with and 

once without the runs with rounding errors. Furthermore, the condition number was 

calculated for the final model to check for overparameterisation, where a value 

above 1000 may indicate overparameterisation [80]. 

2.2.9 Simulations 

Simulations were performed with the final model to assess the impact of weight and the 

included covariates. A subject with the weighted median weight of the population and the 

weighted medians of the included covariates (calculated by Perl-speaks-NONMEM) served 

as the reference subject. For the variation of the covariates, the 5th, 25th, 75th and 95th 

percentiles of the weight and the included covariates of the analysed population were 

calculated. One covariate was varied at a time and serum concentrations of enalaprilat were 

simulated for the different scenarios. As the subjects were children, it was not sensible to 

vary the age and weight completely independently. Therefore, a suitable weight was selected 

for the above-mentioned percentiles of age using the World Health Organization (WHO) 

weight percentiles [82]. Similarly, a suitable age for the above-mentioned percentiles of 

weight was selected using the WHO weight percentiles. The population analysed included 

both underweight and normal weight subjects. Therefore, when selecting the appropriate 
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weights and ages, the first WHO weight percentile was used to represent underweight 

children and the 50th WHO weight percentile was used to represent normal weight children. 

As there are separate WHO weight percentiles for girls and boys, the mean of the values 

determined for girls and boys was used. 

The parameter uncertainty was considered by using the estimates of the fixed-effect 

parameters of the bootstrap runs, while the interindividual variability was omitted. For each 

bootstrap dataset, AUC and the maximum serum drug concentration (Cmax) after the first 

dose and at steady state were determined for each covariate scenario. The AUC and Cmax 

were dose normalised by dividing by the simulated dose and standardised by dividing by the 

respective AUC and Cmax of the reference person. Finally, the 5th, 50th and 95th percentiles 

for the dose normalised and standardised AUC and Cmax were calculated for each covariate 

scenario investigated and presented graphically in a forest plot. 

Simulated serum concentrations of enalaprilat over 240 hours after a single dose of 0.25 mg 

enalapril maleate were used to obtain an approximation of the area under the concentration–

time curve from time zero to infinity (AUC∞) after the first dose. The dose of 0.25 mg 

enalapril maleate was chosen according to the dosing regimen (Appendix 9.2). For the steady 

state simulation, it was assumed that the age-appropriate target dose according to the dosing 

regimen was administered every 12 hours. The serum concentration of enalaprilat was 

simulated for 252 hours and then the AUC from 240 to 252 hours was calculated to obtain 

the area under the concentration–time curve during a dosage interval (AUCτ) at steady state. 

To obtain the maximum serum drug concentration after the first dose (Cmax,1) and the 

maximum steady state serum drug concentration during a dosage interval (Cmax,ss), the 

highest concentration reached after the first dose and at steady state was determined. 

In addition, analogue simulations after the first dose were performed solely with the variation 

of the Ross score. Every possible expression of the Ross score between the minimum and 

maximum Ross score of the population was tested. As only the single dose of 0.25 mg 

enalapril maleate was used in the simulations, no dose normalisation was performed. The 

Cmax,1 at different Ross scores was illustrated with boxplots. 
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2.3 Results  

2.3.1 Data 

Of the 35 ACE inhibitor naïve subjects, 34 subjects could be included in the population 

pharmacokinetic analysis. One subject was excluded because, for unknown reasons, no 

enalapril or enalaprilat concentration was measurable during the full profile. A total of 

173 quantifiable serum concentrations of enalapril and 268 quantifiable serum 

concentrations of enalaprilat were included in the analysis. Per subject, a median of 

4.5 quantifiable observations (range 3–9) were available for enalapril and a median of 

8 quantifiable observations (range 3–10) were available for enalaprilat. For the M3 method, 

the samples below the quantification limit (46.3% of the enalapril samples and 17.0% of the 

enalaprilat samples) were included and treated as censored. For enalapril and enalaprilat, 

eight measured concentrations had to be excluded due to insufficient information about the 

dosage or insufficient information about the time of treatment discontinuation. As a result, 

for one subject only the full profile measurements were included in the analysis. In this 

subject, however, enalapril therapy was prematurely discontinued anyway after 9 days due 

to hypotension. In two subjects, enalapril therapy was terminated prematurely at the third 

study control visit, as the subjects’ condition had improved to such an extent that the therapy 

was no longer required. A total of 34 enalapril and 34 enalaprilat measurements prior to 

administration of the first dose were excluded, as no concentration was expected in the 

ACE inhibitor naïve subjects at this time. In addition, an enalapril measurement more than 

1 month after the last enalapril administration was excluded, as no concentration was 

expected at this time either. The observed enalapril and enalaprilat serum concentrations 

over time are shown in Figure 2.1. The majority of enalapril values below the limit of 

quantification (90%) were more than 10 hours since the last dose. The majority of enalaprilat 

values below the limit of quantification (82%) were less than 2.5 hours since the last dose. 
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Figure 2.1  Observed concentration of enalapril (a) and enalaprilat (b) plotted against time since last dose. The main plots show the data on a linear scale 
and the inset plots on a logarithmic–linear scale. The dashed line indicates the lower limit of quantification. Observations above the lower limit of 
quantification are shown as black circles and observations below the lower limit of quantification are shown as red circles. Darker circles indicate 
overlapping observations. 

b a 
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The patient characteristics on the day of the first administration of enalapril are shown in 

Table 2.1. The subjects received a median first dose of 0.06 mg/kg (range 0.03–0.08 mg/kg) 

enalapril maleate. In one subject, 0.125 mg enalapril maleate was administered as a 

dispersion in the first week of treatment. One subject received 0.75 mg enalapril maleate 

twice daily during the dose increase. This intermediate step in the dose increase was not 

normally provided for in the dosing regimen (Appendix 9.2). Of the 34 subjects, 27 received 

a higher starting dose than recommended in the dosing regimen, based on the investigator’s 

judgement. In three subjects, titration was carried out up to the recommended target dose of 

the dosing regimen. The highest daily dose administered to the subjects was a median of 

0.12 mg/kg (range 0.07–0.29 mg/kg, n = 33) enalapril maleate, determined at the time of the 

first administration of this daily dose. 

A total of eight missing weights were replaced by the last observed weight of the subject 

according to the last observation carried forward approach. In three cases, the time deviation 

from the predefined time points of the full profile was greater than 15 minutes. In five cases, 

the pharmacokinetic sample was taken during titration or at the end of the study in deviation 

from the specifications after dosing. In all cases, the exact dosing and sampling times were 

used. In two cases, the planned 12-hour pharmacokinetic sample of the full profile could not 

be collected. For one subject, the 4-hour value of the full profile was not available. 

 

Table 2.1 Patient characteristics of the children with heart failure on the day of the first 

administration of enalapril 

Characteristic Number (%) Mean (SD) Median (range) 

Age (years) 34 (100)  0.38 (0.39) 0.3 (0.07–2.09) 

Weight (kg) 34 (100) 5.08 (1.89) 4.47 (2.52–11.3) 

Ross score 34 (100) 4.91 (2.6)  5 (0–9) 

Serum creatinine (µmol/L)  34 (100) 28.03 (11.77) 27 (12–68)  

Sex    

      Male  16 (47.1) - - 

      Female  18 (52.9) - - 

Aetiology of heart failure     

      Dilated cardiomyopathy 3 (8.8) - - 

      Congenital heart disease 31 (91.2) - - 
SD, standard deviation. 
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2.3.2 Base Model 

A combined model with a one-compartment model of enalapril coupled with a one-

compartment model of enalaprilat with first-order absorption and absorption lag was selected 

as structural model on the basis of the predefined model selection criteria (Figure 2.2). In the 

base model, a combined error model with an additive and a proportional error for enalapril 

and a proportional error model for enalaprilat were used. For enalapril and enalaprilat, an 

allometric scaling with an exponent of 0.75 for the apparent clearance and an exponent 

of 1 for the apparent volume of distribution was applied. The inclusion of a maturation 

function for the apparent clearance of enalapril or enalaprilat resulted in high relative 

standard errors for the parameters of the maturation function and was therefore not 

considered further. The described base model was run once without the data below the limit 

of quantification (M1 method) and once with the data below the limit of quantification, 

treated as censored (M3 method). When data below the limit of quantification were included 

and treated as censored, the estimates of the pharmacokinetic parameters (clearances and 

volumes of distribution) were only slightly lower (between 2.2 and 23.9% lower) compared 

with the estimates of the pharmacokinetic parameters obtained when data below the limit of 

quantification were excluded. Therefore, data below the limit of quantification were 

excluded in the further steps of model development. 

 

Figure 2.2 Schematic illustration of the structural model used in the final combined 

pharmacokinetic model. The box on the right contains the underlying equations for 
the transfer rate constants. CL_ENA/F, apparent clearance of enalapril; 
CL_ENAAT/F, apparent clearance of enalaprilat; fm, metabolised fraction of enalapril 
(fixed to 0.7); k20, transfer rate constant (first-order) from the central compartment of 
enalapril to the urine; k23, transfer rate constant (first-order) from the central 
compartment of enalapril to the central compartment of enalaprilat; k30, transfer rate 
constant (first-order) from the central compartment of enalaprilat to the urine; ka, 
absorption rate constant (fixed to 0.6 h−1); tlag, lag time; Vd_ENA/F, apparent volume 
of distribution of enalapril; Vd_ENAAT/F, apparent volume of distribution of 
enalaprilat. 
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2.3.3 Covariate Analysis  

The base model with allometric scaling was used for the covariate analysis. Age and serum 

creatinine were identified as covariates for the apparent clearance of enalaprilat and the 

Ross score as a covariate for the apparent volume of distribution of enalaprilat in the forward 

step of the stepwise covariate modelling. The backward deletion of the covariates mentioned 

led to a significant increase in the objective function. Therefore, the above covariates were 

included in the final model. In the final model, the disposition parameters of enalapril and 

enalaprilat of the individual patient are expressed as follows: 
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Equation 2.6 

where CL_ENA/F represents the apparent clearance of enalapril, CL_ENAAT/F represents 

the apparent clearance of enalaprilat, Vd_ENA/F represents the apparent volume of 

distribution of enalapril, Vd_ENAAT/F represents the apparent volume of distribution of 

enalaprilat and ηi represents the deviation of the individual patient from the population value. 

In the population studied, the weighted median calculated by Perl-speaks-NONMEM is for 

weight 5 kg, for age 0.34 years, for serum creatinine 23.37 µmol/L and for Ross score 4. 

The weight-adjusted apparent clearance of enalaprilat increases with increasing age and 

decreases with increasing serum creatinine. The weight-adjusted apparent volume of 

distribution of enalaprilat decreases with increasing Ross score. For a subject weighing 5 kg, 

the apparent volume of distribution of enalaprilat is 62.1 L for a Ross score of 0, and 11.9 L 

for a Ross score of 11.  

The NONMEM® code for the final combined population pharmacokinetic model for 

enalapril and enalaprilat is given in Appendix 9.4.  
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2.3.4 Model Evaluation 

The goodness-of-fit plots (Figure 2.3) and the prediction- and variability-corrected visual 

predictive checks (Figure 2.4) indicate a good model performance of the final model for 

enalapril and enalaprilat. The plots of the observed versus the individual predicted 

concentration show an even distribution around the unity line. Although the scatter around 

the unity line is greater for enalapril than for enalaprilat. For enalapril and enalaprilat, the 

conditional weighted residuals versus the population predicted concentration and versus the 

time since last dose were evenly distributed around zero, and the majority of the conditional 

weighted residuals ranged between −2 and 2. 

Since 43% of the 1000 performed bootstrap runs resulted in rounding errors, the medians 

and CI of the model parameters were calculated once with and once without the runs with 

rounding errors. The results of the two calculations were similar (maximum 7.5% deviation), 

so the bootstrap results were unaffected by the minimisation status, as already shown by 

others [83]. Of the runs with rounding errors, 75% had significant digits greater than 2 and 

72% had significant digits greater than 3. A total of 1.3% of the runs were not included in 

the calculation because the estimates were near a boundary, or the hessian of posterior 

density was non-positive-definite during the search. The condition number of the final model 

was 2.9 and therefore does not indicate overparameterisation. The results of the final model 

and the bootstrap results, including the runs with rounding errors, are shown in Table 2.2. 

The parameter estimates of the final model were similar to the medians of the bootstrap 

results and were within the 95% CI of the bootstrap results, indicating that the parameters 

were well estimated.     
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Figure 2.3 Goodness-of-fit plots of the final combined pharmacokinetic model.  In (a), the 
goodness-of-fit plots for enalapril are shown, and in (b), those for enalaprilat. For (a) 
and (b), the red dashed line is the line of unity (top left and top right), the median of 
the conditional weighted residuals (bottom left) or the reference line of zero (bottom 
right). Darker circles indicate overlapping observations. 

a 

b 
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Figure 2.4 Prediction- and variability-corrected visual predictive checks of enalapril and enalaprilat for the final combined pharmacokinetic model. 
Observations are shown as circles. Darker circles indicate overlapping observations. The solid line represents the median of the observations. The 
dashed lines are the 2.5th and 97.5th percentiles of the observations. The shaded areas represent the 95% confidence intervals of the median (grey) 
and the 2.5th and 97.5th percentiles (blue) predicted by the model. 
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Table 2.2 Parameter estimates and bootstrap results of the final combined 

pharmacokinetic model. 

Parameter  Unit Final model  Bootstrap 

Estimate RSE 

(%) 

Shrinkage 

(%) 

 Median 95% CI 

ka  h−1 0.6  Fixed -  0.6 Fixed 

CL_ENA/F  L/h 4.61 12.6 -  4.53 3.43 to 5.67 

CL_ENAAT/F  L/h 1.55 7.1 -  1.54 1.36 to 1.75 

Vd_ENA/F  L 4.98 18.1 -  4.68 2.83 to 8.32 

Vd_ENAAT/F  L 34.1 15.7 -  33.66 24.45 to 47.14 

tlag  h 0.515 2.8 -  0.515 0.195 to 0.731 

Weight on CL_ENA/F 
(referenced to 5 kg) 

- 0.75 Fixed -  0.75 Fixed 

Weight on CL_ENAAT/F 
(referenced to 5 kg) 

- 0.75 Fixed -  0.75 Fixed 

Weight on Vd_ENA/F 
(referenced to 5 kg) 

- 1 Fixed -  1 Fixed 

Weight on Vd_ENAAT/F 
(referenced to 5 kg) 

- 1 Fixed -  1 Fixed 

Age on CL_ENAAT/F - 0.311 29.3 -  0.316 0.092 to 0.553 

Serum creatinine on 
CL_ENAAT/F 

- –0.0141 33.3 -  –0.0141 –0.0288 to –0.004 

Ross score on  
Vd_ENAAT/F 

- –0.15 26.3 -  –0.149 –0.248 to –0.004 

Interindividual variability1  

IIV CL_ENA/F % 65.3 30 9.7  62.6 37.7 to 82.7 

IIV CL_ENAAT/F % 37.7 30.1 6.5  35.6 25.4 to 48.7 

IIV Vd_ENA/F % 80.2 41.5 17.8  79.8 41.0 to 114.3 

IIV Vd_ENAAT/F % 90.4 27.9 4.9  87.5 56.1 to 114.9 

Residual variability enalapril 

Proportional error2  % 53.5 19.9 10  52.7 39.6 to 64.1 

Additive error3  µg/L 1.34 23.1 10  1.27 0.56 to 2.09 

Residual variability enalaprilat 

Proportional error2 % 39.5 11.3 9.9  39.2 33.9 to 44.2 
CL_ENA/F, CL_ENAAT/F, Vd_ENA/F and Vd_ENAAT/F estimates are given for a patient with a 

body weight of 5 kg. RSE derived from the covariance matrix (R matrix).  
1The interindividual variability is expressed as a coefficient of variation calculated according to the 

equation √B� ∙ 100%, where ω2 is the NONMEM® output for the interindividual variability of the 

parameter estimate. 

 2The proportional error is expressed as a coefficient of variation calculated according to the 

equation √D� ∙ 100%, where σ2 is the NONMEM® output for the proportional error term. 

 3The additive error is expressed as standard deviation calculated according to the equation √D�, 

where σ2 is the NONMEM® output for the additive error term.  

CI, confidence interval; CL_ENA/F, apparent clearance of enalapril; CL_ENAAT/F, apparent 

clearance of enalaprilat; IIV, interindividual variability; ka, absorption rate constant; RSE, relative 

standard error; tlag, lag time; Vd_ENA/F, apparent volume of distribution of enalapril; Vd_ENAAT/F, 

apparent volume of distribution of enalaprilat. 
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2.3.5 Simulations 

The impact of weight and the included covariates on the predicted pharmacokinetic 

parameters of enalaprilat after the first dose (AUC∞, Cmax,1) and at steady state (AUCτ, 

Cmax,ss) compared with the reference subject is shown in Figure 2.5. A subject with a weight 

of 5 kg, an age of 0.34 years, a Ross score of 4 and a serum creatinine of 23.37 µmol/L 

served as the reference subject. The ratio to the reference subject for the aforementioned 

pharmacokinetic parameters is presented for the 5th, 25th, 75th and 95th percentile of weight 

(underweight), age (underweight and normal weight), Ross score and serum creatinine of 

the analysed population. For weight (normal weight), the ratio to the reference subject for 

the 5th percentile of weight (3.32 kg) is not presented. To represent a normal weight, an age 

of 0.02 years was assigned based on the 50th WHO weight percentile. As this was an 

extrapolation, because the youngest child in the analysed population was 0.07 years old, this 

covariate scenario was excluded. The simulations were each carried out with 988 parameter 

datasets (dataset of the final model + 987 bootstrap datasets). 

As expected, the simulations provided the same results for the AUC∞ after the first dose and 

the AUCτ at steady state. Compared with the reference subject with a weight of 5 kg, an 

underweight subject weighing 3.32 kg was estimated to have a median AUC that was 

100% [90% CI: 61 to 153%] higher and an underweight subject weighing 9.61 kg was 

estimated to have a median AUC that was 67% [90% CI: –77 to –53%] lower. In comparison 

with the reference subject aged 0.34 years, the median AUC was estimated to be 

89% [90% CI: 54 to 134%] higher in an underweight subject aged 0.11 years and estimated 

to be 52% [90% CI: –63 to –40%] lower in an underweight subject aged 1.28 years. 

Considering the impact of weight and age on subjects with normal weight, a similar picture 

emerged. The variation of the Ross score did not affect the AUC. At a serum creatinine of 

42 µmol/L, the median AUC was estimated to be 30% [90% CI: 11 to 58%] higher than in 

the reference subject, with a serum creatinine of 23.37 µmol/L. 

The results for the Cmax,ss are almost the same as for the AUC. For Cmax,1, there were two 

main differences from the previously reported results. Firstly, the variation in serum 

creatinine did not lead to a considerable change in Cmax,1. Secondly, the Ross score showed 

an impact on the Cmax,1. In comparison with the reference subject with a Ross score of 4, the 

median Cmax,1 was estimated to be 40% [90% CI: –55 to –12%] lower in a subject with a 

Ross score of 0 and estimated to be 60% [90% CI: 13 to 106%] higher in a subject with a 

Ross score of 8.
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Figure 2.5 Impact of weight and statistically significant covariates included in the final model on the predicted pharmacokinetic parameters of 

enalaprilat. The plot shows the results for the pharmacokinetic parameters of enalaprilat after the first dose (AUC∞, Cmax,1) and at steady state (AUCτ, 
Cmax,ss). The predicted AUC∞, AUCτ, Cmax,1 and Cmax,ss at the given weight and covariate values (5th, 25th, 75th and 95th percentiles of the analysed 
population) were compared with those predicted for a reference subject with a weight of 5 kg, an age of 0.34 years, a Ross score of 4 and a serum 
creatinine of 23.37 µmol/L. The black dots and error bars show the median of the ratio to reference with a 90% confidence interval (n = 988). The 
grey area shows the 80–125% range in relation to the reference, whereby the selected range is based on the standard bioequivalence limits. AUC∞, 
area under the concentration–time curve from time zero to infinity; AUCτ, area under the concentration–time curve during a dosage interval; Cmax,1, 
maximum serum drug concentration after the first dose; Cmax,ss, maximum steady state serum drug concentration during a dosage interval. 

 

AUC∞; AUCτ Cmax,1 Cmax,ss 
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The higher the Ross score at the time of the first dose, the higher was the predicted median 

Cmax,1 of enalaprilat after administration of 0.25 mg enalapril maleate (Figure 2.6). With a 

Ross score of 0, the predicted median Cmax,1 was 1.85 µg/L (interquartile range 0.63), 

whereas with a Ross score of 11, the predicted median Cmax,1 was 6.79 µg/L (interquartile 

range 2.81). Due to the exponential relationship, the stepwise increase in Cmax,1 per 

Ross score point is greater with higher Ross scores. Normalised to dose and weight, the 

simulated Cmax,1 was between 14.6 µg/L/mg·kg and 280.2 µg/L/mg·kg. In the previous non-

compartmental analysis, Cmax,1 ranged between 0 µg/L/mg·kg and 479.6 µg/L/mg·kg for the 

32 included ACE inhibitor naïve subjects [52]. The smaller range of simulated values is not 

surprising, as only the covariate Ross score was varied for the simulation. 

 

Figure 2.6 Impact of the Ross score on the maximum enalaprilat serum concentration after 

the first dose. A dose of 0.25 mg enalapril maleate was chosen for the simulations. 
The boxplot shows the predicted Cmax,1 for subjects with a weight of 5 kg, an age of 
0.34 years, a serum creatinine of 23.37 µmol/L and a Ross score between 0 and 11 
(minimum to maximum Ross score of the analysed population). For each Ross score, 
988 Cmax,1 values were estimated. The upper whisker extends from the 75th percentile 
to the largest value no further than 1.5 times the interquartile range from the 75th 
percentile. The lower whisker extends from the 25th percentile to the smallest value 
no further than 1.5 times the interquartile range from the 25th percentile. Data beyond 
the end of the whiskers are outliers and are shown as black dots. Cmax,1, maximum 
serum drug concentration after the first dose. 
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2.4 Discussion 

The pharmacokinetics of enalapril and enalaprilat in ACE inhibitor naïve children with heart 

failure were adequately described by the final combined population pharmacokinetic model, 

consisting of a one-compartment model for enalapril coupled with a one-compartment model 

for enalaprilat with absorption lag. In addition to weight, which was included using 

allometric scaling, three covariate relationships were identified and included. Firstly, the 

weight-adjusted apparent clearance of enalaprilat increases with increasing age. Secondly, 

the weight-adjusted apparent clearance of enalaprilat decreases with increasing serum 

creatinine. Thirdly, the weight-adjusted apparent volume of distribution of enalaprilat 

decreases with increasing Ross score. The simulations suggested that age and weight are 

clinically relevant covariates for both the first dose and the steady state dose of enalapril. 

Similarly, the simulations suggested that serum creatinine above the normal reference range 

is a clinically relevant covariate with respect to the first dose and the steady state dose of 

enalapril. In addition, the simulations indicated that the Ross score is a clinically relevant 

covariate for the first dose of enalapril. 

For the final combined population pharmacokinetic model, a one-compartment model was 

selected for both enalapril and enalaprilat. This is partly in line with a population 

pharmacokinetic model developed earlier in healthy adults [70]. The adult model also used 

a one-compartment model for enalapril. For healthy adults a two-compartment model was 

used for enalaprilat to describe the long lasting biphasic exponential decay of enalaprilat 

concentrations for about 48 hours after enalapril application. To comply with the 

recommended limits for blood loss in paediatrics, the total number of samples was less and 

the duration of sample collection for the full profiles in children with heart failure was only 

12 hours, which limited the modelling in the elimination phase. Nevertheless, the individual 

predictions correlated well with the observed concentrations. By extrapolation of the 

estimated apparent clearances of the children with heart failure from this work to an adult 

weight of 70 kg, the apparent clearance of enalapril would be 64.5 L/h and the apparent 

clearance of enalaprilat 21.7 L/h. The healthy adults studied by Najib et al. [84] had an 

apparent clearance of enalapril of 77.0 L/h and an apparent clearance of enalaprilat of 

30.2 L/h, calculated over the mean AUC∞ and the dose given. The extrapolated apparent 

clearances of the children are in a similar range to those for adults but are lower for both 

enalapril and enalaprilat. The lower apparent clearances might be explained by the fact that 

the children investigated had a lower carboxylesterase 1 hydrolytic activity and a lower 
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glomerular filtration rate than adults owing to their age [32, 85]. The extrapolation of the 

estimated apparent volume of distribution of the children with heart failure from this work 

to an adult weight of 70 kg would result in an apparent volume of distribution of enalapril 

of 69.7 L. The apparent volume of distribution of enalapril according to the population 

pharmacokinetic model for adults, which also used a one-compartment model for enalapril, 

was 84.3 L [70]. The moderate difference between the extrapolated value and the value for 

adults might be explained by the fact that more sampling time points were available for the 

adults.  

The first parameter that should be considered when dosing enalapril is the child’s weight. In 

the population pharmacokinetic analysis of enalaprilat based on literature data from children 

with hypertension, weight was also incorporated into the final model, but the allometric 

exponents were estimated [72]. The presented population pharmacokinetic analysis 

implemented allometric scaling with fixed allometric exponents prior to covariate analysis 

so that other potential covariate effects could be distinguished from the effect of size [86]. 

The consideration of weight when dosing enalapril is also reflected in the product 

information of the authorised enalapril orodispersible minitablets (Aqumeldi®), where a 

weight-based recommended range for the initial and target dose is given [56]. 

The second parameter to consider when choosing the dosage of enalapril is the age of the 

child. A covariate effect of age on the apparent clearance of the active metabolite enalaprilat 

was found, but unexpectedly not on the apparent clearance of enalapril. Enalapril is 

eliminated by metabolism to a large extent, and enalaprilat is largely excreted renally. It is 

therefore suspected that the effect of age on renal excretion is greater than on metabolism in 

the population studied. In the age range from 35 to 198 days, which includes about 70% of 

the subjects studied, it was shown that carboxylesterase 1 expression and hydrolytic activity 

are similar [85]. One reason for the lack of effect of age on enalapril apparent clearance 

could therefore be that in the relatively narrow age range of the subjects, no major change in 

the metabolising enzyme carboxylesterase 1 takes place. Another reason could be that the 

number of subjects was too small to observe an effect of age on enalapril apparent clearance. 

The observed effect of age on enalaprilat apparent clearance might be explained by the large 

increase in glomerular filtration rate during the first year of life [32, 87]. Except for the 

recommendation to set the initial dose at the lower end of the recommended dose range for 

infants < 30 days of age, age is not currently considered in the dosage recommendations of 
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enalapril orodispersible minitablets [56]. In contrast, the dosing regimen developed for the 

LENA studies already took the covariate age into account.  

The third parameter to be considered when dosing enalapril is the presence of elevated serum 

creatinine. At a serum creatinine value of 42 µmol/L, corresponding to a glomerular 

filtration rate of 55 mL/min/1.73 m² when using the Schwartz formula and an appropriate 

height for the simulated subject, the simulations showed a 30% higher enalaprilat AUC after 

the first dose and at steady state compared with the reference subject with a normal serum 

creatinine value [88]. Oguchi et al. [89] showed that adults with moderate renal impairment 

had a four-fold higher enalaprilat AUC than adults with normal renal function. The larger 

difference in AUC observed by Oguchi et al. [89] may be explained by the fact that their 

study group also comprised subjects with a glomerular filtration rate below 

55 mL/min/1.73 m2. In line with the simulation results, the product information recommends 

a reduction in the initial dose of enalapril orodispersible minitablets in the case of reduced 

glomerular filtration rate [56]. In the product information, a 50% reduced single dose is 

recommended as the initial dose if the glomerular filtration rate is between 

30 and 50 mL/min/1.73 m2. The simulations performed do not cover this range because only 

one subject had a glomerular filtration rate in this range at the start of the study, but they 

suggest that a dose reduction could be considered even at glomerular filtration rates above 

this threshold.  

The fourth parameter that should be considered when dosing enalapril, or more precisely for 

the first dose, is the Ross score. The Ross score is used in children to classify the severity of 

heart failure, like the New York Heart Association classification for adults. The hypothesis 

is that greater severity of heart failure and a higher degree of heart failure symptoms are 

associated with a lower volume of distribution for enalaprilat. The covariate relationship 

between the Ross score and the apparent clearances was also tested. However, no impact of 

the Ross score on the apparent clearances could be determined. The majority of the subjects 

suffered from congenital heart disease. In contrast to adults with heart failure and reduced 

systolic function, children with congenital heart disease do not have reduced cardiac 

contractility but instead pulmonary overcirculation and systemic hypoperfusion due to 

intracardiac shunts or a patent ductus arteriosus [6]. Also, children with congenital heart 

disease show different symptoms of heart failure, for example, no peripheral oedema. The 

suggestion is that, owing to the different pathophysiology, an increase in heart failure 

symptoms, represented by the Ross Score, only affects the volume of distribution and not 
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the clearance in children. However, the detailed haemodynamic explanation needs further 

investigation. The dosage recommendations for enalapril orodispersible minitablets only 

include a note that the initial dose should be set at the lower end of the recommended dose 

range for less stable patients [56]. Thus, the severity of heart failure is not yet taken into 

account in the dosage recommendations for enalapril orodispersible minitablets. 
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2.5 Limitations  

The population pharmacokinetic analysis is faced with limitations. Firstly, the glomerular 

filtration rate could not be used for the covariate analysis because the height of the subjects 

required for the calculation of the glomerular filtration rate was only available at the first 

and last visit of the study. Therefore, serum creatinine was used as a parameter for renal 

function in the covariate analysis. Secondly, the results primarily allow conclusions to be 

drawn for children with congenital heart disease, as these made up the majority of the 

subjects. Thirdly, the extent of the interindividual variability of the pharmacokinetic 

parameters is comparable to that of other population pharmacokinetic analyses, if the 

boundary conditions of this study are kept in mind. Nevertheless, other covariates for which 

no information was available could play a role. For example, polymorphisms of the 

metabolising enzyme carboxylesterase 1 or the hepatic uptake transporter organic anion-

transporting polypeptide 1B1 could be partly responsible for the observed interindividual 

variability of the pharmacokinetic parameters. Several carboxylesterase 1 polymorphisms 

are known to affect carboxylesterase 1 activity and can lead to lower enalaprilat 

concentrations [90]. In subjects with an organic anion-transporting polypeptide 1B1 

polymorphism, a significantly higher systemic exposure of enalapril at steady state and a 

significantly lower systemic exposure of enalaprilat after a single dose were observed [91]. 

Fourthly, a fixed value for the metabolised fraction was used because no urine data were 

available. The metabolised fraction influences the oral bioavailability of enalapril and the 

apparent volume of distribution of enalaprilat. Therefore, the metabolised fraction was 

selected based on data from the literature originating from children of a similar age. Despite 

these limitations, the pharmacokinetics of enalapril and enalaprilat in ACE inhibitor naïve 

children with heart failure were well predicted by the final model.  
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2.6 Conclusions 

The results of the population pharmacokinetic analysis and simulations confirm the 

consideration of the currently used parameters weight and renal function in the dosage of 

enalapril in children with heart failure and provide further insights into these. The identified 

covariate age indicates that the age- and weight-dependent dosing regimen is preferable to 

sole weight-dependent dosing. In addition, the newly identified covariate Ross score 

indicates that the severity of heart failure should be considered for the choice of the initial 

dose of enalapril. To avoid high peak concentrations and a possible drop in blood pressure, 

the initial dose should be reduced depending on the Ross score. The subjects analysed were 

children with heart failure aged between 25 days and 2.1 years without previous 

ACE inhibitor treatment and without severe renal impairment, with the majority of children 

being under 1 year old and suffering from congenital heart disease. It should be noted that 

the results primarily allow conclusions to be drawn about patients within these criteria. 
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3 Influence of Age, Heart Failure and ACE Inhibitor Treatment 

on Plasma Renin Activity 

3.1 Background 

In the population pharmacokinetic analysis, age and Ross score were identified as covariates 

for the pharmacokinetics of enalaprilat. Furthermore, it was observed that measurable 

enalaprilat levels were achieved with the given dosage of enalapril. This raises firstly the 

question whether age and heart failure also influence the pharmacodynamic parameter 

plasma renin activity. Secondly, the question arises whether the given dosage of enalapril 

also had a measurable influence on the pharmacodynamic parameter plasma renin activity. 

Plasma renin activity, along with other markers such as NT-proBNP, is an important 

prognostic marker for adults with heart failure. This is based on the generally accepted view 

that neurohormonal activation of the sympathetic nervous system and the renin–angiotensin–

aldosterone system profoundly contributes to the pathophysiology of heart failure [92]. 

Moreover, Aimo et al. [93] and Vergaro et al. [94] found that plasma renin activity 

independently predicted cardiovascular death in adults with heart failure and concluded that 

plasma renin activity could be used besides other markers for prognostic stratification of 

heart failure patients. 

As in adults with heart failure, plasma renin activity and the other markers are often 

measured in children with heart failure because the neurohumoral activation of the 

sympathetic nervous system and the renin–angiotensin–aldosterone system also contribute 

to the pathophysiology of paediatric heart failure, although the aetiology of heart failure in 

children is somewhat different from adults [95]. So far, plasma renin activity has been 

measured in children with heart failure as a marker for renin–angiotensin–aldosterone 

system activity or to check whether clinical symptoms are related to plasma renin activity 

[96, 97]. Regarding clinical symptoms, plasma renin activity showed a correlation with 

respiratory rate and an inverse correlation with weight gain in children with heart failure 

[96]. 

To correctly assess plasma renin activity levels in daily practice, factors influencing plasma 

renin activity levels have to be identified and subsequently standardised or considered. It is 

already well known from healthy children that position of blood draw must be standardised 

because upright position during blood draw can increase plasma renin activity [98]. In 
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addition, sampling should be done at the same time of day because of the diurnal variation 

in plasma renin activity [99, 100]. For example, Dechaux et al. [99] recommend blood 

sampling at 7:00 AM in supine position. Since a low-sodium diet can increase plasma renin 

activity levels, if present, a low-sodium diet should be considered when evaluating plasma 

renin activity [101, 102].  

Moreover, studies show that plasma renin activity decreases with increasing age [103–105]. 

Even though studies on the influence of age on plasma renin activity are available, they 

indicate a high variation in plasma renin activity levels. Because those studies have relatively 

small subject numbers, a systematic review for collecting as much information as possible, 

especially in young children, is mandatory to draw a precise picture on the magnitude of age 

dependency on plasma renin activity levels. Furthermore, the data collected during a 

systematic review would facilitate the differentiation between plasma renin activity in 

healthy children and children with heart failure. 

Heart failure medication can also influence plasma renin activity levels. It is known from 

adults with heart failure that diuretic and ACE inhibitor therapy increase plasma renin 

activity, whereas beta-blocker and digoxin therapy decrease plasma renin activity [106–

109]. For beta-blockers, the decrease in plasma renin activity was also shown in children 

with heart failure [110]. The studies on the effect of enalapril on plasma renin activity in 

children with heart failure are inconclusive. One study observed a significant increase in 

plasma renin activity after administration of enalapril, while another study found no 

significant difference in plasma renin activity before and during enalapril therapy [21, 23]. 

However, information on the influence and especially the magnitude of the influence of 

ACE inhibitors on plasma renin activity is important for the proper evaluation of plasma 

renin activity in children with heart failure on ACE inhibitor treatment. 

The aim is therefore to evaluate the influence of age, heart failure and ACE inhibitor 

treatment on plasma renin activity levels in children. For that purpose, plasma renin activity 

was investigated in healthy children and children with heart failure on standard therapy 

(e.g., diuretics, digoxin, and beta blocker), with and without ACE inhibitor treatment. A 

systematic literature review was conducted and data from the European LENA project were 

analysed. 
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3.2 Methods 

3.2.1 Data Base from Literature Search 

A literature search was conducted according to the Preferred Reporting Items for Systematic 

Reviews and Meta-Analyses (PRISMA) statement using MEDLINE database [111]. Search 

terms were defined to identify literature on plasma renin activity in healthy children as well 

as in children with heart failure. In November 2021, the search term ‘(plasma renin activity) 

AND (Paediatric OR newborn OR infant OR toddler OR child) AND (Heart failure OR 

dilated cardiomyopathy OR congenital heart defect OR congenital heart disease)’ was 

utilized to ascertain literature on plasma renin activity in children with heart failure. In 

January 2022, the search term ‘(plasma renin activity) AND (Paediatric OR newborn OR 

infant OR toddler OR child) AND (healthy OR ‘control group’)’ was used to detect literature 

on plasma renin activity in healthy children. The following filters were set for both searches: 

Humans, English, German, Child: birth–18 years. 

The inclusion criteria were set as follows. Studies were included if they provided data on 

plasma renin activity in healthy children or children with heart failure from birth to 18 years 

of age. In addition, for better comparability, plasma renin activity had to be reported in the 

study as arithmetic mean ± standard deviation (SD) or standard error (SE). Due to the 

smaller amount of data in children with heart failure, studies in which plasma renin activity 

was reported as arithmetic mean and range were also allowed. Age had to be reported in the 

study as arithmetic mean ± SD or SE or alternatively as range. SE was converted to SD for 

the graphs and tables. Healthy children were allowed to have no or only mild diseases 

without known influence on the renin–angiotensin–aldosterone system. Heart failure was 

allowed to be due to congenital or acquired heart defects.  

The exclusion criteria were set as follows. Studies were excluded if age, type of statistical 

parameters used, or health status were not accurately reported. In addition, studies in which 

plasma renin activity was measured in preterm infants, in fetal blood or in umbilical cord 

blood were excluded. Further exclusion criteria were if only stimulated plasma renin activity 

or only renin concentration was measured. As the influence of ACE inhibitor treatment was 

to be investigated, studies on children with heart failure were excluded if no information on 

therapeutic medication was provided. Moreover, studies on children with heart failure were 

excluded if only postoperative or intraoperative plasma renin activity was measured. 
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In the first step of study selection, the titles and abstracts of all records identified with the 

above search terms were screened. Records that did not meet the inclusion criteria or fulfilled 

an exclusion criterion were excluded at this stage. Subsequently, the full text of the 

remaining records was sought. Reports for which neither a printed nor a digital version of 

the full text was available could not be considered further. In the next step, all available full 

texts were screened. Reports that did not meet the inclusion criteria or fulfilled an exclusion 

criterion were excluded. Finally, all studies that were not excluded and met the inclusion 

criteria were included in the review. 

To obtain an overview of the renin–angiotensin–aldosterone system in children, a non-

systematic literature search for all renin–angiotensin–aldosterone system parameters was 

conducted as a preliminary search before the systematic literature search. Additional 

publications found in the preliminary search that met all inclusion criteria were also 

included. 

After inclusion of all suitable publications, it was evaluated how many publications contain 

information about plasma renin activity in young healthy children aged up to two years.  

3.2.2 Data from Paediatric Clinical Studies 

In addition to the literature review, data from the two pharmacokinetic bridging studies of 

the LENA project were analysed. To investigate the influence of ACE inhibitor treatment, 

only the data of the 35 subjects who were ACE inhibitor naïve at the onset of the LENA 

studies were examined. General information on the two pharmacokinetic bridging studies is 

described in Chapter 1.4.3, and information on the dosage of enalapril can be found in 

Chapter 2.2.2. 

As part of the pharmacodynamic sampling, blood samples had been collected and analysed 

for plasma renin activity levels before, 4 hours after and within the first 8 days of enalapril 

treatment. Blood was collected in a cooled ethylenediaminetetraacetic acid (EDTA) tube, 

carefully mixed and immediately centrifugated under cooled conditions (0–4 °C). After 

centrifugation, the supernatant was transferred into a cryo tube and was stored at –80 °C 

until analysis. The sample was taken in supine position and, if possible, when the children 

were quiet. It was advised to collect the blood sample before 10:00 AM. If this time could 

not be kept, the sample collection should always take place around the same time to minimise 

the influence of the circadian rhythm as much as possible. Resting time and behaviour during 



Influence of Age, Heart Failure and ACE Inhibitor Treatment on Plasma Renin Activity 

48 
 

sampling (relaxed, moving or crying) were noted. Plasma renin activity was determined by 

using an validated in-house customised enzyme-linked immunosorbent assay [112].  

As part of the clinical assessment during the studies, the modified Ross score was determined 

by the investigator [8]. To analyse the impact of heart failure severity on plasma renin 

activity, the children were divided in asymptomatic children (modified Ross score ≤ 2) and 

children with symptomatic heart failure (modified Ross score ≥ 3) according to the current 

guideline of the German Society for Paediatric Cardiology [2]. 

In addition to heart failure therapy, other drugs were also administered during the 

observation period that are not expected to influence plasma renin activity. Other 

concomitant medications were antiplatelet drugs, ampicillin/sulbactam, cephalosporins, 

chloral hydrate, folic acid, heparins, ibuprofen, iron supplement, levothyroxine, meropenem, 

methylprednisolone, morphine, palivizumab, paracetamol, polyethylene glycol, potassium, 

prednisone, ranitidine, red cell concentrate and vitamin D3. 

3.2.3 Statistical Analysis 

For the evaluation of the plasma renin activity level, the healthy children from the literature 

were divided in four groups after visual inspection of the data. In the visual inspection, age 

ranges in which the extent and variability of plasma renin activity was similar were defined 

as one age group. Based on mean age or centerpoint of age range of the study group, results 

reporting mean plasma renin activity were summarised into four groups of age ranges: 

Neonates up to 30 days of age, infants from 1–24 months, children from 2–10 years, and 

children and adolescents older than 10 years. For each age group, the weighted mean of the 

reported mean plasma renin activity was calculated as an overall approximation. The number 

of plasma renin activity measurements was used for weighing. The weighted mean of the 

four age groups was compared by calculating the percentage change between the groups. 

As plasma renin activity and age were not normally distributed at all time points in the LENA 

studies, the median and, where appropriate, the range were reported for the analyses. For 

comparison with the literature data, the mean and SD of age and plasma renin activity were 

calculated to have better comparability with the literature data, which were all available as 

mean ± SD or mean and range. To compare the 35 ACE inhibitor naïve subjects with the 

literature, they were divided into four age groups (< 1 month, 1–3 months, 3–6 months and 

> 6 months). 



Influence of Age, Heart Failure and ACE Inhibitor Treatment on Plasma Renin Activity 

49 
 

Since the conditions regarding normal distribution for the application of the parametric tests 

for dependent and independent samples were not fulfilled, nonparametric tests were 

performed.  

To analyse the effect of ACE inhibitor on plasma renin activity, plasma renin activity levels 

before, after 4 hours of enalapril treatment and within the first 8 days of enalapril treatment 

were compared. For this purpose, the Friedman test for more than two paired samples was 

conducted. After that, the Wilcoxon test for paired samples was conducted to compare the 

plasma renin activity before and after 4 hours of enalapril treatment as well as the plasma 

renin activity before and within the first 8 days of enalapril treatment. For both the Friedman 

test and the Wilcoxon test for paired samples, data from those children who had a complete 

dataset of three plasma renin activity measurements were used (n = 29). 

The plasma renin activity of the asymptomatic children and children with symptomatic heart 

failure was compared before and within the first 8 days of enalapril treatment using the 

Wilcoxon test for unpaired samples. Similarly, the age of the asymptomatic children and the 

children with symptomatic heart failure was compared using the Wilcoxon test for unpaired 

samples.  

P values < 0.05 were considered as indicator for statistical significance. If not otherwise 

indicated, all data mentioned were expressed as mean ± SD. Statistical analyses and graphics 

were produced with R software version 4.0.5 (The R Foundation for Statistical Computing, 

Vienna, Austria) and OriginPro 2021b version 9.8.5.201 (OriginLab Corporation, 

Northampton, Massachusetts, USA). 
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3.3 Results 

In the literature search, a total of 168 records were identified, 62 for the children with heart 

failure and 106 for healthy children. Of the 168 records, nine records were identified as 

duplicates. Additionally, six records on plasma renin activity in healthy children were 

identified through a preliminary search. After screening the titles and abstracts, 21 records 

were excluded. A total of 12 reports were not available in print or digital form, and 

100 reports were excluded after screening the full text. Finally, 32 studies fulfilled the 

criteria and were included in the review. One study contained information on plasma renin 

activity in both healthy children and children with heart failure. Thus, a total of 29 studies 

on plasma renin activity in healthy children and four studies on plasma renin activity in 

children with heart failure were identified. Further details on the literature search and 

exclusion criteria are provided in the PRISMA flow diagram (Figure 3.1).  
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Figure 3.1 Preferred reporting items for systematic reviews and meta-analyses flow diagram of the conducted literature search. PRA, plasma renin 
activity. 

: 
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3.3.1 Plasma Renin Activity in Healthy Children  

The literature search yielded 29 publications on plasma renin activity in healthy children 

(Figure 3.1). The plasma renin activities reported in these 29 publications were from a total 

of 1482 healthy children. A total of 14 of the 29 publications provided values of plasma 

renin activity from healthy children younger than or equal to 2 years of age. Overall, 344 of 

the 1482 healthy children were younger than or equal to 2 years old.  

Visual inspection of the literature data revealed roughly four groups: Neonates up to 30 days 

of age, infants from 1–24 months, children from 2–10 years, and children and adolescents 

older than 10 years. The results of plasma renin activity level evaluation in healthy subjects 

showed a decrease of plasma renin activity level over age (Figure 3.2, Table 3.1). The overall 

approximation of mean plasma renin activity levels for the four age ranges were 15.4, 11.8, 

3.5, and 2.2 ng/mL/h. Compared with plasma renin activity levels of neonates up to 30 days 

of age, this means a drop of 23% in infants 1–24 months, 77% in children 2–10 years and 

85% in children and adolescents older than 10 years. Comparing neonates with older 

children, plasma renin activity is up to 7 times higher in neonates than in older children. The 

percentage decrease in plasma renin activity between the different age groups is highest 

between infants aged 1 to 24 months and children aged 2 to 10 years. The highest mean 

plasma renin activity was determined by Vincent et al. [113] for 16 children between 

6 and 30 days of age at 29.8 ± 28.6 ng/mL/h. Plasma renin activity levels were lower in 

children and adolescents older than 10 years. Nevertheless, the plasma renin activity in 

children and adolescents older than 10 years was still slightly above the values reported in 

adults. For example, Van Acker et al. [114] found a plasma renin activity of 

0.96 ± 0.6 ng/mL/h in 20 adults aged 22 to 45 years. In the first two years of life, the 

reported plasma renin activity levels partially varied strongly between the different studies. 
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Figure 3.2 Age-related change of plasma renin activity in healthy children from birth to 

18 years of age. Plasma renin activity is expressed as mean ± standard deviation. 
Age is expressed as ○: Mean ± standard deviation, ●: Mean and range or 
▲: Centerpoint of range and range. A grey shaded box highlights plasma renin 
activity levels in healthy children from 1 to 18 years. 
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Table 3.1 Plasma renin activity specification and demographic parameters of healthy children in the literature (continued on the next three pages) 

Age 
 

Plasma renin activity (ng/mL/h) 
 

Mean SD Centerpoint 

of range 

Min Max Dimension n Sex Mean SD Min Max n Sampling procedure Reference 

na na 0.5 0 1 days 10 m/f 8.8 8.92 0.6 30 10 Supine (2–3 h) in the morning (between 8:00 and 10:00 AM) [115] 

1 na na 1 1 days 20 m/f 19.04 9.48 na na 20 Sober (4 h) and supine (2 h) in the morning [116] 

na na 1.5 1 2 days 10 m 24.8 26.62 3.7 96 10 Supine (for at least 2 h) in the early morning [117] 

na na 4.0 2 6 days 15 m/f 24.7 112 na na 15 Recumbent position in the morning (between 9:00 and 11:00 AM) [118] 

4 na na 4 4 days 20 m/f 17.33 8.69 na na 20 Sober (4 h) and supine (2 h) in the morning [116] 

na na 4.5 3 6 days 15 m/f 11.6 10.52 1.4 40 15 Supine (2–3 h) in the morning (between 8:00 and 10:00 AM) [115] 

7 na na 7 7 days 12 m 13.41 11.82 na na 12 Sober (2 h) and supine (1–3 h) in the morning (9:00 AM) [119] 

na na 8.0 7 9 days 9 m 5.8 4.52 1.1 13.8 9 Supine (for at least 2 h) in the early morning [117] 

na na 12.0 4 20 days 7 m/f 3.6 0.9 na na 15 Sober (2 h) [120] 

na na 15.6 0.667 30.5 days 17 m/f 25 20.62 1.5 70 17 Supine (2 h) [98] 

na na 17.0 12 22 days 10 m/f 8.73 32 na na 10 Recumbent position in the morning (between 9:00 and 11:00 AM) [118] 

na na 18.0 6 30 days 16 m/f 29.83 28.62,3 na na 16 Recumbent (1 h) and sober (2 h) in the morning (before 10:00 AM) [113] 

na na 28.5 10 47 days 5 m/f 19.6 10.5 5.2 31 5 Sober (2–3 h) and supine between 9:00 and 10:00 AM [97] 

30 na na 30 30 days 25 m/f 4.2 2.8 na na 25 na [121] 

na na 31.5 21 42 days 8 m/f 2.3 1.72 0.2 5.2 8 Supine (2–3 h) in the morning (between 8:00 and 10:00 AM) [115] 

na na 45.5 28 63 days 9 m 8.1 3.22 3.5 12.4 6 Supine (for at least 2 h) in the early morning [117] 

na na 2.0 1 3 months 25 m/f 22.43 13.72,3 na na 20 Recumbent (1 h) and sober (2 h) in the morning (before 10:00 AM) [113] 

na na 4.5 3 6 months 14 m/f 203 8.52,3 na na 14 Recumbent (1 h) and sober (2 h) in the morning (before 10:00 AM) [113] 

5.9 na na 1 12 months 20 m/f 3.85 2.12 na na 20 Supine in the afternoon [114] 

na na 6.5 1 12 months 11 m/f 18 13.32 0.6 40 11 Supine (2 h) [98] 
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Age 
 

Plasma renin activity (ng/mL/h) 
 

Mean SD Centerpoint 

of range 

Min Max Dimension n Sex Mean SD Min Max n Sampling procedure Reference 

na na 7.5 3 12 months 18 m/f 6.27 4.12 na na 18 Supine (10 h) in the morning [104] 

8.86 2.26 na na na months 8 m/f 7.8 0.7 na na 8 Sober and supine [122] 

na na 9.0 6 12 months 15 m/f 203 14.92,3 na na 15 Recumbent (1 h) and sober (2 h) in the morning (before 10:00 AM) [113] 

na na 0.5 0.016 1 years 13 m/f 3.34,5 3.24,5 na na 13 Recumbent (3 h) and sober in the morning (between 8:00 and 
9:00 AM) 

[123] 

na na 1.5 1 2 years 20 m/f 16.33 9.12,3 na na 20 Recumbent (1 h) and sober (2 h) in the morning (before 10:00 AM) [113] 

na na 1.5 0.083 3 years 14 m/f 4.6 62 na na 14 Sitting except infants (supine) [103] 

na na 2.5 1 4 years 16 m/f 4.47 3.12 na na 16 Supine (10 h) in the morning [104] 

na na 2.5 1 4 years 8 m/f 3.54,5 3.14,5 na na 8 Recumbent (3 h) and sober in the morning (between 8:00 and 
9:00 AM) 

[123] 

na na 3.0 1 5 years 10 m/f 8 4.72 0.8 16.4 10 Supine (2 h) [98] 

na na 3.5 2 5 years 15 m/f 6.63 3.32,3 na na 15 Recumbent (1 h) and sober (2 h) in the morning (before 10:00 AM) [113] 

na na 4.5 3 6 years 17 m/f 2.5 2.12 na na 17 Sitting [103] 

na na 5.0 4 6 years 36 m/f 3.42 2.02 na na 36 Sober and supine in the morning (between 6:00 and 7:00 AM) [105] 

na na 6.0 5 7 years 9 m/f 5.73 2.32,3 na na 9 Recumbent (1 h) and sober (2 h) in the morning (before 10:00 AM) [113] 

na na 6.0 4 8 years 11 m/f 1.94,5 14,5 na na 11 Recumbent (3 h) and sober in the morning (between 8:00 and 
9:00 AM) 

[123] 

na na 6.1 0.167 12 years 63 m/f 1.6 1.62 0.33 6.4 63 Sober and supine in the morning (between 09:00 and 11:00 AM) [124] 

6.3 2.5 na na na years 10 m/f 2.04 1.13 na na 10 na [125] 

na na 6.5 4 9 years 18 m/f 2.33 1.22 na na 18 Supine (10 h) in the morning [104] 

6.7 4.2 na 1 15 years 50 m/f 1.17 0.92 0.3 2.25 50 Supine (30 minutes) [126] 

na na 7.5 6 9 years 24 m/f 1.4 1.52 na na 24 Sitting [103] 

7.5 2.1 na 6 9 years 2 m 2.15 1.95 na na 2 Supine (1 h) [127] 
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Age 
 

Plasma renin activity (ng/mL/h) 
 

Mean SD Centerpoint 

of range 

Min Max Dimension n Sex Mean SD Min Max n Sampling procedure Reference 

na na 8.0 7 9 years 10 m/f 5.33 42,3 na na 9 Recumbent (1 h) and sober (2 h) in the morning (before 10:00 AM) [113] 

na na 8.0 7 9 years 38 m/f 3.03 1.43 na na 38 Sober and supine in the morning (between 6:00 and 7:00 AM) [105] 

9.51 2.61 na 7 15 years 8 m/f 2.68 1.62 0.3 5.1 8 Sober and supine in the morning (7:00 AM) [99] 

na na 10.0 8 12 years 21 m/f 1.44,5 14,5 na na 21 Recumbent (3 h) and sober in the morning (between 8:00 and 
9:00 AM) 

[123] 

na na 10.0 4 16 years 50 m/f 9.25 7.55 na na 50 Sitting in the morning (between 9:00 and 10:00 AM) [128] 

na na 10.5 5 16 years 19 m/f 3.5 3.12 0.6 11 19 Supine (2 h) [98] 

na na 10.5 9 12 years 16 m/f 1.9 22 na na 16 Sitting [103] 

na na 11.0 10 12 years 41 m/f 2.62 1.32 na na 41 Sober and supine in the morning (between 6:00 and 7:00 AM) [105] 

11.2 4 na 3.1 16.7 years 32 m/f 0.4 0.2 na na 32 Sober (6 h) and supine (15 minutes) in the morning [129] 

na na 11.5 8 15 years 33 m/f 2.45 1.75 na na 33 Supine (90 minutes) and sober in the morning [130] 

na na 12.0 9 15 years 17 m/f 2.07 22 na na 17 Supine (10 h) in the morning [104] 

na na 12.0 9 15 years 11 m/f 2.33 0.82,3 na na 9 Recumbent (1 h) and sober (2 h) in the morning (before 10:00 AM) [113] 

12.3 2.5 na na na years 24 m/f 2.5 1.32 na na 10 Supine (20 minutes) and sober in the morning (between 9:00 and 
10:00 AM) 

[131] 

12.5 na na 10 16 years 10 m/f 2.85 0.08 na na 10 Supine in the morning [132] 

12.6 2.2 na na na years 74 m/f 3.2 2 na na 74 Sitting (30 minutes) in the morning (7:00 AM) [133] 

13.1 na na 12 15 years 107 m/f 0.717 0.437 na na 107 Sober and sitting in the morning [134] 

13.4 2 na 10 18 years 195 m/f 2.52 1.95 0.1 13.5 195 Sitting [135] 

na na 13.5 12 15 years 16 m/f 1.8 1.22 na na 16 Sitting [103] 

na na 14.0 13 15 years 41 m/f 2.07 1.14 na na 41 Sober and supine in the morning (between 6:00 and 7:00 AM) [105] 

14 2.4 na na na years 66 m/f 3.4 2.4 na na 66 Sitting (30 minutes) in the morning (7:00 AM) [133] 
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Age 
 

Plasma renin activity (ng/mL/h) 
 

Mean SD Centerpoint 

of range 

Min Max Dimension n Sex Mean SD Min Max n Sampling procedure Reference 

na na 14.0 12 16 years 9 m/f 0.94,5 0.74,5 na na 9 Recumbent (3 h) and sober in the morning (between 8:00 and 
9:00 AM) 

[123] 

14.2 2.2 na 12 17 years 4 f 2.65 1.25 na na 4 Supine (1 h) [127] 

na na 16.5 15 18 years 10 m/f 1.8 1.32 na na 10 Sitting [103] 

In all studies, plasma renin activity was determined by radioimmunoassay. For age, the centerpoint of the range was only calculated if no mean value was available. 
1Values calculated from raw data. 2SD calculated from SE. 3Values calculated from ng/L/min to ng/mL/h. 4Values calculated from ng/mL/3h to ng/mL/h. 5Values 

generated via GetData Graph Digitizer 2.26.0.20, mean of three times conducted. 6Age-matched healthy control group: values calculated from patients age raw 

data. 

f, female; m, male; Max, maximum; Min, minimum; na, data not available; SD, standard deviation; SE, standard error.  
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3.3.2 Plasma Renin Activity in Children with Heart Failure without ACE Inhibitor 

Treatment 

For children with heart failure, the literature search revealed four studies with plasma renin 

activity data from a total of 58 children (Figure 3.1). Plasma renin activity levels in patients 

with heart failure also show a tendency to decrease with age (Figure 3.3, Table 3.2). Plasma 

renin activity levels in children with heart failure younger than 6 months were greater than 

in healthy peers. In patients with heart failure at this age, plasma renin activity levels were 

3 to 4 times higher than in healthy subjects comparing equal age ranges (Table 3.1, 

Table 3.2). Only the oldest children with heart failure, aged 6 ± 2 months, with a plasma 

renin activity of 10 ± 7 ng/mL/h had plasma renin activity levels that were within the range 

of mean plasma renin activity of healthy children of the same age [96]. None of the studies 

that met the predefined criteria included information on plasma renin activity in children 

with heart failure treated with ACE inhibitor. All children studied suffered from heart failure 

due to congenital heart disease with left-to-right shunts (Table 3.2). 

The LENA studies also provided information on plasma renin activity in children with heart 

failure without ACE inhibitor treatment. A total of 35 subjects in the LENA studies were not 

pretreated with an ACE inhibitor. Therefore, the plasma renin activity measured before the 

first enalapril dose in these subjects can be compared with the literature data. 

Out of 35, 32 subjects had heart failure due to congenital heart disease and 3 due to dilated 

cardiomyopathy. The age of the 35 ACE inhibitor naïve subjects ranged from 

25 days to 2.1 years. The mean plasma renin activity of all four age groups of the LENA 

subjects was comparable to the mean plasma renin activity in the literature. Three of the four 

groups also had a mean plasma renin activity that was above the plasma renin activity 

reported in healthy children. Analogous to the literature data, the oldest age group 

(11.1 ± 6.8 months) had with 11.2 ± 6.0 ng/mL/h a plasma renin activity that was within the 

range of the mean plasma renin activity reported in healthy children of this age.  

In all four age groups, furosemide and spironolactone were included in the medication of the 

majority of the subjects. In addition, one subject in age group two and two subjects in age 

group four received digoxin. Moreover, one subject in age group three received milrinone 

and one subject in age group four received carvedilol. In age group three and four, one 

subject each received no concomitant heart failure medication. An overview of the 

concomitant heart failure medication and its dosage in the four age groups of the LENA 

subjects can be found in Appendix 9.5. 
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Figure 3.3 Plasma renin activity of healthy children and children with heart failure. The 
plasma renin activity data from the healthy children are from the literature 
(black, n = 344). The plasma renin activity data from the children with heart failure 
are from the literature (blue, n = 58) and from the LENA studies (red, n = 35). None 
of the children with heart failure had previously been treated with an ACE inhibitor. 
Plasma renin activity is expressed as mean ± standard deviation (solid lines) or as 
mean and range (dashed lines). Age is expressed as ○: Mean ± standard deviation, ●: 
Mean and range or ▲: Centerpoint of range and range. ACE, angiotensin-converting 
enzyme; LENA, Labeling of Enalapril from Neonates up to Adolescents.  
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Table 3.2 Plasma renin activity specification and demographic parameters of children with heart failure in the literature and in the LENA studies. 

Age 
  

Plasma renin activity (ng/mL/h) 
 

Mean SD Centerpoint 

of range 

Min Max Dimension n Sex Indication Mean SD Min Max n Sampling procedure Analytics Reference 

28 na na 14 112 days 11 m/f severe congestive failure due to 
left-to-right shunts 

54 na 33 162 11 na na [10] 

38 na na 14 84 days 11 m/f CHD with left-to-right shunts 
(severe congestive heart failure) 

84 21 57 126 11 Sober (2–3 h) and supine 
between 9:00 and 10:00 AM 

RIA [97] 

42 na na 28 112 days 11 m/f severe congestive failure due to 
left-to-right shunts 

38 na 4 326 11 na na [10] 

na na 65 19 111 days 8 m/f CHD with left-to-right shunts 
(congestive heart failure) 

87.11 44.91 22 183 8 Sober (2–3 h) and supine 
between 9:00 and 10:00 AM 

RIA [136] 

4 2 na na na months 18 m/f CHD with left-to-right shunts 35 40 na na 7 non-sedated infants RIA [96] 

6 2 na na na months 30 m/f CHD with left-to-right shunts 10 7 na na 10 non-sedated infants RIA [96] 

26.3 1.3 na 25 27 days 3 m CHD 63.6 40.2 30.7 108.4 3 Supine in the morning ELISA LENA 
studies 

55.1 14.3 na 35 85 days 12 m/f CHD 38.1 37.2 6.4 101.2 12 Supine in the morning ELISA LENA 
studies 

4.2 0.8 na 3.2 5.9 months 13 m/f CHD (n = 12) and DCM (n = 1) 54.0 54.3 4.2 183.9 13 Supine in the morning ELISA LENA 
studies 

11.1 6.8 na 6.9 25.1 months 7 m/f CHD (n = 5) and DCM (n = 2) 11.2 6.0 3.4 19.7 7 Supine in the morning ELISA LENA 
studies 

For age, the centerpoint of the range was only calculated if no mean value was available.  
1Values calculated from raw data. 

CHD, congenital heart disease; DCM, dilated cardiomyopathy; ELISA, enzyme-linked immunosorbent assay; f, female; LENA, Labeling of Enalapril from Neonates 

up to Adolescents; m, male; Max, maximum; Min, minimum; na, data not available; RIA, radioimmunoassay; SD, standard deviation. 
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3.3.3 Plasma Renin Activity in Children with Heart Failure and Start of 

ACE Inhibitor Treatment  

In contrast to the literature search, the LENA studies also provided information on plasma 

renin activity in children with heart failure treated with an ACE inhibitor. As mentioned 

earlier, 35 subjects (aged 25 days–2.1 years) had not received pretreatment with an 

ACE inhibitor. Their predose plasma renin activity was compared with the plasma renin 

activity 4 hours after the first enalapril dose and with the plasma renin activity within the 

first 8 days of enalapril treatment (Figure 3.4). The Friedman test showed a significant 

difference (p < 0.01) for the comparison of all three time points. The median predose plasma 

renin activity of 19.7 (n = 35) increased to 29.0 (n = 34, p > 0.05) 4 hours after the first 

enalapril dose, and to 89.1 ng/mL/h (n = 29, p < 0.01) after 4.7 ± 1.6 days of treatment. 

Compared with the median predose plasma renin activity, the plasma renin activity after 

4.7 ± 1.6 days of treatment with enalapril is 4.5 times higher. The first dose administered 

was 0.06 ± 0.01 mg/kg enalapril maleate (n = 35). As daily dose, 0.10 ± 0.04 mg/kg 

enalapril maleate was administered on the first day of treatment (n = 35). At the time of 

plasma renin activity measurement after 4.7 ± 1.6 days, the daily dose was 

0.12 ± 0.03 mg/kg enalapril maleate (n = 29). The enalapril dose was increased in 6 of 29 

children within the first 8 days of enalapril treatment.  

Of the 35 subjects, 33 received concomitant heart failure medication during the observation 

period (Table 3.3). Of 33 children who received furosemide, 29 had already taken it at least 

3 days before starting enalapril therapy. One subject had been receiving furosemide for one 

day prior to enalapril administration but had received loop diuretics for a total of eight days 

prior to enalapril administration. All other medications had been taken at least 3 days before 

starting enalapril therapy. Changes in concomitant medication during the observation period 

were only carried out in two subjects. In one subject, milrinone was discontinued and the 

dosage of furosemide was reduced during the observation period. In another subject, the 

dosage of furosemide was increased only as part of the switch from intravenous to oral 

administration. 
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Figure 3.4 Plasma renin activity in children with heart failure from the LENA studies at 

different time points of enalapril therapy. Plasma renin activity data were available 
from 35 subjects (aged 25 days–2.1 years, median age = 3.6 months) predose, from 
34 subjects 4 hours postdose, and from 29 subjects (aged 29 days–2.1 years, median 
age = 3.4 months) after 4.7 ± 1.6 days of enalapril therapy. The Wilcoxon test for 
paired samples was conducted with the data of the children with a complete dataset of 
three measurements (n = 29). LENA, Labeling of Enalapril from Neonates up to 
Adolescents; NS, not significant.  
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Table 3.3 Concomitant heart failure medication of the investigated LENA subjects. 

Concomitant 

medication 

 
Dosage at the start of the 

study  

Duration of therapy before 

administration of enalapril 

Change in dosage during 

observation period 

Discontinuation of therapy 

during observation period 

 n Median 
(Range) 

Unit Range Duration ≥ 3 days 
n (%) 

n (%) n (%) 

Furosemide 33 1.42 
(0.27–3.20) 

mg/kg/day 1 day–4 months 29 (87.9) 2 (6.1) 0 (0) 

Spironolactone 28 0.83 
(0.27–1.88) 

mg/kg/day 3 days–5 months 28 (100) 0 (0) 0 (0) 

Digoxin 3 11.06 
(10.91–14.93) 

µg/kg/day 11–21 days 3 (100) 0 (0) 0 (0) 

Carvedilol 1 0.55 mg/kg/day 19 days 1 (100) 0 (0) 0 (0) 

Milrinone 1 0.30–0.451 µg/kg/min 10 days 1 (100) 0 (0) 1 (100) 

No concomitant 
medication 

2 - - - - - - 

1During the observation period, doses between 0.3 and 0.45 µg/kg/min were administered. 

LENA, Labeling of Enalapril from Neonates up to Adolescents.
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3.3.4 Plasma Renin Activity and Heart Failure Severity in Children with and without 

ACE Inhibitor Treatment   

Out of the 35 LENA participants without ACE inhibitor pretreatment, 8 had a Ross score 

less than or equal to 2 and were therefore classified as asymptomatic. Before the first 

enalapril dose, the median plasma renin activity of the children with asymptomatic heart 

failure was 9.3 ng/mL/h (Figure 3.5). In contrast, the LENA participants with symptomatic 

heart failure (Ross score ≥ 3) had a significantly higher median plasma renin activity of 

31.8 ng/mL/h (p < 0.05). After 4.7 ± 1.6 days of treatment, 8 of 29 participants had a 

Ross score less than or equal to 2. The median plasma renin activity was 80.7 ng/mL/h in 

the children with asymptomatic heart failure and 99.8 ng/mL/h in the children with 

symptomatic heart failure. The difference in plasma renin activity between the asymptomatic 

and symptomatic children was no longer significant after 4.7 ± 1.6 days of enalapril therapy 

(p > 0.05).  

In 17 out of 29 subjects, the Ross score improved during the observation period. For two 

subjects, the improvement in Ross score resulted in them being classified as now 

asymptomatic rather than symptomatic. In the remaining 12 subjects, the Ross score did not 

change during the observation period.  

The median age of the symptomatic group is lower after 4.7 ± 1.6 days. The reason for this 

is that at this time only 21 subjects had a Ross score ≥ 3 due to missing data or an 

improvement of the Ross score. There was no significant difference in age between the 

children with asymptomatic heart failure and those with symptomatic heart failure, either 

before the first enalapril dose or after 4.7 ± 1.6 days of enalapril therapy (p > 0.05). 

Prior to the first administration of enalapril, two of eight subjects with asymptomatic heart 

failure were not taking any concomitant heart failure medication, six subjects were receiving 

furosemide, and five subjects were receiving spironolactone. Of the 27 subjects with 

symptomatic heart failure prior to enalapril administration, all received furosemide, 

23 subjects received spironolactone, 3 subjects received digoxin and 1 subject each received 

carvedilol and milrinone. The median dose of furosemide was 0.95 mg/kg/day in the children 

with asymptomatic heart failure and 1.57 mg/kg/day in the children with symptomatic heart 

failure. An overview of the concomitant heart failure medication and its dosage in the LENA 

subjects with asymptomatic and symptomatic heart failure before and after 4.7 ± 1.6 days of 

enalapril therapy can be found in Appendix 9.6. 
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Figure 3.5 Plasma renin activity in asymptomatic children and children with symptomatic 

heart failure from the LENA studies. The Wilcoxon test for unpaired samples was 
conducted between the asymptomatic children with a Ross score ≤ 2 and children with 
symptomatic heart failure with a Ross score ≥ 3. In (a), plasma renin activity predose 
is shown (asymptomatic: n = 8, median age = 4.0 months, age range = 1.2–
8.2 months; symptomatic heart failure: n = 27, median age = 3.6 months, 
age range = 25 days–2.1 years). In (b), plasma renin activity after 4.7 ± 1.6 days of 
enalapril therapy is shown (asymptomatic: n = 8, median age = 4.5 months, 
age range = 1.3 months–2.1 years; symptomatic heart failure: n = 21, 
median age = 2.3 months, age range = 29 days–8.2 months). LENA, Labeling of 
Enalapril from Neonates up to Adolescents; NS, not significant. 
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3.4 Discussion 

The current literature review and the European LENA project on children with heart failure 

help to address the influence of age, heart failure and ACE inhibitor treatment on plasma 

renin activity levels in children more specifically. Firstly, age does have a profound effect 

on plasma renin activity levels in healthy children, as in neonates the plasma renin activity 

is up to about 7 times higher than in older children. Secondly, children with heart failure 

younger than 6 months show 3 to 4 times higher plasma renin activity levels than healthy 

children of comparable age. Thirdly, the ACE inhibitor enalapril further increased plasma 

renin activity levels by a factor of 4.5 in children with heart failure. 

3.4.1 Age and Plasma Renin Activity  

Of the three influencing factors analysed, age has the greatest influence on plasma renin 

activity in childhood according to the present analyses. The comparison of the results of the 

different studies in the systematic review confirms previous separate observations on the 

decrease of plasma renin activity with age and furthermore provides information on the 

extent of the age-related decrease of plasma renin activity in healthy children [103–105]. 

Considering the whole childhood, the analyses show a strong decrease of plasma renin 

activity by up to 85%. Such a strong decrease with age in childhood is not extraordinary and 

is also known for example for NT-proBNP [137]. 

The reasons for the increased plasma renin activity in children and especially in neonates 

and infants are not known with certainty. It is known that renin release is promoted by a 

decrease in renal perfusion pressure [138]. Consequently, the increase in blood pressure with 

age in children, could be a possible explanation for the age-related decrease of plasma renin 

activity in childhood [139].  

Neonates and infants up to two years of age not only have the highest plasma renin activity 

levels, but also the greatest variability between the different studies. Possible reasons for the 

variability of plasma renin activity between the different studies could be differences in 

sampling or sodium intake of the subjects as well as crying during sampling. It is unlikely 

that the variability is due to the influence of a different position during sampling or a different 

time of sampling in the studies, as in most of the included studies with children under two 

years of age, sampling was performed in the morning in the supine position [98–100]. 

Different sodium intake could be one reason for the variability between the studies, as other 
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investigations show an inverse correlation between plasma renin activity and sodium intake 

[117, 140]. As sodium intake was rarely assessed in the included studies, differences in 

sodium intake between the studies could possibly explain parts of the variability between the 

different studies. In addition, crying during sampling increases plasma renin activity [141]. 

Neonates and infants are more likely to cry during blood collection than older children. A 

different proportion of crying subjects in the different studies could be another reason why 

the variability between the different studies is high for children under two years of age.  

3.4.2 Heart Failure and Plasma Renin Activity  

The second factor influencing plasma renin activity is heart failure, which appears associated 

with 3 to 4 times higher plasma renin activity levels in neonates and young infants compared 

with healthy peers. Children with heart failure younger than 6 months from both the 

literature and the LENA studies had higher plasma renin activity levels than healthy children 

of the same age. 

The activation of the renin–angiotensin–aldosterone system in children with heart failure is 

part of the pathophysiology [95]. Consistent with the present findings in children with heart 

failure younger than 6 months, Nijst et al. [142] found about 5 times higher plasma renin 

activity in adults with chronic heart failure on optimal medical therapy compared with 

healthy controls. Anand et al. [143] reported a 9.5 times higher plasma renin activity in 

adults with severe clinical congestive cardiac failure. The greater difference between patients 

and healthy subjects in the latter study could be due to the fact that the subjects of Anand et 

al. [143] were completely untreated patients, while LENA subjects had been pretreated with 

various heart failure medications other than ACE inhibitor.  

The assumption is that the plasma renin activity in children with heart failure is influenced 

by the severity of heart failure. The influence of the severity of heart failure on plasma renin 

activity is supported by the fact that the subjects with symptomatic heart failure 

(Ross score ≥ 3) had a significantly higher plasma renin activity than the subjects with 

asymptomatic heart failure (Ross score ≤ 2). However, no association could be found 

between the different severities of symptomatic heart failure, classified by the Ross score, 

and plasma renin activity. One reason for this could be that the Ross score includes various 

symptoms that are not all equally related to the renin–angiotensin–aldosterone system. Of 

course, children with symptomatic heart failure receive more intensive therapy than children 

with asymptomatic heart failure. Accordingly, the dosage of furosemide was higher in the 
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children with symptomatic heart failure. Since furosemide increases plasma renin activity, 

it is likely that current concomitant medication, in addition to the severity of heart failure, 

contributed to the fact that the children with symptomatic heart failure had a higher plasma 

renin activity [106]. Another indication of the influence of the severity of heart failure on 

plasma renin activity is the fact that Buchhorn et al. [96] found a correlation of plasma renin 

activity with respiratory rate and an inverse correlation of plasma renin activity with weight 

gain in children with heart failure. 

Data from the literature and the LENA studies indicate that plasma renin activity levels, 

similar to healthy children, tend to decrease with age also in patients with heart failure. 

However, the amount of data available and the age range of children with heart failure were 

too small to interpret the influence of age in children with heart failure more precisely. 

A surprising finding was that the oldest subjects with heart failure from the literature and the 

LENA studies even had plasma renin activity levels in the range of plasma renin activity of 

healthy children. Two reasons are hypothesised why plasma renin activity is not increased 

in older children with heart failure. The first reason could be that the older children have 

milder heart failure, as patients with more severe clinical symptoms due to congenital heart 

disease are usually operated earlier. The subjects in the oldest study group (aged 

6 ± 2 months) from the literature had a respiratory rate < 50 min–1, indicating milder heart 

failure considering their age [96]. In addition, the oldest group in the LENA studies had a 

Ross score that led to the classification as mild heart failure patients. However, the LENA 

patients with an age of 3 to 6 months and an increased plasma renin activity compared with 

healthy children were also classified as having mild heart failure according to the Ross score. 

Thus, there must be a second factor influencing plasma renin activity. The second reason 

could be that older children are more likely to have been stabilized on their medication. 

Furosemide, spironolactone and milrinone increase plasma renin activity whereas beta-

blocker and digoxin decrease plasma renin activity [106, 108–110, 144, 145]. Consequently, 

a lower proportion of furosemide, spironolactone or milrinone and/or a higher proportion of 

beta-blocker or digoxin in the current medication of the respective study group could also 

lead to a lower plasma renin activity. The oldest study group in the literature also had the 

lowest percentage of diuretics in their current medication compared with the other groups in 

this study, which had higher plasma renin activity levels [96]. The oldest group of LENA 

subjects received the lowest percentage of concomitant medication that increased plasma 

renin activity and the highest percentage of concomitant medication that decreased plasma 
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renin activity. Therefore, plasma renin activity in children with heart failure is probably 

influenced by both the severity of heart failure and the current heart failure medication. 

3.4.3 ACE Inhibitor Treatment and Plasma Renin Activity  

The third factor influencing plasma renin activity is the ACE inhibitor treatment, which 

increases plasma renin activity by 4.5-fold in children with heart failure. Thus, the results 

suggest that treatment with an ACE inhibitor may have an even greater influence on plasma 

renin activity than heart failure itself.  

Previous studies on plasma renin activity after captopril administration in children with heart 

failure either did not find a significant increase in plasma renin activity or did not state 

whether the increase in plasma renin activity was significant [10, 136, 146, 147]. The studies 

that did not find a significant increase investigated only a small number of 8 respectively 

12 subjects [146, 147]. Similarly, the study by Lloyd et al. [23], in which no significant 

increase in plasma renin activity was observed during enalapril therapy, included only 

10 subjects. In contrast, this analysis is based on a considerable higher number of 

29 subjects. Seguchi et al. [21] examined 35 children with congestive heart failure between 

1 month and 17 years of age. In the 18 subjects in whom plasma renin activity was measured, 

a significant increase in plasma renin activity was observed 3 hours after administration of 

enalapril. The reason why the increase was already significant three hours after 

administration of enalapril could be that a higher dose was administered. 

In accordance with the present findings in children with heart failure, enalapril 

administration significantly increases plasma renin activity by approximately a factor of four 

in adults with heart failure [107]. Compared with adults with heart failure, the increase in 

plasma renin activity in children with heart failure was not yet significant 4 hours after 

administration, but only within the first 8 days of treatment. The delayed effect of enalapril 

in children with heart failure could have several reasons. One reason could be the higher 

starting dose used in the adult study compared with the starting dose in the LENA studies. 

In the study on enalapril in adults with heart failure a high dose between 10 and 40 mg was 

used as the first dose. The initial dose in the LENA studies was chosen with the aim of 

achieving exposure comparable to an initial dose of 2.5 mg in adults. Another reason may 

be that the maximum enalaprilat concentration is reached later in children under one year of 

age. The pharmacokinetic analysis of the LENA studies revealed that the subjects younger 

than one year had a median time to reach maximum enalaprilat concentration of 6 hours 
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[52]. Whereas in subjects older than one year, the median time to reach maximum enalaprilat 

concentration was 4 hours, comparable to that of adults [52, 148]. Since 28 of the 29 subjects 

analysed were under 1 year of age, the time of plasma renin activity measurement in these 

children may have been too early to observe a significant increase in plasma renin activity. 

As a third reason, the plasma renin activity increase may be due not only to a direct negative 

feedback of angiotensin II on renin release but also to an increase in renin synthesis, as 

treatment with enalapril for several days causes an increase in renin mRNA in rats [149].  

As concomitant medication could have an impact on plasma renin activity during the 

observation period, the duration, changes and discontinuations of concomitant medication 

were investigated. Most of the concomitant medication was taken at least three days before 

the start of enalapril administration. It can therefore be assumed that the majority of subjects 

and their plasma renin activity had stabilized on their therapy before enalapril was 

administered. Since furosemide and milrinone increase plasma renin activity, reducing the 

dosage of furosemide and discontinuing milrinone therapy in one subject may at most have 

attenuated the observed increase in plasma renin activity due to enalapril [106, 145]. As the 

increase in furosemide dose in one subject only compensates for the reduced bioavailability 

due to the switch from intravenous to peroral administration, this change is not expected to 

have any effect. For the above reasons, an impact of concomitant medication on plasma renin 

activity during the observation period is considered as unlikely. 

Of importance is the fact that the significant difference in plasma renin activity between 

asymptomatic children and children with symptomatic heart failure disappeared under 

enalapril therapy. The reason for this could be that, according to the present results, the 

influence of ACE inhibitor treatment appears to be greater than the influence of heart failure 

itself. However, the comparison between asymptomatic children and children with 

symptomatic heart failure is based on a small number of eight asymptomatic patients, and 

the improvement in heart failure with therapy may have attenuated the increase in plasma 

renin activity differently in the two groups. 

The existing studies on plasma renin activity after captopril administration in children with 

heart failure had to be excluded from the systematic review due to missing information on 

plasma renin activity values, contradictory information on the unit or imprecise or missing 

information on age [10, 136, 146, 147]. The existing studies on plasma renin activity after 

enalapril administration in children with heart failure could not be found in the literature 
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search. In the case of the publication by Seguchi et al. [21], the reason was that it is not listed 

in the MEDLINE database. For the publication by Lloyd et al. [23], the abstract is not 

available in the MEDLINE database, and the title does not contain the search term plasma 

renin activity. However, these studies would have been excluded anyway due to the 

exclusion criteria. Seguchi et al. [21] only specified the age for the total group of 35 children 

and not for the subgroup of 18 children in whom plasma renin activity was measured. Lloyd 

et al. [23] did not specify the statistical parameters used for plasma renin activity. As far as 

is known, this is the first report on plasma renin activity following administration of an 

ACE inhibitor in children with heart failure that contains exact information on age and the 

statistical parameters used. 
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3.5 Limitations 

The systematic review may not include all publications on plasma renin activity in healthy 

children and children with heart failure due to limitations of the method. Only publications 

listed in the MEDLINE database in English or German were considered. Publications in 

English and German for the literature search on plasma renin activity in healthy children and 

in children with heart failure, however, encompass the majority of all publications under the 

search terms used, with 92% and 90% respectively. Publications in which parts of the search 

terms are not mentioned in the title or abstract may have been overlooked. For healthy 

children, six additional publications from the preliminary search were included. In three of 

these cases were only the title and not the abstract available in the MEDLINE database. In 

the other three cases, other keywords were used for healthy children, for example, they were 

named normal children. Due to the nature of the literature data, it was not possible to analyse 

the literature data beyond descriptive statistics. The relatively strict inclusion criteria led to 

the exclusion of some studies. Excluding studies with inaccurate age information reduced 

the dataset, but as these analyses show, accurate age information is necessary to compare 

plasma renin activity values. Specifying the allowable statistical parameters in the inclusion 

criteria resulted in a smaller dataset but improved the comparability of the data. Despite these 

limitations, the systematic review contains a large amount of data on plasma renin activity 

from almost 1500 healthy children and almost 60 children with heart failure.  

The age classification for the evaluation of the plasma renin activity level of the healthy 

children from the literature is based only on the visual inspection of the data. Both the age 

group of children from 2–10 years and the age group of children and adolescents over 

10 years encompass a relatively wide age range. However, the age classification chosen is 

comparable to the age classification of the European Medicines Agency and the US Food 

and Drug Administration, where the age groups are defined as children aged 2–11 years and 

adolescents aged 12–18 years. 

The analysis of plasma renin activity in children with heart failure from the LENA studies 

is faced with limitations. One limitation is that the number of subjects that could be analysed 

for the effect of enalapril on plasma renin activity was limited because only a part of the 

subjects was without ACE inhibitor pretreatment. However, almost all ACE inhibitor naïve 

children were under one year old. Considering this very young age, a large number of very 

young subjects with heart failure were studied. Furthermore, plasma renin activity was 
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analysed in children with heart failure of different aetiology. However, due to the small 

number of three ACE inhibitor naïve children with dilated cardiomyopathy, an analysis 

regarding a possible influence of the aetiology of heart failure was not possible. Data from 

the LENA studies cannot provide information on the prognostic value of plasma renin 

activity in children with heart failure. The number of 35 ACE inhibitor naïve subjects was 

unfortunately too small to perform a multiple regression analysis. Thus, an overlap of the 

influences of age, heart failure and ACE inhibitor treatment is possible. However, when 

comparing plasma renin activity between healthy children and children with heart failure, 

the LENA subjects were divided into four age groups to compare them with healthy peers 

and to keep the influence of age as low as possible. When comparing plasma renin activity 

between children with asymptomatic and symptomatic heart failure, there was no significant 

age difference between the two groups. The influence of enalapril on plasma renin activity 

was investigated in an observation period with a maximum of eight days. Therefore, the 

influence of age in the selected observation period is considered negligible. Since plasma 

renin activity decreases with age, age could at most have attenuated the observed effect of 

enalapril on plasma renin activity. As the Ross score improved in some of the subjects during 

the observation period, the improvement in heart failure may have attenuated the observed 

increase in plasma renin activity due to enalapril. However, as only two subjects had a 

change in Ross score large enough to change the heart failure classification, it is assumed 

that the effect of the improvement in heart failure on plasma renin activity will be rather 

small here. Moreover, the effect of enalapril on plasma renin activity in children with heart 

failure was analysed only in the first days of therapy. Further analysis of the studies data is 

required to determine whether plasma renin activity remains elevated with prolonged 

ACE inhibitor therapy. 
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3.6 Conclusions 

In summary, it has been shown that age, heart failure and ACE inhibitor treatment have a 

notable influence on plasma renin activity. In children with heart failure, not only age but 

also ACE inhibitor treatment must be considered when assessing plasma renin activity as a 

clinically meaningful parameter, as ACE inhibitor treatment leads to a 4.5-fold increase of 

plasma renin activity that is not due to the disease state. In detail, it should be examined 

whether an ACE inhibitor is included in the medication and how long the ACE inhibitor 

treatment has already been given. In studies on plasma renin activity, subjects with and 

without ACE inhibitor should preferably be evaluated separately. 
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4 Angiotensin II/Angiotensin I Ratio as Pharmacodynamic 

Parameter for Population Modelling in Healthy Adults and 

Children with Heart Failure Treated with Enalapril 

4.1 Background 

Since the preceding work has shown that the pharmacokinetics of enalaprilat and the 

pharmacodynamic parameter plasma renin activity are influenced by age and heart failure, 

the question remains whether the pharmacodynamics of enalaprilat differ in children with 

heart failure compared with healthy adults. The previous model-independent analysis of 

plasma renin activity in the subjects of the LENA studies showed a significant increase in 

plasma renin activity after repeated administration of enalapril. Thereby, it was demonstrated 

that the administered dosage of enalapril in the LENA studies had a measurable effect on the 

renin–angiotensin–aldosterone system. However, the effect on plasma renin activity is 

caused by the reduced negative feedback of angiotensin II on renin secretion and is therefore 

the result of several steps following ACE inhibition by enalaprilat. To further investigate the 

effects of enalaprilat, a model-dependent population analysis shall be performed with 

another pharmacodynamic parameter that is closer to ACE inhibition. 

Model-dependent pharmacodynamic analyses in adults used various pharmacodynamic 

parameters. The effect of the active metabolite enalaprilat on ACE activity or blood pressure 

in healthy adults and adults with hypertension was investigated using PK/PD modelling [71, 

150–153]. In addition, two physiologically based PK/PD models and one population 

PK/PD model were developed, describing the effect of enalaprilat on the individual 

parameters of the renin–angiotensin–aldosterone system in adults [154–156]. 

Model-dependent pharmacodynamic analyses for enalaprilat based on paediatric data are 

limited. Kechagia et al. [72] developed a population PK/PD model using pharmacokinetic 

data from children and blood pressure data from adults with hypertension obtained from the 

literature. The population PK/PD model was then validated using blood pressure data from 

children with hypertension obtained from the literature. 

Model-dependent population analyses in children with heart failure using suitable 

pharmacodynamic parameters could help to gain insights into the pharmacodynamic effects 

of enalaprilat in this population and possible differences compared with adults. Blood 

pressure is less suitable as a pharmacodynamic parameter in children with heart failure, as it 
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was observed that blood pressure did not change significantly during the study period in 

children with congenital heart disease who were treated with enalapril and participated in 

the LENA project [60]. Unlike blood pressure, ACE activity has the advantage that it is 

directly influenced by enalaprilat without any intermediate steps. As ACE activity is not 

always available, alternative pharmacodynamic parameters may be useful. 

Since the angiotensin II/angiotensin I ratio is influenced by the administration of enalapril, 

it could serve as a pharmacodynamic parameter. In response to ACE inhibition by 

enalaprilat, angiotensin I levels increased significantly after administration of enalapril to 

healthy adults, while angiotensin II levels decreased significantly [20]. Therefore, the 

angiotensin II/angiotensin I ratio was used as a measure of the in vivo ACE activity in 

healthy adults [157, 158]. As mentioned above, a significant increase in plasma renin activity 

was observed in the subjects of the LENA studies after repeated administration of enalapril. 

Since renin converts angiotensinogen into angiotensin I, it is likely that the children with 

heart failure also showed an increase in angiotensin I after administration of enalapril. In 

another study in children with congestive heart failure, angiotensin II levels decreased 

significantly after administration of enalapril, and plasma renin activity also increased 

significantly [21]. Consequently, it can be assumed that the angiotensin II/angiotensin I ratio 

can also serve as a measure of in vivo ACE activity in children with heart failure. As far as 

is known, there are no model-dependent population analyses that use the 

angiotensin II/angiotensin I ratio as a pharmacodynamic parameter for healthy adults or 

children with heart failure. 

The objectives were to gain insights into the effect of the active metabolite enalaprilat on the 

angiotensin II/angiotensin I ratio in children with heart failure and to identify possible 

differences compared with healthy adults. For this purpose, a population PK/PD model was 

developed that describes the effect of the active metabolite enalaprilat on the 

angiotensin II/angiotensin I ratio in healthy adults for whom extensive data were available. 

The predictions of the PK/PD model for adults were used to compare the 

angiotensin II/angiotensin I ratio after administration of enalapril in healthy adults and 

children with heart failure. In addition, a population pharmacodynamic model was developed 

based on simultaneous pharmacokinetic and pharmacodynamic measurements in 

ACE inhibitor naïve children with heart failure from the LENA project.  
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4.2 Methods 

4.2.1 Adult Study: Study Design and Investigated Population 

The adult data used were obtained from an open-label, single-sequence, single-dose study in 

nine healthy subjects [159]. The enalaprilat, angiotensin I, and angiotensin II measurements 

from this study were analysed. The study was conducted in 2013 at the Institute of Clinical 

Pharmacy and Pharmacotherapy at Heinrich Heine University Düsseldorf in Germany 

according to the Declaration of Helsinki and Good Clinical Practice recommendations. The 

Ethics Committee of the Medical Faculty of the Heinrich Heine University Düsseldorf 

granted the ethical approval (proposal no. 3809 [including all amendments]). The study was 

registered in the German Clinical Trials Register (DRKS00037310). Prior to participation, 

all subjects provided written informed consent. 

Subjects were included in the study if they were at least 18 years old, had a body weight of 

more than 50 kg, and were free from any known organ diseases. Exclusion criteria were 

angioedema, urticaria, known allergies, or low blood pressure values in the past 

(< 90/60 mmHg), as well as pregnancy in female subjects. 

4.2.2 Adult Study: Dosing and Sampling 

After a fasting period of at least 10 hours, one tablet of 20 mg enalapril maleate 

(EnaHEXAL®, HEXAL, Holzkirchen, Germany) was administered to the subjects with 

250 mL of water. The intake of xanthine-containing food or beverages and alcohol was 

prohibited for at least 48 hours after administration. 

The time points for pharmacokinetic sampling on the first study day were predose, every 

10 minutes for the first 3 hours after administration, every 20 minutes for the next 3 hours 

and thereafter every 30 minutes up to 8 hours after administration. Additional 

pharmacokinetic samples were collected 24, 48 and 72 hours after administration. 

The time points for pharmacodynamic sampling were predose, 0.5, 1, 2, 3, 4, 5, 6, 7, 8, 24, 

48, and 72 hours after administration. 

On the first day of the study, blood samples were taken through an indwelling cannula in a 

peripheral arm vein. The latter blood samples were taken through direct venipuncture. All 

blood samples were drawn after the participants had been lying in a supine position for at 
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least 30 minutes. The materials used and the sample preparation have been described 

elsewhere [159]. 

4.2.3 Adult Study: Analytical Methods 

Pharmacokinetic serum samples (enalaprilat) were purified by solid-phase extraction and 

analysed using liquid chromatography–triple quadrupole tandem mass spectrometry 

[Shimadzu HPLC 10 (Shimadzu, Duisburg, Germany) coupled with AB Sciex API 2000 

mass spectrometer (Sciex, Darmstadt, Germany)]. The LLOQ of enalaprilat was 0.70 µg/L. 

Angiotensin I was determined using a commercial 125I radioimmunoassay (Immunotech, 

Prague, Czech Republic) and had a calibration range of 0.2 to 30 µg/L. For the determination 

of angiotensin II, a solid-phase extraction was combined with a modified enzyme-linked 

immunosorbent assay (IBL, Hamburg, Germany). The calibration range of angiotensin II 

was between 1 and 125 pg/mL. Further information regarding the analytical methods can be 

found elsewhere [159]. 

4.2.4 Paediatric Studies: Study Design and Investigated Population 

The sources for the paediatric data were the two pharmacokinetic bridging studies and the 

safety follow-up study of the LENA project. General information on the pharmacokinetic 

bridging studies and the safety follow-up study is described in Chapters 1.4.3 and 1.4.4. The 

three studies were carried out from 2016 to 2018 in hospitals in Austria, Hungary, the 

Netherlands (2 sites), Serbia (2 sites) and Germany (no subjects in the safety follow-up 

study). The ethics committees of the participating institutions approved all three studies. 

Prior to the inclusion of each subject in the respective study, informed parental consent was 

obtained. According to national requirements, the assent of the participating children was 

obtained. The studies were registered on the EU Clinical Trials Register (EudraCT 2015-

002335-17, EudraCT 2015-002396-18 and EudraCT 2015-002397-21). 

The inclusion and exclusion criteria for the pharmacokinetic bridging studies are listed in 

Chapter 2.2.1. In the safety follow-up study, subjects from the pharmacokinetic bridging 

studies who were still treated with enalapril orodispersible minitablets or who were treated 

with enalapril orodispersible minitablets for at least three days were included. There were 

no additional exclusion criteria in the safety follow-up study.  
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4.2.5 Paediatric Studies: Dosing and Sampling 

The information on dosing in the two pharmacokinetic bridging studies can be found in 

Chapter 2.2.2. This information also applies to the safety follow-up study. 

In the pharmacokinetic bridging studies, a PK/PD profile was usually obtained in 

ACE inhibitor naïve subjects at the initial dose visit, with pharmacokinetic samples collected 

before and 1, 2, 4, 6, and 12 hours after enalapril orodispersible minitablet administration, 

as well as pharmacodynamic samples collected before and 4 hours after administration. 

Alternatively, the PK/PD profile could also be obtained after reaching steady state at the 

optimal dose. Single pharmacokinetic and pharmacodynamic samples were collected in 

immediate succession during the remaining study visits. These samples were collected 

predose during titration and at the end of the studies. For all other visits, the investigator 

could determine the time of sampling. When the treatment with enalapril orodispersible 

minitablets was discontinued, no further pharmacokinetic samples were taken from the 

subjects concerned. 

During the four study visits of the safety follow-up study, single pharmacokinetic samples 

were taken from subjects still treated with enalapril orodispersible minitablets, and single 

pharmacodynamic samples were taken from all subjects. For these samples, the investigator 

could determine the time of sampling. In subjects from whom pharmacokinetic and 

pharmacodynamic samples were taken, these samples were collected in immediate 

succession. 

The predefined time points of the study visits are listed for the two pharmacokinetic bridging 

studies in Appendix 9.3 and for the safety follow-up study in Appendix 9.7. The exact 

sampling times were noted in the electronic case report forms for all pharmacokinetic and 

pharmacodynamic samples. The subjects were in a supine position for blood sampling. The 

materials used and the preparation of the pharmacokinetic samples can be found elsewhere 

[52]. 

For the collection of the analysed pharmacodynamic samples, EDTA Monovettes® (Sarstedt, 

Nuembrecht, Germany) were used, which were spiked with an inhibitor cocktail [dimethyl 

sulfoxide (AppliChem GmbH, Darmstadt, Germany), 1,10-phenanthroline (Sigma-Aldrich, 

Steinheim, Germany), pepstatin A (Sigma-Aldrich, Steinheim, Germany), 

4-hydroxymercuri benzoic acid (Sigma-Aldrich, Steinheim, Germany), and EDTA (Carl 
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Roth GmbH + Co. KG, Karlsruhe, Germany)] to block degradation of humoral parameters. 

In situations where sampling with EDTA Monovettes® was not possible, micro collection 

tubes containing EDTA solution and the aforementioned inhibitor cocktail were used. The 

blood collection tubes were stored on ice before, during, and after blood collection. 

Immediately afterwards, the blood collection tubes were centrifuged for 10 minutes at 

2000× g under cooled conditions (0–4 °C). The transferred supernatant was snap-frozen and 

stored at −80 °C until analysis. 

4.2.6 Paediatric Studies: Analytical Methods 

The analytical methods for the analysis of the pharmacokinetic serum samples with regard 

to enalaprilat are described in Chapter 2.2.4. 

For the simultaneous determination of several angiotensin peptides, including angiotensin I 

and angiotensin II, a validated multiplex liquid chromatography high-resolution mass 

spectrometry method was applied [54]. Following precipitation and solid-phase extraction, 

the samples were analysed using a Nexera XR liquid chromatography system (Shimadzu, 

Duisburg, Germany) coupled to a TripleTOF® 6600 mass spectrometer from AB Sciex 

(Concord, ON, Canada). The calibration range was 25.4 to 1594.2 pg/mL for angiotensin I 

and 22.3 to 1395.8 pg/mL for angiotensin II. 

4.2.7 Software 

The population PK/PD and population pharmacodynamic analyses were conducted using the 

nonlinear mixed effects modelling program Monolix version 2024R1 (Lixoft, Antony, 

France). For the estimation of the population parameters, Monolix uses a stochastic 

approximation expectation-maximization algorithm. Excel® version 2406 (Microsoft, 

Redmond, WA, USA) and R version 4.2.2 (The R Foundation for Statistical Computing, 

Vienna, Austria) were used to generate the input files for Monolix, statistical analyses and 

additional graphics. 

4.2.8 Model Development of the Pharmacokinetic/Pharmacodynamic Model for 

Healthy Adults 

First, the angiotensin II/angiotensin I ratio was plotted against the enalaprilat concentration 

for each subject to check for hysteresis. Thereafter, a pharmacokinetic model for the active 

metabolite enalaprilat was developed. A one- and two-compartment model with first-order 

absorption and linear elimination was tested for enalaprilat. In addition, the implementation 
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of a lag time as well as transit compartments was tested. A combined residual error model 

with an additive and a proportional error was selected as the error model. The conditional 

sampling use for stepwise approach based on correlation tests (COSSAC) method was used 

for the covariate search [160]. The potential covariates sex, age, weight, and body mass 

index were tested as covariates for the model parameters with random effects. An 

exponential model was tested for the categorical covariate sex, and a power model scaled 

with the weighted mean of the respective covariates was tested for the continuous covariates 

age, weight, and body mass index. For the likelihood ratio threshold, the default setting 

p = 0.01 was used as the forward and backward threshold. Based on the scatter plots for each 

pair of random effects and the results of the correlation test using a t-test, the inclusion of 

potential correlations between random effects in the model was tested. 

The pharmacokinetic model developed was then used for the pharmacokinetic part of the 

PK/PD model, with the parameter estimates of the pharmacokinetic model serving as initial 

estimates. For PK/PD modelling, the simultaneous approach was chosen, in which all model 

parameters are estimated together. A maximum inhibition (Imax) model with an effect 

compartment was selected for the pharmacodynamic part of the model. For the Imax model, 

partial inhibition and full inhibition were tested, as well as the addition of a sigmoidicity 

factor. For the pharmacodynamic part of the model, a proportional error model and a 

combined error model with an additive and a proportional error were tested as the residual 

error model. As described above, a covariate search was then performed, and the inclusion 

of correlations between random effects was tested. 

Interindividual variability was incorporated exponentially for the parameters, as it was 

assumed that the interindividual variability of the parameters is lognormally distributed. For 

model selection, the change in the objective function, the change in the residual and 

interindividual variability, the change in the relative standard errors of the parameter 

estimates, and the visual inspection of the goodness-of-fit plots were considered. 

Bioavailability could not be determined based on the available data. Therefore, the apparent 

clearance, the apparent intercompartmental clearance, the apparent central volume of 

distribution and the apparent peripheral volume of distribution are reported. Predose 

pharmacokinetic samples were excluded because no concentration was expected at this time 

in healthy adults without prior treatment with enalapril. Pharmacokinetic samples with 

concentrations below the limit of quantification were treated as censored, and a lower limit 

of zero was set (equivalent to the M4 method in NONMEM®) [79]. For pharmacodynamic 
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samples with concentrations below the limit of quantification, the reported value was used 

to calculate the angiotensin II/angiotensin I ratio. 

4.2.9 Model Evaluation of the Pharmacokinetic/Pharmacodynamic Model for 

Healthy Adults 

To evaluate the final PK/PD model, the goodness-of-fit plots and visual predictive checks 

were visually inspected. For the visual predictive checks, 500 Monte Carlo simulations were 

performed with the final PK/PD model and the design structure of the original dataset. 

4.2.10 Comparison of the Time Course of the Effect in Healthy Adults and Children 

with Heart Failure 

To compare the time course of the angiotensin II/angiotensin I ratio after enalapril 

administration in healthy adults and children with heart failure, the corresponding visual 

predictive check of the final PK/PD model for healthy adults was used. The observed data 

from children with heart failure were added to the visual predictive check. In contrast to the 

adult data, data were also available for children with heart failure after repeated 

administration of enalapril. For this data, the time since the last dose was calculated. If the 

angiotensin II value was below the LLOQ, the angiotensin II value was replaced by LLOQ/2 

before calculating the angiotensin II/angiotensin I ratio. Observations in which both 

angiotensin I and angiotensin II were below the LLOQ were excluded. 

4.2.11 Change in the Angiotensin II/Angiotensin I Ratio After Initial Enalapril Dose 

in Children with Heart Failure 

The percentage change in the angiotensin II/angiotensin I ratio was calculated in children 

with heart failure in whom an angiotensin II/angiotensin I ratio was available before the first 

dose of enalapril and four hours afterwards. 

4.2.12 Model Development of the Pharmacodynamic Model for Children with Heart 

Failure 

The angiotensin II/angiotensin I ratio and the simultaneously measured enalaprilat 

concentrations were used as input data for the pharmacodynamic model. An Imax model was 

selected as the pharmacodynamic model. Analogous to the adult model, partial inhibition 

and full inhibition were tested, as well as the addition of a sigmoidicity factor. A proportional 

error model and a combined error model with an additive and a proportional error were 

investigated to describe residual variability. 
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Exponential models were used for the interindividual variability of the parameters, as a 

lognormal distribution of the interindividual variability of the parameters was assumed. For 

the model selection, the same points were considered as for the adult model. The 

angiotensin II value was substituted by LLOQ/2 for the calculation of the 

angiotensin II/angiotensin I ratio if the angiotensin II value was below the LLOQ. 

Observations were excluded if angiotensin I and angiotensin II were below the LLOQ. 

4.2.13 Model Evaluation of the Pharmacodynamic Model for Children with Heart 

Failure 

The final pharmacodynamic model was evaluated by visual inspection of the goodness-of-

fit plots and the visual predictive check. A total of 500 Monte Carlo simulations using the 

final pharmacodynamic model and the design structure of the original dataset were 

performed for the visual predictive check. 
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4.3 Results 

4.3.1 Adult Data 

A total of 288 serum enalaprilat concentrations from 9 healthy subjects were included in the 

analysis. Of these, 47 (16.3%) concentrations were below the LLOQ and were treated as 

censored, with the lower limit set at zero (M4 method). In 2 subjects, 9 of the 34 scheduled 

pharmacokinetic samples were not available. Additionally, pharmacokinetic samples taken 

prior to administration of enalapril (n = 9) were excluded because no concentration was 

expected at that time in healthy adults who had not previously been treated with enalapril. 

In total, 99 calculated angiotensin II/angiotensin I ratios from the 9 healthy subjects were 

included in the analysis. The angiotensin II/angiotensin I ratios 48 and 72 hours after 

administration of enalapril were excluded because the angiotensin II/angiotensin I ratio rose 

above the baseline effect in some subjects. Furthermore, the maximum dosage interval for 

enalapril therapy in patients is 24 hours. Five (5.1%) angiotensin I values and one (1.0%) 

angiotensin II value were below the LLOQ. Due to the low number of values below the 

LLOQ, the reported values were used to calculate the angiotensin II/angiotensin I ratio. The 

patient characteristics of the nine healthy subjects are summarised in Table 4.1. 
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Table 4.1 Characteristics of the healthy adults and children with heart failure. 

Characteristic 
Number of 

Observations (%) 
Mean (SD) Median (Range) 

Healthy adults (n = 9) 

Age (years) 9 (100) 22.7 (4.0) 21 (19–30) 

Weight (kg) 9 (100) 69.8 (13.6) 74 (47–88) 

Body mass index (kg/m2) 9 (100) 21.3 (2.4) 22 (18–25) 

Sex    

Male 6 (66.7) - - 

Female 3 (33.3) - - 

Children with heart failure (n = 27) 

Age (years) 54 (100) 0.49 (0.47) 0.36 (0.07–2.24) 

Weight (kg) 54 (100) 5.5 (2.2) 4.8 (3.2–13.0) 

Ross score 54 (100) 4.0 (2.6) 4 (0–9) 

Sex    

Male 12 (44.4) - - 

Female 15 (55.6) - - 

Aetiology of heart failure     

Dilated cardiomyopathy 3 (11.1) - - 

Congenital heart disease 24 (88.9) - - 
SD, standard deviation. 
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4.3.2 Paediatric Data 

Overall, 54 simultaneous serum concentrations of enalaprilat and 

angiotensin II/angiotensin I ratios from 27 children with heart failure were included. The 

angiotensin II value was replaced by LLOQ/2 in 55.6% of the cases because the 

angiotensin II value was below the LLOQ. Of the enalaprilat serum concentrations, only the 

measurements prior to the first dose of enalapril were below the LLOQ and were set to zero. 

Measurements were excluded from analysis because angiotensin I was above the calibration 

range (n = 10), enalapril therapy was discontinued or interrupted (n = 10), the timepoint of 

discontinuation of enalapril therapy was unclear (n = 8), angiotensin I and angiotensin II 

were below the LLOQ (n = 2), the time since the last dose was more than 24 hours (n = 1), 

or other uncertainties existed (n = 2).  

The included observations could be divided into observations prior to the first dose of 

enalapril (n = 16), observations after the first dose of enalapril (n = 12), and observations 

after repeated doses of enalapril (n = 26). Observations after repeated doses of enalapril 

ranged from 3.9 days to 11.8 months after the first dose of enalapril. Two subjects did not 

receive their enalapril orodispersible minitablets on the evening before the measurement. 

The patient characteristics of the 27 children with heart failure are given in Table 4.1. 

4.3.3 Population Pharmacokinetic/Pharmacodynamic Model for Healthy Adults 

The diagrams showing the angiotensin II/angiotensin I ratio versus the enalaprilat 

concentration revealed varying degrees of clockwise hysteresis in the individual subjects. 

Exemplary, Figure 4.1 shows the effect concentration curve of one healthy adult subject, 

with the data points connected in chronological order of measurement. A clockwise 

hysteresis can be seen, as a given concentration at a later measurement time point leads to a 

lower angiotensin II/angiotensin I ratio. Since a greater reduction in the 

angiotensin II/angiotensin I ratio represents a stronger effect, the clockwise hysteresis shows 

that the effect increased with time at a given concentration. An effect compartment was 

integrated into the PK/PD model because pronounced clockwise hysteresis was observed in 

some subjects. 
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Figure 4.1 Effect concentration curve of a healthy adult subject. The points in the plot are 
connected in chronological order of measurement. The first measurement was the one 
with an observed serum enalaprilat concentration of zero. The red arrow indicates the 
direction of the chronological order. ANG I, angiotensin I; ANG II, angiotensin II. 
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For the pharmacokinetic part of the PK/PD model, a two-compartment model with first-

order absorption and linear elimination with transit compartments was selected based on the 

predefined model selection criteria. In contrast to the one-compartment model, the two-

compartment model captured the observed biphasic exponential decline in enalaprilat 

concentrations. The delayed increase in enalaprilat concentration was better captured with 

transit compartments than with a lag time. The delay is due to the time required for enalapril 

to be absorbed and converted to enalaprilat. In this model, the absorption rate constant 

therefore considers the absorption of enalapril and its conversion to enalaprilat. 

For the pharmacodynamic part of the PK/PD model, an Imax model with full inhibition and a 

sigmoidicity factor was selected in accordance with the predefined model selection criteria. 

Full inhibition was chosen, as the model with partial inhibition estimated an Imax of 99% for 

all subjects. Adding the sigmoidicity factor contributed to achieving a relative standard error 

of less than 40% for all parameters. 

A combined residual error model with an additive and a proportional error was used to 

describe the residual variability of the pharmacokinetic, while a proportional error model 

was used to describe the residual variability of the pharmacodynamic. Since the predefined 

thresholds were not reached, no covariate relationship was included in the model. A positive 

correlation between the random effects of the apparent central volume of distribution of 

enalaprilat and the apparent clearance of enalaprilat was identified and included in the 

model. Interindividual variability for the absorption rate constant, the apparent 

intercompartmental clearance of enalaprilat, the apparent peripheral volume of distribution 

of enalaprilat, the effect compartment transfer rate constant, and the sigmoidicity factor was 

removed because the data were not sufficient to leave interindividual variability for all 

parameters in the model. The parameter estimates of the final PK/PD model for healthy 

adults are shown in Table 4.2. 

  



Angiotensin II/Angiotensin I Ratio as Pharmacodynamic Parameter for Population Modelling in 
Healthy Adults and Children with Heart Failure Treated with Enalapril 

89 
 

Table 4.2 Parameter estimates of the final pharmacokinetic/pharmacodynamic model for 

healthy adults. 

Parameter Unit Estimate Relative Standard Error (%) 

ktr  h−1 5.31 25.7 

Mtt h 1.46 11.7 

ka  h−1 1.19 8.6 

CL/F  L/h 36.39 10.2 

V1/F L 223.71 15.3 

Q/F L/h 6.38 13.7 

V2/F L 108.26 27.2 

ke0 h−1 0.48 21.9 

γ - 2.02 14.9 

E0 - 0.043 39.1 

IC50 µg/L 30.01 27.8 

Interindividual variability 

IIV ktr  CV% 72.89 25.6 

IIV Mtt CV% 33.7 24.1 

IIV CL/F CV% 30.17 25.2 

IIV V1/F CV% 46.61 23.6 

IIV E0 CV% 141.9 24.0 

IIV IC50 CV% 79.35 30.4 

Correlations 

Correlation V1/F, CL/F - 0.84 12.5 

Residual variability pharmacokinetic model  

Proportional error - 0.072 12.2 

Additive error µg/L 0.42 8.7 

Residual variability pharmacodynamic model 

Proportional error - 0.41 8.9 
The pharmacokinetic parameters refer to enalaprilat. Further details can be found in the text. 

CL/F, apparent clearance; CV, coefficient of variation; E0, baseline effect; γ, sigmoidicity factor; 

IC50, half-maximal inhibitory concentration; IIV, interindividual variability; ka, absorption rate 

constant; ke0, effect compartment transfer rate constant; ktr, transit rate constant; Mtt, Mean transit 

time; Q/F, apparent intercompartmental clearance; V1/F, apparent central volume of distribution; 

V2/F, apparent peripheral volume of distribution.  
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4.3.4 Model Evaluation of the Pharmacokinetic/Pharmacodynamic Model for 

Healthy Adults 

Visual inspection of the goodness-of-fit plots suggests a good model performance of the 

final PK/PD model for healthy adults (Figure 4.2, Figure 4.3). A uniform distribution around 

the unity line is evident in the diagrams in which the observations are plotted against the 

individual predictions. The scatter around the unity line is lower for pharmacokinetic than 

for pharmacodynamic. The individual weighted residuals versus the individual predictions 

and versus time are evenly distributed around zero. Furthermore, most of the individual 

weighted residuals lie between −2 and 2. 

The visual predictive checks indicate that the PK/PD model adequately describes the data 

(Figure 4.2, Figure 4.3). In the relevant time range up to 24 hours after administration of 

enalapril, the 10th, 50th and 90th percentiles of the observed data are within the 

corresponding 90% prediction interval. A slight underprediction of late enalaprilat 

concentrations was observed, as the 10th percentile of observed enalaprilat serum 

concentrations after 36 hours is slightly above the corresponding 90% prediction interval 

(Figure 4.4). 
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Figure 4.2 Goodness-of-fit plots (a) and visual predictive check (b) for the pharmacokinetic 

part of the final pharmacokinetic/pharmacodynamic model for healthy adults.  
All concentrations mentioned in the figure refer to the enalaprilat concentration. In all 
diagrams, the red dots indicate the censored data, and the blue dots indicate the 
observed data. In the two upper diagrams in (a), the solid black line is the line of unity. 
In the two lower diagrams in (a), the dashed black line represents the theoretical mean. 
In the visual predictive check (b), the solid blue lines with blue dots are the 10th, 50th, 
and 90th percentiles of the observed data. The shaded areas represent the 
90% prediction intervals of the 10th (blue), 50th (pink), and 90th (blue) percentiles of 
the simulated data. The purple areas are the areas where the 90% prediction interval 
of the 50th percentile of the simulated data overlaps with the 90% prediction interval 
of the 10th or 90th percentile of the simulated data.   
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Figure 4.3 Goodness-of-fit plots for the pharmacodynamic part of the final 

pharmacokinetic/pharmacodynamic model for healthy adults (a) and visual 

predictive check of the final pharmacokinetic/pharmacodynamic model for 

healthy adults (b).  In all diagrams, the blue dots indicate the observed data. In the 
two upper diagrams in (a), the solid black line is the line of unity. In the two lower 
diagrams in (a), the dashed black line represents the theoretical mean. In the visual 
predictive check (b), the solid blue lines with blue dots are the 10th, 50th, and 90th 
percentiles of the observed data. The shaded areas represent the 90% prediction 
intervals of the 10th (blue), 50th (pink), and 90th (blue) percentiles of the simulated 
data. The purple areas are the areas where the 90% prediction interval of the 50th 
percentile of the simulated data overlaps with the 90% prediction interval of the 10th 
or 90th percentile of the simulated data. ANG I, angiotensin I; ANG II, 
angiotensin II. 
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Figure 4.4 Visual predictive check for the pharmacokinetic part of the final 

pharmacokinetic/pharmacodynamic model for healthy adults in the period from 

24 to 72 hours after administration of enalapril.  The red dots indicate the censored 
data, and the blue dots indicate the observed data. The solid blue lines with blue dots 
are the 10th, 50th, and 90th percentiles of the observed data. The shaded areas 
represent the 90% prediction intervals of the 10th (blue), 50th (pink), and 90th (blue) 
percentiles of the simulated data. The purple areas are the areas where the 
90% prediction interval of the 50th percentile of the simulated data overlaps with the 
90% prediction interval of the 10th or 90th percentile of the simulated data. Red areas 
indicate the areas where the empirical percentile lies outside the prediction interval. 
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4.3.5 Comparison of the Time Course of the Effect in Healthy Adults and Children 

with Heart Failure 

The healthy adults received a median dose of enalapril maleate of 0.27 mg/kg (range 0.23–

0.43 mg/kg), and the highest measured enalaprilat concentration was 109 µg/L. In contrast, 

the children with heart failure received a median first dose of enalapril maleate of 

0.06 mg/kg (range 0.03–0.08 mg/kg). With repeated administration of enalapril 

orodispersible minitablets, the dosing interval varied between subjects. One subject received 

a dose of 0.06 mg/kg enalapril maleate once daily. The other subjects received enalapril 

orodispersible minitablets twice daily at a median daily dose of enalapril maleate of 

0.11 mg/kg (range 0.06–0.27 mg/kg). The highest measured enalaprilat concentration in 

children with heart failure was 18.3 µg/L. 

Although the dosage was lower, children with heart failure achieved a similar 

angiotensin II/angiotensin I ratio after administration of enalapril as healthy adults 

(Figure 4.5). The time course of the angiotensin II/angiotensin I ratio after administration of 

enalapril is broadly similar in children with heart failure and in healthy adults. Most 

angiotensin II/angiotensin I ratios prior to the first dose of enalapril in children with heart 

failure are within the 90% prediction interval of the 90th percentile of the simulated data. 

This suggests that the angiotensin II/angiotensin I ratio is slightly higher in children with 

heart failure prior to the first dose of enalapril than in healthy adults. 
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Figure 4.5 Comparison of the time course of the angiotensin II/angiotensin I ratio after 

enalapril administration in healthy adults and children with heart failure.  The 
solid black lines are the 10th, 50th, and 90th percentiles of the observed data in healthy 
adults. The shaded areas represent the 90% prediction interval of the 10th (blue), 50th 
(pink), and 90th (blue) percentiles of the simulated data. The purple areas are the areas 
where the 90% prediction interval of the 50th percentile of the simulated data overlaps 
with the 90% prediction interval of the 10th or 90th percentile of the simulated data. 
The simulated data originate from 500 Monte Carlo simulations performed with the 
final pharmacokinetic/pharmacodynamic model of healthy adults. The symbols 
indicate the observed data in children with heart failure. The black symbols represent 
observations prior to the first dose of enalapril, the red symbols represent observations 
after the first dose of enalapril, and the blue symbols represent observations after later 
doses of enalapril. Observations in which the angiotensin II value was within the 
calibration range are shown as circles. Observations in which the angiotensin II value 
was below the LLOQ and was replaced by LLOQ/2 are shown as triangles. 
ANG I, angiotensin I; ANG II, angiotensin II; LLOQ, lower limit of quantification.  
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4.3.6 Change in the Angiotensin II/Angiotensin I Ratio After Initial Enalapril Dose 

in Children with Heart Failure 

For 8 children (median age 0.22 years, age range 0.07–0.58 years) with heart failure, an 

angiotensin II/angiotensin I ratio was available before the first dose of enalapril and 4 hours 

afterwards. Four hours after the first dose of enalapril (median 0.06 mg/kg enalapril maleate, 

range 0.04–0.08 mg/kg enalapril maleate), the angiotensin II/angiotensin I ratio in these 

subjects decreased by a median of 79.3% (range 21.4–92.7%). 

4.3.7 Population Pharmacodynamic Model for Children with Heart Failure 

An Imax model with full inhibition was selected as a pharmacodynamic model for children 

with heart failure. The addition of a sigmoidicity factor was omitted because the models with 

and without the sigmoidicity factor barely differed in terms of the predefined model selection 

criteria. A proportional error model was used to describe the residual variability. The 

interindividual variability for the baseline effect was removed because the data were not 

sufficient to estimate it with an acceptable relative standard error. For the population of 

children with heart failure, the baseline effect was estimated to be 0.19 and the half-maximal 

inhibitory concentration to be 1.19 µg/L. Further parameter estimates of the final 

pharmacodynamic model for children with heart failure can be found in Table 4.3. 

Table 4.3 Parameter estimates of the final pharmacodynamic model for children with 

heart failure. 

Parameter Unit Estimate Relative Standard Error (%) 

E0 - 0.19 8.2 

IC50 µg/L 1.19 17.9 

Interindividual variability 

IIV IC50 CV% 59.92 24.6 

Residual variability  

Proportional error - 0.37 14.2 
CV, coefficient of variation; E0, baseline effect; IC50, half-maximal inhibitory concentration; IIV, 

interindividual variability. 
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4.3.8 Model Evaluation of the Pharmacodynamic Model for Children with Heart 

Failure 

The goodness-of-fit plots of the final pharmacodynamic model suggest acceptable model 

performance (Figure 4.6). Since the final model does not include interindividual variability 

for the baseline effect, the model predicted the same angiotensin II/angiotensin I ratio at 

baseline for all subjects. Almost all individual weighted residuals lie between −2 and 2. 

At enalaprilat concentrations above 14 µg/L, the visual predictive check suggests a slight 

underprediction of the angiotensin II/angiotensin I ratio, as the 10th percentile of the 

observed angiotensin II/angiotensin I ratios is slightly above the corresponding 

90% prediction interval (Figure 4.6). Apart from this, the empirical percentiles lie within the 

corresponding 90% prediction interval, indicating that the pharmacodynamic model 

adequately describes the data. 
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Figure 4.6 Goodness-of-fit plots (a) and visual predictive check (b) for the final 

pharmacodynamic model for the children with heart failure.  All concentrations 
mentioned in the figure refer to the enalaprilat concentration. In all diagrams, the blue 
dots indicate the observed data. In the two upper diagrams in (a), the solid black line 
is the line of unity. In the two lower diagrams in (a), the dashed black line represents 
the theoretical mean. In the visual predictive check (b), the solid blue lines with blue 
dots are the 10th, 50th, and 90th percentiles of the observed data. The shaded areas 
represent the 90% prediction intervals of the 10th (blue), 50th (pink), and 90th (blue) 
percentiles of the simulated data. The purple areas are the areas where the 
90% prediction interval of the 50th percentile of the simulated data overlaps with the 
90% prediction interval of the 10th or 90th percentile of the simulated data. Red areas 
indicate the areas where the empirical percentile lies outside the prediction interval. 
ANG I, angiotensin I; ANG II, angiotensin II. 
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4.4 Discussion 

The angiotensin II/angiotensin I ratio was a suitable pharmacodynamic parameter for 

model-dependent population analyses in healthy adults and children with heart failure who 

have been administered enalapril. The effect of the active metabolite enalaprilat on the 

angiotensin II/angiotensin I ratio was adequately described by the PK/PD model developed 

for healthy adults and the pharmacodynamic model developed for children with heart failure. 

The first finding was that the population estimate for the angiotensin II/angiotensin I ratio 

prior to the first administration of enalapril was higher in children with heart failure than in 

healthy adults. Secondly, based on the change in the angiotensin II/angiotensin I ratio, it can 

be assumed that effective ACE inhibition was achieved with the administered dose in 

children with heart failure. Thirdly, the population estimate for the half-maximal inhibitory 

concentration was lower in children with heart failure than in healthy adults. 

For the pharmacokinetic part of the PK/PD model for healthy adults, a two-compartment 

model with transit compartments for enalaprilat was most appropriate. The two-

compartment model with a central compartment and a peripheral compartment captured the 

observed biphasic exponential decline in enalaprilat concentration. In the two-compartment 

model, the initial rapid decline in concentration is attributed to distribution into the 

peripheral compartment, while the subsequent slower decline is attributed to back diffusion 

from the peripheral compartment. A two-compartment model was also used for enalaprilat 

in a previously developed combined model for enalapril and enalaprilat in healthy adults 

[70]. Since the focus of this study was on the relationship between enalaprilat and the 

angiotensin II/angiotensin I ratio, the prodrug enalapril was not included in the model. 

Kechagia et al. [72] also considered only the active metabolite enalaprilat for the 

pharmacokinetic part of their PK/PD model and likewise selected a two-compartment 

model. By extrapolating the estimated parameters for enalaprilat in children from this model 

to an adult weight of 70 kg, the apparent clearance of enalaprilat would be 18.2 L/h, and the 

apparent central volume of distribution of enalaprilat would be 168.8 L. The parameter 

estimates are thus lower than the apparent clearance of enalaprilat of 36.4 L/h and the 

apparent central volume of distribution of enalaprilat of 223.7 L from this study. One reason 

for the difference could be that the PK/PD model of Kechagia et al. [72] is based on literature 

data of age groups and not of individuals. 
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An Imax model with full inhibition and sigmoidicity factor for healthy adults and without 

sigmoidicity factor for children with heart failure was appropriate to describe the relationship 

between the angiotensin II/angiotensin I ratio and enalaprilat. Due to the observed time 

delay between measured enalaprilat concentration and effect in healthy adults, an effect 

compartment was included. As far as is known, no model-dependent analyses of the 

angiotensin II/angiotensin I ratio as a measure of in vivo ACE activity are available for 

comparison. However, there are several model-dependent analyses based on in vitro ACE 

activity. For the relationship between enalaprilat and the inhibition of ACE activity in adults, 

Ribeiro et al. [161], Donnelly et al. [151], and Zapater et al. [153] used an Emax model without 

a sigmoidicity factor, while Ajayi et al. [71] and Hockings et al. [150] used an Emax model 

with a sigmoidicity factor. The sigmoidicity factor, also known as the Hill coefficient, 

influences the steepness of the concentration–effect curve. The reason that Emax models were 

used instead of Imax models is that the inhibition of ACE activity and not the ACE activity 

itself was investigated. Only Donnelly et al. [151], who investigated both the inhibition of 

ACE activity and blood pressure reduction as pharmacodynamic parameters, also used an 

effect compartment. One reason for an increasing effect over time, as observed in this study 

for the angiotensin II/angiotensin I ratio and by Donnelly et al. [151] for blood pressure 

reduction, could be that an indirect physiological response is triggered [162]. Although the 

reduction in angiotensin II is a direct consequence of ACE inhibition, the increase in 

angiotensin I results indirectly from the absence of negative feedback from angiotensin II on 

renin secretion and could therefore be a reason for the hysteresis observed [163]. 

Comparison of the adult model predictions with paediatric data and population analyses 

showed that the angiotensin II/angiotensin I ratio is higher in children with heart failure than 

in healthy adults prior to the first administration of enalapril. The review of the raw data 

revealed that the higher angiotensin II/angiotensin I ratio in the children with heart failure 

studied was mainly due to the higher angiotensin II levels compared with healthy adults. The 

higher angiotensin II levels in children with heart failure could be partly age-related, as a 

study has shown that normal children have significantly higher angiotensin II levels than 

adults [124]. Another study found no significant difference in angiotensin II levels between 

healthy children and healthy adults, but this could also be due to the fact that the samples 

were taken from children in a supine position and from adults in an upright position [114]. 

In addition to age, the higher angiotensin II levels in children with heart failure could also 

be due to the disease. A compensatory mechanism in paediatric heart failure is the activation 
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of the renin–angiotensin–aldosterone system, which leads to an increase in angiotensin II 

[3]. 

Four hours after the first administration of enalapril, a median percentage reduction in the 

angiotensin II/angiotensin I ratio of 79.3% was achieved, suggesting effective 

ACE inhibition at the median initial dose of 0.06 mg/kg enalapril maleate. In eight infants 

with congestive heart failure, a similar mean inhibition of ACE activity of 75.5% was 

observed after four hours, but after a single dose of 0.25 mg/kg enalapril maleate [164]. One 

reason for the higher dose required could be that the congestive heart failure was described 

as poorly controlled with digoxin and diuretics. Secondly, the pharmacodynamic parameter 

examined was not exactly the same. Thirdly, extemporaneous formulations of the 5 mg tablet 

for adults were used, which, in contrast to the orodispersible minitablets used in the present 

study, carry a higher risk that parts of the dose will not be swallowed by the infant. 

For the pharmacodynamic parameter angiotensin II/angiotensin I ratio, the population 

estimate for the half-maximal inhibitory concentration in healthy adults was 30.01 µg/L, 

whereas in children with heart failure it was only 1.19 µg/L. This suggests that children with 

heart failure may be more sensitive to enalaprilat than healthy adults. An explanation could 

be that more unbound enalaprilat is available for ACE inhibition in children with heart 

failure than in healthy adults. It is known that the amount of plasma proteins is lower in 

newborns and young infants [32]. Therefore, it is to be expected that the unbound fraction 

of enalaprilat is higher at this age. However, plasma protein binding of enalaprilat in adults 

is less than 50%, so this would probably only explain part of the difference [33]. Since the 

change in the angiotensin II/angiotensin I ratio results from ACE inhibition, a different 

binding affinity of enalaprilat to ACE in children with heart failure could be another possible 

reason. Molecular experiments are required to investigate this assumption. 
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4.5 Limitations 

Although the population analyses have yielded new insights, there are also limitations. 

Firstly, despite the relatively high interindividual variability of pharmacodynamic 

parameters in healthy adults, no covariates could be identified. Reasons for this could be that 

the number of subjects was not large enough or that the covariates examined were too similar 

among the subjects. Since the population analysis in healthy adults served to provide a 

comparison for children with heart failure, explaining pharmacodynamic variability in 

healthy adults was not the main objective. Secondly, the proportion of angiotensin II values 

below the LLOQ was relatively high in children with heart failure. However, this is not 

surprising, as the production of angiotensin II is inhibited by enalaprilat. The relatively high 

proportion of angiotensin II values below the LLOQ therefore also indicates effective 

ACE inhibition. To avoid excluding measurements with angiotensin II below the LLOQ, 

angiotensin II values below the LLOQ were replaced by LLOQ/2 for the calculation of the 

angiotensin II/angiotensin I ratio. Thirdly, a different analytical method was used to 

determine angiotensin I and angiotensin II in healthy adults and children with heart failure. 

However, all analysis methods used were validated at least for intra- and inter-run accuracy 

and precision. Differences in the measured angiotensin I and angiotensin II values due to 

different analysis methods should therefore be minimal. Fourthly, the pharmacodynamic 

model for the children with heart failure slightly underpredicted the 

angiotensin II/angiotensin I ratio at enalaprilat concentrations above 14 µg/L. This is 

probably due to the limited data available in this area. The number of samples that could be 

evaluated was limited by the fact that the determination of angiotensin peptides using liquid 

chromatography and high-resolution mass spectrometry was an additional analytical 

determination that was only performed for some of the pharmacodynamic samples from the 

LENA studies. However, in the LENA studies, more than 90% of all measured enalaprilat 

concentrations in ACE inhibitor naïve subjects were below 14 µg/L. For the concentration 

range in which most measured enalaprilat concentrations lie, the pharmacodynamic model 

therefore adequately describes the data. 
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4.6 Conclusions 

The analyses of the angiotensin II/angiotensin I ratio indicate that effective ACE inhibition 

and thus the prerequisite for clinical effects were achieved in children with heart failure at 

the given dosage. However, further studies on the effects of enalapril on clinical endpoints 

are necessary. The differences between children with heart failure and healthy adults 

identified in population analyses suggest that children with heart failure may be more 

sensitive to enalaprilat than healthy adults. The pharmacodynamic model developed for 

children with heart failure could be used in conjunction with the existing population 

pharmacokinetic model for enalapril and enalaprilat to simulate the effect of a given dose of 

enalapril on the angiotensin II/angiotensin I ratio. 
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5 Overall Conclusion and Perspective 

This thesis provides new and comprehensive insights into the pharmacokinetics and 

pharmacodynamics in ACE inhibitor naïve children with heart failure who were treated with 

enalapril orodispersible minitablets. The model-independent and model-dependent analyses 

enabled the investigation of the influence of age and heart failure on pharmacokinetics and 

pharmacodynamics. 

In the first part, a suitable combined population pharmacokinetic model was developed for 

enalapril and its active metabolite. In addition to the simulations already performed, the 

model offers the opportunity to carry out further simulations. For example, the enalapril and 

enalaprilat concentrations could be simulated after a different dose or dosing interval. 

Furthermore, it would be possible to simulate a missed dose. Beyond the size-related changes 

captured by allometric scaling, an influence of age on the pharmacokinetics of enalaprilat 

was identified. Concretely, the weight-adjusted apparent clearance of enalaprilat increases 

with increasing age. Moreover, the weight-adjusted apparent volume of distribution of 

enalaprilat decreases with increasing Ross score. Since the Ross score is a measure of the 

severity of heart failure, it has been demonstrated that the pharmacokinetics of enalaprilat 

are also influenced by heart failure. In addition, renal function has an influence on the 

pharmacokinetics of enalaprilat, as the weight-adjusted apparent clearance of enalaprilat 

decreases with increasing serum creatinine. To summarise, three factors influencing the 

pharmacokinetics of enalaprilat were identified in addition to weight. These findings also 

provide initial indications which parameters should be recorded and tested as covariates in 

future studies on drugs with similar physicochemical properties in children with heart failure. 

The clinical relevance of the identified covariates for the initial dose and steady state dose 

of enalapril was assessed using simulations. Age, weight and renal function should be 

considered for the selection of the initial dose and steady state dose of enalapril. The severity 

of heart failure should be considered for the first dose of enalapril. Knowledge of these 

clinically relevant covariates provides the fundament for improved selection of the initial 

dose and steady state dose based on patient characteristics. Improved dosage selection 

reduces the likelihood of the occurrence of side effects and thereby increases safety. A lower 

incidence of side effects in turn reduces the likelihood of therapy discontinuation due to side 

effects. 
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In the second part, the nature and extent of the influence of age, heart failure and 

ACE inhibitor treatment on the pharmacodynamic parameter plasma renin activity were 

successfully evaluated. A detailed overview of the development of plasma renin activity in 

healthy children from birth to 18 years of age was provided based on comprehensive data 

from the systematic literature review. Thereby, a remarkable influence of age on plasma 

renin activity in healthy children was substantiated, as plasma renin activity in neonates was 

up to seven times higher than in older children. The three to four times higher plasma renin 

activity in children with heart failure younger than six months than in healthy children of a 

comparable age is probably attributable to the disease itself as well as to the drug therapy for 

heart failure. With the model-independent analysis, it was demonstrated that repeated 

administration of enalapril in the LENA studies had a measurable effect on the renin–

angiotensin–aldosterone system. Plasma renin activity in children with heart failure 

increased by a factor of 4.5 due to the repeated administration of enalapril. Altogether, 

information was generated that facilitates the assessment of plasma renin activity in children 

with heart failure with and without ACE inhibitor treatment. 

In the third part, a population PK/PD model for healthy adults and a pharmacodynamic 

model for children with heart failure were developed, which adequately described the effect 

of the active metabolite enalaprilat on the angiotensin II/angiotensin I ratio. Thereby, it was 

demonstrated that the angiotensin II/angiotensin I ratio is suitable as a pharmacodynamic 

parameter for population modelling and can also be utilised in future population analyses. 

Comparison with healthy adults revealed that the angiotensin II/angiotensin I ratio was 

higher in children with heart failure prior to the first dose, which is likely due to the influence 

of both age and heart failure on the renin–angiotensin–aldosterone system. The analyses 

regarding the angiotensin II/angiotensin I ratio indicate that the administered dose of 

enalapril leads to effective ACE inhibition. Effective ACE inhibition is the precondition for 

the positive effects of ACE inhibitors in heart failure known from adults, such as preload 

and afterload reduction as well as inhibition of cardiac remodelling. The analyses thus 

indicate that the precondition for positive clinical effects in the subjects of the LENA studies 

was fulfilled with the given dosage of enalapril. However, further research on the clinical 

effects of enalapril in children with heart failure is required. The population estimate for the 

half-maximal inhibitory concentration was lower in children with heart failure than in 

healthy adults, suggesting that children with heart failure may be more sensitive to 

enalaprilat than healthy adults. Overall, the knowledge about the effects of enalaprilat in 

ACE inhibitor naïve children with heart failure has been expanded and impetus has been 
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given for further research on this topic. The use of the population pharmacokinetic model 

for enalapril and enalaprilat in conjunction with the pharmacodynamic model would open 

the possibility of simulating the effect of a specific dose of enalapril on the 

angiotensin II/angiotensin I ratio. 
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Appendix 9.2 Dosing regimen for enalapril orodispersible minitablets. 

1Option for very young and low weight patients in whom the investigator considers an initial dose of 1 x 0.25 mg enalapril ODMT to be too high. 

ODMT, orodispersible minitablets. 

Age Dose Type of dose Enalapril daily dose 

(ODMT) 

Enalapril daily dose 

(mg) 

Enalapril morning dose 

(ODMT) 

Enalapril evening dose 

(ODMT) 

1 day to below 6 months  1st Titration dose 10% of 1 ODMT 0.25 mg1 0.025 10% of 1 ODMT 0.25 mg - 

(ca. 2.5 to 7 kg) 2nd Titration dose 50% of 1 ODMT 0.25 mg1 0.125 50% of 1 ODMT 0.25 mg - 

 3rd Titration dose 1 ODMT 0.25 mg 0.25 1 ODMT 0.25 mg - 

 4th Titration dose 2 ODMT 0.25 mg 0.5 1 ODMT 0.25 mg 1 ODMT 0.25 mg 

 5th Target dose 4 ODMT 0.25 mg 1 2 ODMT 0.25 mg 2 ODMT 0.25 mg 

  Maximum dose 2 ODMT 1 mg 2 1 ODMT 1 mg 1 ODMT 1 mg 

6 months to below 3 years  1st Titration dose 1 ODMT 0.25 mg 0.25 1 ODMT 0.25 mg - 

(ca. 8 to 15 kg) 2nd Titration dose 2 ODMT 0.25 mg 0.5 1 ODMT 0.25 mg 1 ODMT 0.25 mg 

 3rd Titration dose 4 ODMT 0.25 mg 1 2 ODMT 0.25 mg 2 ODMT 0.25 mg 

 4th Target dose 2 ODMT 1 mg 2 1 ODMT 1 mg 1 ODMT 1 mg 

  Maximum dose 4 ODMT 1 mg 4 2 ODMT 1 mg 2 ODMT 1 mg 

3 to below 8 years  1st Titration dose 2 ODMT 0.25 mg 0.5 1 ODMT 0.25 mg 1 ODMT 0.25 mg 

(ca. 16 to 25 kg) 2nd Titration dose 4 ODMT 0.25 mg 1 2 ODMT 0.25 mg 2 ODMT 0.25 mg 

 3rd Titration dose 2 ODMT 1 mg 2 1 ODMT 1 mg 1 ODMT 1 mg 

 4th Target dose 4 ODMT 1 mg 4 2 ODMT 1 mg 2 ODMT 1 mg 

  Maximum dose 8 ODMT 1 mg 8 4 ODMT 1 mg 4 ODMT 1 mg 

8 to below 12 years  1st Titration dose 4 ODMT 0.25 mg 1 2 ODMT 0.25 mg 2 ODMT 0.25 mg 

(ca. 26 to 40 kg) 2nd Titration dose 2 ODMT 1 mg 2 1 ODMT 1 mg 1 ODMT 1 mg 

 3rd Titration dose 4 ODMT 1 mg 4 2 ODMT 1 mg 2 ODMT 1 mg 

 4th Target dose 8 ODMT 1 mg 8 4 ODMT 1 mg 4 ODMT 1 mg 

  Maximum dose 16 ODMT 1 mg 16 8 ODMT 1 mg 8 ODMT 1 mg 
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Appendix 9.3 Predefined time points of the study visits for the pharmacokinetic bridging 

studies. 

Visit Time point 

Screening Visit1 Day –21 to Day –1 

Initial Dose Visit Day 0 

Titration Visits2 
Day 2–Day x 
(Visit Window 2–7 days from the previous visit) 

Dose Confirmation Visit3 Day 3 to Day 8 from last Titration Visit 

First Study Control Visit Day 14 ± 2 days 

Second Study Control Visit Day 28 ± 2 days 

Third Study Control Visit Day 42 ± 2 days 

End-of-Study Visit of the  
pharmacokinetic bridging studies 

Day 56 ± 2 days 

1Screening Visit and Initial Dose Visit could be combined in one visit, if the children had a weight of 

more than 4.2 kg.  
2Number of Titration Visits was dependent on the age of the patient and the judgement of the 

investigator. For infants from 1 to 6 months a maximum of 4 titration visits were planned and for all 

other children older than 6 months a maximum of 3 titration visits were planned. 
3Dose Confirmation Visit and First Study Control Visit could be combined in one visit. 
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Appendix 9.4 NONMEM® code for the final combined population pharmacokinetic model for 

enalapril and enalaprilat. 

;; 1. Based on: run5 

;; 2. Description: Combi model ALAG WP8 WP9 WT Norm SCM VII final 

;; x1. Author: Steichert 

$PROBLEM    Base model 

$INPUT ID DV TIME CMT AMT II ADDL EVID WT ROSS BUN CREA AGE 

SEX WP MARKER TAD LDOS DT CMTDT 

$DATA PopPK_MS_Inputdatei_WTcarryforward.csv IGNORE=# 
IGNORE=(MARKER=999) IGNORE=(WP=10) IGNORE=(DV=1.567) 

$SUBROUTINE ADVAN7 TRANS=1 

$MODEL NCOMP=3 COMP(GUT) COMP(CENTRAL) COMP(METACC) 

$PK 

;;; CLENAATCREA-DEFINITION START 

IF(CREA.EQ.-99) THEN 

   CLENAATCREA = 1 

ELSE 

   CLENAATCREA = EXP(THETA(9)*(CREA - 23.37)) 

ENDIF 

;;; CLENAATCREA-DEFINITION END 

 

;;; V3ROSS-DEFINITION START 

IF(ROSS.EQ.-99) THEN 

   V3ROSS = 1 

ELSE 

   V3ROSS = EXP(THETA(8)*(ROSS - 4)) 

ENDIF 

;;; V3ROSS-DEFINITION END 
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;;; V3-RELATION START 

V3COV=V3ROSS 

;;; V3-RELATION END 

 

;;; CLENAATAGE-DEFINITION START 

   CLENAATAGE = ((AGE/0.34)**THETA(7)) 

;;; CLENAATAGE-DEFINITION END 

 

;;; CLENAAT-RELATION START 

CLENAATCOV=CLENAATAGE*CLENAATCREA 

;;; CLENAAT-RELATION END 

 

K12 = THETA(1); Rate constant of absorption of enalapril. 

 

TVCLENA=THETA(2)*(WT/5)**0.75; Total clearance of enalapril 

CLENA=TVCLENA*EXP(ETA(1)) 

FM=0.7 ; fraction enalapril metabolised  

CLM = CLENA*FM; Enalapril cleared to metabolite  

CLR=CLENA*(1-FM); Enalapril cleared through urine 

TVCLENAAT=THETA(3)*(WT/5)**0.75; Total clearance of enalaprilat 

TVCLENAAT = CLENAATCOV*TVCLENAAT 

CLENAAT1=TVCLENAAT 

CLENAAT=CLENAAT1*EXP(ETA(2)) 

 

TVV2 = THETA(4)*(WT/5); Volume of distribution of enalapril 

V2=TVV2*EXP(ETA(3)) 

TVV3 = THETA(5)*(WT/5); Volume of distribution of enalaprilat 
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TVV3 = V3COV*TVV3 

V3 = TVV3*EXP(ETA(4)) 

 

K23=CLM/V2 

K20=CLR/V2 

K30=CLENAAT/V3 

S2=V2 

S3=V3 

 

TVALAG1=THETA(6) 

ALAG1= TVALAG1 

 

$ERROR  

C2=A(2)/V2 

C3=A(3)/V3 

 

IPRED=F 

IF(IPRED.LE.0) IPRED=0.0001 

IF(CMT.EQ.1) IPRED=0 

W=1/IPRED/IPRED 

 

IF(CMT.EQ.2)Y=IPRED*(1+ERR(1))+ERR(2) 

IRES  = IPRED-DV 

IWRES = IRES/W 

IF(CMT.EQ.3)Y=IPRED*(1+ERR(3))  

IRES  = IPRED-DV 

IWRES = IRES/W 
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$THETA 

(0.6) FIX ; KA 

(0, 4.41) ; CLENA 

(0, 1.43) ; CLENAAT 

(0, 3.76) ; V2 

(0, 31.4) ; V3 

(0, 0.66) ; ALAG1 

(-100, 0.303,100000) ; CLENAATAGE1 

(-100, -0.145,100000) ; V3ROSS1 

(-100, -0.0125,100000) ; CLENAATCREA1 

$OMEGA 0.483 

 0.143 

 0.594 

 0.828 

$SIGMA 0.259 

 1.79 

 0.155 

 

$ESTIMATION MAX=9999 METHOD=1 INTER SIG=5 

$COVARIANCE MATRIX=R SIGL=12 TOL=12 PRINT=E 

$TABLE ID TIME CMT DV AMT II ADDL EVID IPRED PRED IRES CWRES AGE 
CLENA CLENAAT V2 V3 ALAG1 TAD LDOS DT NOPRINT ONEHEADER 
NOAPPEND FILE=mytab33.TAB 

$TABLE ID TIME CMT DV AMT II ADDL EVID IPRED IWRES CWRES CPRED TAD 
LDOS DT NOPRINT ONEHEADER FILE=sdtab33 

$TABLE ID TIME CMT DV AMT IPRED PRED IRES K12 CLENA CLENAAT V2 V3 
ALAG1 AGE WT ROSS BUN CREA SEX ETA1 ETA2 ETA3 ETA4 TAD LDOS DT 
NOPRINT ONEHEADER NOAPPEND FILE=patab33 

$TABLE ID SEX NOPRINT ONEHEADER FILE=catab33 

$TABLE ID AGE WT ROSS BUN CREA NOPRINT ONEHEADER FILE=cotab33
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Appendix 9.5 Frequency and dosage of concomitant heart failure medication in the different age groups of the LENA subjects. 

 
Age group 1 (n = 3) Age group 2 (n = 12)  Age group 3 (n = 13) 

 

Age group 4 (n = 7) 

 

Concomitant medication Frequency Dosage Frequency Dosage Frequency Dosage Frequency Dosage 

n 
(%) 

Median  
(Range) 

n 
(%) 

Median  
(Range) 

n 
(%) 

Median  
(Range) 

n 
(%) 

Median  
(Range) 

Furosemide (mg/kg/day) 
 

3 
(100) 

2.30 
(1.71–3.05) 

12 
(100) 

1.22 
(0.80–1.94) 

12 
(92.3) 

1.40 
(0.63–3.2) 

6 
(85.7) 

1.27 
(0.27–2.25) 

Spironolactone (mg/kg/day) 3 
(100) 

1.15 
(0.86–1.83) 

11 
(91.7) 

0.78 
(0.40–1.88) 

9 
(69.2) 

0.85 
(0.39–0.98) 

5 
(71.4) 

0.65 
(0.27–0.88) 

Digoxin (µg/kg/day) 0 
(0) 

- 1 
(8.3) 

14.93 
 

0 
(0) 

- 2 
(28.6) 

10.98 
(10.91–11.06) 

Carvedilol (mg/kg/day) 0 
(0) 

- 0 
(0) 

- 0 
(0) 

- 1 
(14.3) 

0.55 

Milrinone (µg/kg/min) 0 
(0) 

- 0 
(0) 

- 1 
(7.7) 

0.30–0.451 0 
(0) 

- 

No concomitant medication 0 
(0) 

- 0 
(0) 

- 1 
(7.7) 

- 1 
(14.3) 

- 

1During the observation period, doses between 0.3 and 0.45 µg/kg/min were administered. 

LENA, Labeling of Enalapril from Neonates up to Adolescents. 
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Appendix 9.6 Frequency and dosage of concomitant heart failure medication in the LENA subjects with asymptomatic and symptomatic heart failure. 

 Predose After 4.7 ± 1.6 days of enalapril therapy  
Asymptomatic heart failure  

(n = 8)  

Symptomatic heart failure  

(n = 27)  

Asymptomatic heart failure  

(n = 8) 

 

Symptomatic heart failure  

(n = 21) 

Concomitant medication Frequency Dosage Frequency Dosage Frequency Dosage Frequency Dosage 

n 
(%) 

Median  
(Range) 

n 
(%) 

Median  
(Range) 

n 
(%) 

Median  
(Range) 

n 
(%) 

Median  
(Range) 

Furosemide (mg/kg/day) 6 
(75) 

0.95 
(0.63–1.39) 

27 
(100) 

1.57 
(0.27–3.20) 

7 
(87.5) 

1.18 
(0.95–1.77) 

21 
(100) 

1.57 
(0.27–3.05) 

Spironolactone (mg/kg/day) 5 
(62.5) 

0.95 
(0.57–0.98) 

23 
(85.2) 

0.8 
(0.27–1.88) 

7 
(87.5) 

0.88 
(0.57–0.98) 

19 
(90.5) 

0.85 
(0.27–1.88) 

Digoxin (µg/kg/day) 0 
(0) 

- 3 
(11.1) 

11.06 
(10.91–14.93) 

1 
(12.5) 

11.06 1 
(4.8) 

14.93 

Carvedilol (mg/kg/day) 0 
(0) 

- 1 
(3.7) 

0.55 1 
(12.5) 

0.55 0 
(0) 

- 

Milrinone (µg/kg/min) 0 
(0) 

- 1 
(3.7) 

0.30–0.451 0 
(0) 

- 0 
(0) 

- 

No concomitant medication 2 
(25) 

- 0 
(0) 

- 1 
(12.5) 

- 0 
(0) 

- 

1During the observation period, doses between 0.3 and 0.45 µg/kg/min were administered. 

LENA, Labeling of Enalapril from Neonates up to Adolescents. 
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Appendix 9.7 Predefined time points of the study visits for the safety follow-up study. 

Visit Time point 

First Follow-up Study Visit1 Day 56 ± 2 days 

Second Follow-up Study Visit Month 3 ± 7 days 

Third Follow-up Study Visit Month 6 ± 7 days 

Fourth Follow-up Study Visit Month 9 ± 7 days 

Follow-up Study Close-out Visit Month 12 ± 7 days 
1The First Follow-up Study Visit was, de facto, the End-of-Study Visit of the respective 

pharmacokinetic bridging study. 
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Appendix 9.8 Monolix code of the structural model of the final 

pharmacokinetic/pharmacodynamic model for healthy adults. 

DESCRIPTION: 

PKPD model. The PK data must be tagged with the lowest OBSERVATION ID value. 

The administration is extravascular with a first order absorption (rate constant ka) with 

transit compartments (mean transit time Mtt, transit rate Ktr). 

The PK model has a central compartment (volume V1), a peripheral compartment (volume 

V2, intercompartmental clearance Q), and a linear elimination (clearance Cl). 

The PD model is a Imax model with effect compartment and a full inhibition (Imax=1) at 

high concentrations (rate constant to effect compartment ke0, baseline effect E0, and half-

maximal inhibitory concentration IC50). 

The parameter gamma accounts for the sigmoidicity of the drug effect. 

[LONGITUDINAL] 

input = {Ktr, Mtt, ka, Cl, V1, Q, V2, ke0, gamma, E0, IC50} 

 

EQUATION: 

odeType = stiff 

 

PK: 

;====== PK part of the model 

; Parameter transformations 

V = V1 

k12 = Q/V1 

k21 = Q/V2 
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; PK model definition and effect compartment 

{Cc, Ce} = pkmodel (Ktr, Mtt, ka, ke0, V, Cl, k12, k21) 

 

EQUATION: 

;====== PD part of the model 

E = E0 * (1 – max (Ce,0)^gamma/ (max (Ce,0)^gamma+IC50^gamma)) 

 

OUTPUT: 

output = {Cc, E} 

table = {Ce}  
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Appendix 9.9 Monolix code of the structural model of the final pharmacodynamic model for 

the children with heart failure. 

DESCRIPTION: 

The PD model is a Imax model. 

[LONGITUDINAL] 

input = {IC50, S0} 

 

EQUATION: 

Cc_sat = max (t, 0) 

 

A = 1 - Cc_sat/ (Cc_sat + IC50) 

S = S0 

E = A * S 

 

OUTPUT: 

output = {E}  

Note: The column in the dataset containing the concentrations was tagged as time to enable 

continuous predictions of the response. 
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