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Drug therapy in neonates, infants, children and adolescents with congenital heart disease is an 

essential component of medical care alongside surgical and catheter interventions. It aims at treating, 

palliating and preventing disease, disease progression and associated illnesses. Despite its clear 

necessity within the patient care cycle, drug therapy for paediatric patients with congenital heart 

disease has been characterised by a lack of sufficiently labelled medication [1, 2], which sets hurdles 

to healthcare professionals in providing safe, effective and high quality drug therapy. This is 

especially true for paediatric patients in need for postoperative cardiac support for low cardiac output 

syndrome (LCOS), which is a serious complication after cardiac surgery with cardiopulmonary 

bypass also referred to as open heart surgery. 

Congenital heart disease is the most common type of birth defects [3] and assembles “a gross 

structural abnormality of the heart and intrathoracic great vessels that is actually or potentially of 

functional significance” [4]. It affects approximately 8 per 1000 live births [5]. Fortunately, the 

majority of paediatric patients do not require invasive intervention because they present with mild 

forms of congenital heart disease, such as small ventricle septum defects [6]. These lesions may be 

asymptomatic and can undergo early spontaneous resolution. However, patients with moderately 

severe forms of congenital heart disease, such as large ventricle defects or tetralogy of Fallot, require 

invasive cardiosurgery or catheter interventions often within the first year of life to ensure survival 

and minimise functional maladaptations of other organs over time. According to the national 

aggregate data for congenital heart disease in the United Kingdom [7] from 2010 to 2011, 6871 

paediatric patients aged 0-16 years required invasive interventions, of which 51% were less than 1 

year old. In fact, the percentage rose to 66% when the focus was on surgical interventions only, which 

were performed twice more often than catheter interventions. Open heart surgery was performed in 

two third of the cases, which renders it the mostly utilised invasive intervention for congenital heart 

disease in early life.   

Open heart surgery is made possible by employing cardiopulmonary bypass, a technique that 

temporarily replaces the pump- and oxygenation function of the heart and lungs and enables a 

bloodless surgical field while operating a non-beating heart [8]. In simple terms, an arterial cannula is 

most often inserted into the aorta or femoral artery and a venous cannula into the right atrium and/or 

vena cava. Venous blood is drained from the patient into the bypass system, oxygenated and pumped 

back to the patient via the arterial cannula. To achieve a bloodless surgical field, aortic cross clamps 

are inserted, which necessitate myocardial protection to avoid myocardial ischemia. Despite this 

simplistic description of cardiopulmonary bypass, the immaturity of organ function, significant 

haemodilution, hypothermia and the need for circulatory arrest make paediatric patients especially 

vulnerable to open heart surgery [8]. Consequently, postoperative complications are common, of 

which low cardiac output syndrome is the single most determining factor for morbidity and mortality 

in paediatric patients [9].  
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LCOS develops in approximately 25% of paediatric patients following open heart surgery [10] and is 

characterised by a transient drop in cardiac output 6-18 hours after surgery [11]. Poor organ perfusion, 

tachycardia, oliguria or cardiac arrest with and without metabolic acidosis and widened arterial-mixed 

venous oxygen saturation have been used for diagnostic purposes [10] although a consensus-based 

definition of LCOS is still lacking. The causes of LCOS are multifactorial and have been implicated 

with the inflammatory response to cardiopulmonary bypass, myocardial ischemia due to prolonged 

cross-clamping, reperfusion injury and hypothermia as well as residual or undiagnosed structural 

lesions [12]. In all, they can lead to the detrimental effects of LCOS, namely multiorgan damage, if 

not timely recognised and managed. LCOS has been identified to be the main cause for acute renal 

failure following open heart surgery [13]; it also contributes to cerebral damage [14] and results in 

prolonged mechanical ventilation [15] and intensive care unit stay [10]. Consequently, healthcare 

professionals have turned their attention at reducing postoperative morbidity and mortality associated 

with LCOS by adopting appropriate means for its treatment and prevention, which also involves the 

use of drugs.  

Drug therapy for paediatric LCOS, however, is a challenging endeavour for healthcare professionals. 

Despite a large amount of drugs available with inotropic, vasopressor and vasodilatory properties, 

only two drugs are currently licensed for LCOS treatment in paediatrics and none for LCOS 

prevention. The first drug, dobutamine, is licensed for inotropic support in paediatric patients after 

congenital heart surgery in two European countries [16] but significant gaps in the product label do 

not ease drug administration: A 15-fold range in dosing is provided although the Summary of Product 

Characteristics (SmPC) simultaneously highlights dobutamine’s narrow therapeutic index in 

paediatrics [17]. The lack of efficacy data also complicates its use in neonates [18]. The second drug, 

milrinone, has been only recently approved in 2011/2012 for the treatment of LCOS in paediatric 

patients across Europe [19] but similarly to dobutamine, insufficient labelling hampers its safe and 

effective use [20]. Other drugs, such as levosimendan [21], dopamine and epinephrine [22], are also 

used for paediatric LCOS but off-label, which means their use is outside the product label of the 

marketed drug with regard to the therapeutic indication [23].  

The importance of off-label drug prescribing, however, lies in the fact that the drugs have not been 

subjected to a rigorous approval process that ensures high standards of drug safety, quality and 

efficacy for a specific indication and age group. Reasons for the neglect of conducting clinical trials in 

paediatric patients include ethical and commercial aspects [24]. In paediatric patients with 

cardiovascular medication, further barriers are due to the relative rarity of disease, the heterogeneous 

presentation of the disease, insufficient research infrastructure and difficulties in identifying valid 

clinical end points [25]. In summary, more than 50% of the cardiovascular medication in paediatric 

patients hospitalised with congenital and acquired heart disease is used off-label [1]. In addition, the 

more specialised the required procedures and the younger the affected patients are, the higher is the 
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off-label drug use. For example, 92-100% of drugs for cardiac-surgical and transplant paediatric 

patients are used off-label with the inherent risk of increased patient harm and/or lack of efficacy [1].   

Adverse drug reactions associated with paediatric off-label drug use are serious and reflect the limited 

evidence available on the appropriate use of drugs [26]. Therefore, it is not surprising that younger 

patients and those requiring more specialised treatment experience more adverse drug reactions than 

other paediatric patients. This has been demonstrated in the study by Turner et al. [27] investigating 

the off-label and unlicensed use of drugs in paediatric patients admitted to different wards. Those 

paediatric patients admitted to a paediatric cardiac intensive care unit were three times more likely to 

be prescribed off-label and unlicensed drugs and five times more likely to experience adverse drug 

reactions than paediatric patients admitted to a medical ward. The study by Maltz et al. [28] also 

showed that paediatric patients admitted to the cardiac intensive care unit and prescribed a high load 

of off-label drugs, stayed three times longer in hospitals and twice as long on a ventilator than patients 

prescribed less off-label drugs on the same ward. The problem is omnipresent and guidelines have 

been published in an effort to rationalise off-label prescribing [29, 30]. Nonetheless, they do not 

address the core of the problem, which is the limited evidence available on the appropriate use of 

drugs in paediatric patients.  

The European Regulation on medicines for paediatric use [16], which came into force in January 

2007, was launched to overcome this barrier and improve the health of children in Europe by ensuring 

that medicines are subject to high quality research and appropriately authorised for use in paediatrics. 

A system of requirements and incentives was established for the pharmaceutical industry to trigger 

research and development of new medicines and off-patent products for use in the paediatric 

population. In addition, the Paediatric Committee at the European Medicines Agency (EMA) has 

identified the paediatric needs in different therapeutic areas, including cardiovascular products [31], 

where research and development is highly required. The decision on which drugs to include has been 

based on the work of the former Paediatric Working Party in consultation with experts [32] and the 

“Report on the survey of all paediatric uses of medicinal products in Europe” from 2010 [33]. 

However, the actual needs of paediatric patients with LCOS after open heart surgery cannot be fully 

represented because the aforementioned survey report did not cover 48% of the European paediatric 

population. Sadly, Germany as a country with many specialised centres for paediatric patients with 

congenital heart disease did not provide any data. Of those countries that submitted information, data 

was very heterogeneous and included a mix of inpatient, outpatient and primary care data. Therefore, 

no data is currently available that describes hospital practice with regard to drug use for paediatric 

LCOS to enable an objective decision-making on potential paediatric needs. 
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Thus, there is an urge for a quantitative description of drug use for LCOS in paediatric patients with 

open heart surgery to base any future decision on drug research and development as well as associated 

funding on objective rather than subjective criteria towards encompassing actual paediatric needs. 

Following the identification of paediatric needs in this field, research and development must 

ultimately address current problems associated with drug use in paediatrics, and the related causes of 

harm can be manifold [24]. A major aspect, however, can be attributed to the incomplete knowledge 

and/or understanding about the patho- and physiological differences between adults and paediatrics as 

well as pharmacokinetic and pharmacodynamic drug characteristics in neonates, infants, children and 

adolescents [34, 35]. Due to the limited evidence available, doses for paediatric patients are often 

delineated from adults using linear relationships between dose and bodyweight, body surface area or 

other demographic covariates although it is not always known how these factors affect drug exposure 

in young patients [36]. Empirical scaling approaches and the incomplete understanding of the 

interferences led to the development of the fatal gray-baby-syndrome due to supratherapeutic plasma 

levels of chloramphenicol because the adult bodyweight-normalised dose was administered to 

neonates with still immature renal function and glucuronidation [37]. In contrast, linear scaling based 

on bodyweight can also result in subtherapeutic level and, therefore, lack of efficacy as shown for 

carbamazepine with higher Cytochrome P450 3A4 (CYP3A4) mediated clearances in children than 

adults [38]. Albeit not as well studied, developmental changes in the pharmacodynamics may equally 

provoke an age-dependent response to drug therapy in neonates, infants, children and adolescents, 

such as the impaired inotropic response to dopamine in preterms and neonates due the immaturity of 

the myocardium [39]. The matter is further complicated in critically ill paediatric patients with open 

heart surgery, which necessitates not only the considerations of organ development and maturation on 

the pharmacokinetics of drugs but also pre- and postoperative disease characteristics as well as the 

effects of cardiopulmonary bypass on haematocrit, haemodilution and protein abundance [40]. 

Clearly, empirical scaling approaches from adults to paediatrics cannot encompass the age-related 

growth and maturation processes across all paediatric age groups, which affect absorption, 

distribution, metabolism and excretion of drugs. Tissue composition changes with age, also organ 

weights and blood flow rates as well as enzyme activity and functionality of elimination processes 

[41]. Disease, comorbidities and external appliances, such as cardiopulmonary bypass, also alter drug 

exposure and/or response [40, 42, 43]. The EMA has addressed this field and recommended the use of 

modelling and simulation as supportive tools. The tools shall fill the gaps of drug-response knowledge 

in paediatrics without subjecting paediatric patients to unnecessary clinical trials and by making best 

use of existing pharmacokinetic and pharmacodynamic data from adults, paediatrics and experimental 

studies [44].  



Introduction 
 

Chapter 1 

 

6 
 

A system-biology based approach, such as physiology-based pharmacokinetic (PBPK) modelling and 

simulation may be best suited to address the gap of knowledge in paediatric drug use. In a whole-body 

PBPK model, the organism is subdivided into several compartments representing the relevant organs 

and tissues, which are interconnected by arterial and venous blood pools; mass-balance equations 

describe the inter-tissue mass transport and the incorporation of physicochemical drug properties 

allows the prediction of drug exposure in blood, plasma and different organs [45]. This way, PBPK 

modelling provides mechanistic insights into the interplay of drugs, organs, tissue composition and 

blood flow but also also the incorporation of variability associated with aging, disease and concurrent 

therapies. Its usefulness has been demonstrated in adult patients with liver [46] and renal disease [47] 

and non-cardiac surgery [48]. The incorporation of the knowledge on organ growth and maturation 

has also successfully enabled the prediction of drug exposure in paediatric patients [41]. Furthermore, 

PBPK modelling allows the consideration and utilisation of pharmacokinetic- and pharmacodynamic-

related knowledge from other patient population and healthy volunteers, as well as the extrapolation 

and the inclusion of experimental data as requested by the EMA to make medicines child-size [44].  

Bridging drug pharmacokinetics from adults to paediatrics becomes especially valuable for a-priori 

prediction of drug exposure in paediatrics, which is required to accompany the European [16] and US 

American [49] marketing authorisation applications for new drugs with potential benefit in paediatric 

patients. However, if indication, mechanism, course and outcome of disease differ between adults and 

paediatrics, as it is the case for paediatric LCOS, the concept of bridging provides only limited value 

[50]. In this case, disease models can help to reveal similarities and differences between adult and 

paediatric drug exposure, for which the potential of PBPK drug-disease modelling has been equally 

recognised by European [51] and US regulatory [52] authorities towards improving paediatric 

patients’ access to safe and effective drug therapy.       

The lack of PBPK drug-disease models for paediatric LCOS after open heart surgery, however, 

hampers the evaluation and optimisation of current drug therapy that needs to be endeavoured given 

the limited evidence on drug use and the acute life-threatening clinical scenario of LCOS. 
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AIM & OBJECTIVES 

Drug therapy for paediatric LCOS after open heart surgery is characterised by insufficient evidence to 

ensure safe and effective drug use, which ultimately puts paediatric patients at risk of experiencing 

adverse drug reactions and/or inefficient therapy. In consequence, healthcare professionals and 

regulatory authorities are requesting more information on the use of drugs in this field to identify 

paediatric needs where research and development is highly required. Moreover, there is an urge for an 

effective method to better understand and describe the pharmacokinetics of drugs in paediatric 

patients that should take into account the influence of disease by maximising the learning from 

existing clinical and experimental data and minimising the burden of clinical trials in paediatrics. The 

aim of this thesis is, therefore, to contribute to a better use of medicine for neonates, infants, children 

and adolescents with open heart surgery by unrevealing the prescribing pattern for LCOS, identifying 

paediatric needs and developing a novel model-based approach to embrace the developmental 

changes across paediatric ages and the various effects of disease and open heart surgery on drug 

exposure. The integrated research approach should directly translate into clinical practice applications 

by providing age-appropriate optimised dosing strategies that clinicians can opt for the drug with the 

highest potential of contributing to safer and more effective drug therapy for LCOS. The objectives of 

this thesis can be delineated as follows: 

1. To describe the European hospital practice pattern for LCOS treatment and prevention in 

paediatric patients with open heart surgery for repair or palliation of congenital heart disease. 

2. To identify the drug with the highest potential of contributing to safer and more effective 

LCOS treatment and prevention.  

3. To develop and evaluate a whole-body PBPK drug-disease model for the identified drug in 

paediatric patients with (treatment) and without (prevention) LCOS after open heart surgery. 

4. To evaluate and optimise current dosing regimens of the identified drug for paediatric LCOS 

using the PBPK drug-disease model. 

5. To provide insight into the capabilities of system-biology modelling and simulation as an 

exploratory tool for improving drug dosing in paediatric patients. 

 

OUTLINE 

The thesis consists of five chapters, of which the current Chapter 1 provides a brief introduction to the 

conflicting issues related to drug prescribing for paediatric patients with LCOS after open heart 

surgery. It addresses off-label drug use and associated harm, initiatives by regulatory authorities to 

improve access to safe, effective and labelled paediatric drugs as well as the role of modelling and 

simulation to support these endeavours with a focus on paediatric LCOS.  
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Chapter 2 describes the methodology of the web-based European-wide survey on the 

pharmacological management of LCOS in paediatric patients after open heart surgery, short 

EuLoCOS-Paed, and presents the first two parts of the survey results: the current hospital practice 

pattern for paediatric LCOS treatment and the availability and use of prescribing resources in this 

field. 

In Chapter 3, the last part of the results from EuLoCOS-Paed are presented revealing the 

prescribing pattern for paediatric LCOS prevention (Chapter 3.1), and its stratification into individual 

drug use (Chapter 3.2). Like this, the results complement the findings presented in Chapter 2 and 

provide extensive insight into the prescribing pattern of European hospitals. This, in turn, allows the 

identification of paediatric needs. 

 

Based on the paediatric needs assessment from EuLoCOS-Paed, the drug with the highest potential to 

contribute to safer and more effective use of medicine for paediatric LCOS is identified based on the 

frequency reports in the survey and reported variability with regard to the mode of drug 

administration. The drug candidate is embraced in a novel PBPK drug-disease model to characterise 

drug exposure in paediatric patients with (treatment) and without (prevention) LCOS. 

Chapter 4 describes the development and evaluation of the PBPK drug-disease model as well 

as the evaluation and optimisation of current dosing regimens of the identified drug candidate in 

paediatric LCOS. It also discusses the capabilities of PBPK drug-disease modelling and simulation 

and its potential as an exploratory tool for improving drug dosing in paediatric patients. 

 

Finally, the thesis concludes in Chapter 5 with a summary of the main findings, which are put into a 

broader perspective for discussion. The chapter also presents the lessons learned from EuLoCOS-Paed 

(Chapter 2 and Chapter 3) and PBPK drug-disease modelling and simulation (Chapter 4) as well as 

their implications towards safer and more effective drug therapy for paediatric patients with LCOS. 
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The results presented in this thesis provide comprehensive information about current drug therapy for 

LCOS in paediatric patients with open heart surgery across Europe. The assessment of this prescribing 

pattern enabled the identification of paediatric research needs. The most potential drug, milrinone, 

was embraced in a novel PBPK drug-disease model to better understand the influence of age, disease 

and surgery on drug exposure. This integrated approach directly resulted in age-appropriate optimised 

dosing strategies for milrinone towards safer and more effective drug therapy for paediatric LCOS. 

 

Chapter 2 presents current drug treatment for paediatric LCOS and the use of prescribing resources 

resulting from the European survey on the pharmacological management of low cardiac output 

syndrome in paediatric patients with open heart surgery, short EuLoCOS-Paed, in which 90 of 125 

eligible hospitals from 31 of 36 European countries participated between January and August 2009.  

The initial treatment and subsequent add-on steps for the three different LCOS subtypes were 

reported as follows: For LCOS with elevated systemic vascular resistance with milrinone (34%) being 

preferred for the initial treatment step, epinephrine (24%) favoured for the first add-on step and 

levosimendan or epinephrine (22%) favoured for the second add-on step. LCOS with low systemic 

vascular resistance was mainly initiated with dopamine (20%), whereas epinephrine (29%) and 

norepinephrine (24%) were preferred for the first and second add-on step, respectively. Finally, 

milrinone (17%) was the preferred drug for the initial treatment for LCOS with elevated pulmonary 

vascular resistance, and subsequently combined with inhaled nitric oxide (20%) and prostacyclin 

derivatives (22%). In all, drug use was highly variable with up to 23 different drugs from nine 

therapeutic drug classes for a single LCOS subtype. Nonetheless, milrinone, epinephrine, dopamine 

and dobutamine were mostly reported for all LCOS subtypes, but only milrinone monotherapy for 

LCOS with elevated systemic vascular resistance was significantly more often reported than other 

drug regimens. 

 In addition, Chapter 2 provides information about the use of prescribing resources for 

paediatric LCOS in European hospitals showing that standard hospital protocols were mostly 

consulted for prescribing. However, prescribing resources were stated to be insufficient by nearly half 

of the survey participants. The majority of participants would welcome clinical practice guidelines in 

this field.  

 

Chapter 3 presents the second part of the results from EuLoCOS-Paed and provides information on 

the prescribing pattern and target patient group for paediatric LCOS prevention (Chapter 3.1) as well 

as individual drug use (Chapter 3.2). Merging the information with those obtained in Chapter 2 gives 

comprehensive insight into the overall drug therapy for paediatric LCOS across Europe.  

In Chapter 3.1, the analysis of the survey responses indicated that the majority of European 

hospitals administer preventive drug therapy and primarily target patients at risk but without a 

uniform risk stratification scheme. The drug therapy for LCOS prevention was also highly variable as 
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it has been already described for LCOS treatment in Chapter 2. In total, 24 different drug regimens 

were reported by 69 hospitals and of those, milrinone monotherapy (25% of all reports) or the 

combined use of milrinone with dopamine (12%), epinephrine (11%), dobutamine (9%) or 

levosimendan (7%) were reported in the majority of cases. Interestingly, a detailed analysis further 

demonstrated that milrinone monotherapy constituted higher loading but lower maintenance infusion 

doses than milrinone combination therapy.  

Chapter 3.2 demonstrates that variability in drug use originates from both the drug 

combinations as shown in Chapter 3.1 and the individual drugs. Seventeen drugs from seven 

therapeutic drug classes were identified from a total of 24 different drug regimens reported for LCOS 

prevention; only six drugs were reported more than twice: milrinone, dopamine, dobutamine, 

epinephrine, levosimendan and methylprednisolone. By far, milrinone was significantly more often 

reported than other drugs but it also displayed the highest variability: 15-fold and 7.5-fold differences 

were reported for the loading and maintenance infusion doses, respectively. The duration of drug 

administration varied by a factor of 28.  

 

In Chapter 4, the successful development and evaluation of a novel population-based PBPK 

drug-disease model for paediatric patients in need for LCOS treatment or prevention after open heart 

surgery is presented. Milrinone was considered the ideal drug candidate to embrace in this model 

because Chapter 2 and Chapter 3 highlighted its importance within clinicians’ drug armoury for 

paediatric LCOS but also its highly variable administration mode, which questions its safe and 

effective use. In addition, regulatory authorities have stressed the need for further pharmacokinetic 

investigations in paediatric patients.   

The evaluation of milrinone’s pharmacokinetics showed that its total plasma clearance is non-

linearly dependent on paediatric age. In addition, pre- and postoperative organ function differently 

affects exposure in paediatric patients with and without LCOS but also in adults. The subsequent 

evaluation of approved milrinone dosing for LCOS treatment and current off-label dosing for LCOS 

prevention demonstrated that no regimen seems to provide an adequate exposure across all paediatric 

age groups. Similar results were also predicted for adult patients. Consequently, optimised dosing 

strategies were developed using the novel PBPK drug-disease model, which considered the exposure 

differences due to age and disease state:  

 Dosing for paediatric patients is age-stratified into six clusters with the lowest dose predicted 

for the newborn period and the highest dose for patients aged 1-9 years.  

 Optimised dosing includes a loading dose administered over 60 min. The dose itself does not 

differ between paediatric patients with and without LCOS but among the paediatric age 

clusters. 
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 Paediatric patients with LCOS need lower maintenance infusion doses than those without 

LCOS. 

 Optimised dosing strategies for milrinone differ between adult and paediatric patients. 

 

SOME QUESTIONS ABOUT VALIDITY AND RELIABILITY IN THIS RESEARCH 

The work presented in this thesis led to the development of optimised dosing regimens for the drug 

with most potential for providing safer and more effective drug therapy for LCOS in paediatric 

patients – milrinone. To which extent, however, is the drug choice representative and actually reflects 

the paediatric needs in clinical practice? Furthermore, how plausible is the inclusion of milrinone in 

the PBPK drug-disease model? These aspects will be addressed to tackle research validity and 

reliability described in Chapters 2 - 4. 

 

Bridging the time gap from EuLoCOS-Paed until now 

EuLoCOS-Paed provided valid and reliable results on the European prescribing pattern for paediatric 

LCOS. Nonetheless, the question remains to which extent the results from 2009 are applicable to 

today’s hospital practice. First of all, subsequent commentaries on EuLoCOS-Paed in 2011 and 2012 

underlined the results and strengthened the role of milrinone in clinicians’ drug armoury for paediatric 

LCOS [1, 2]. In addition, milrinone has been approved for the treatment of paediatric LCOS in 

2011/2012 across Europe following the conclusions of the European Public Assessment Report [3], 

which may have even fostered its use. Nonetheless, levosimendan has also been discussed by 

clinicians to be potentially valuable for paediatric LCOS [2] and it has already replaced milrinone in 

the acute care of adult heart failure [4]. At the moment, limited European availability, higher 

treatment costs and non-superiority in reducing the incidence of LCOS [5] and cardiac index [6] 

compared to milrinone may hamper the frequent uptake of levosimendan in paediatric hospitals at the 

moment but it cannot be excluded in future. Drug use is not static – it is reflective of the currently 

available level of evidence, guideline recommendations, labelling status of drugs and cost/benefit 

analysis, all of which embark major deficits in paediatric cardiac surgery. Increased awareness of the 

deficits and focused research will ultimately change the picture of paediatric drug use. Thus, it is even 

more important to provide flexible and dynamic tools to support modelling and simulation towards 

improved paediatric dosing such as the herein presented PBPK drug-disease model.  

 

Assessing paediatric needs 

In Chapter 2 and 3, the drugs with the highest need for research in paediatric LCOS were identified 

based on the frequency reports in EuLoCOS-Paed, shared uptake for the LCOS subtypes and 

variability in the mode of drug administration. The status of drug approval did not influence decision-

making, because all drugs, except dobutamine, were used off-label at the time of the survey conduct. 
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The licensing status of dobutamine, however, was not regarded to be sufficient for exclusion from the 

list because dosing guidance for dobutamine is insufficient [7] and the need for more research in 

neonates has already been stressed by regulatory authorities [8].  

The work presented in Chapter 2 and 3 partially reflects the results of the “Inventory of 

paediatric medicine: Cardiovascular therapeutic area” by the EMA [9], which has been based on the 

frequency analysis of off-label drug use surveyed across Europe and coupled with the existing list of 

paediatric needs established by the former Paediatric Working Party as previously described in 

Chapter 1. This coupling is essential to achieve meaningful recommendations because diseases with a 

low prevalence but clinical seriousness, such as LCOS, are underreported in the EMA survey. In 

contrast, the former Paediatric Working Party identified the needs in this field by collaborating with 

experts and concluded on an unprioritised list of drugs, which indeed included the therapeutic 

indications for LCOS and acute cardiac failure. In addition, the EMA realised a list for prioritising 

funding for research into drugs for conditions based on their clinical seriousness and lack of available 

treatment alternatives with a special focus on neonatal treatment [8]. Related drugs were identified 

from published therapeutic reviews and prioritised with regard to efficacy and safety. The drawback is 

that therapeutic reviews do not necessarily reflect clinical hospital practice albeit prepared from a 

public health perspective: the combined Medical Subject Heading (MeSH®) search in PubMed with 

“Infant” or “Infant, Newborn”, “Low cardiac output syndrome” and “Review” resulted in 13 

publications, of which only one systematically reviewed the drug therapy for paediatric LCOS – for a 

single drug (Supplement A).  

The web-based distribution of a questionnaire is a method that was used to quantify drug use 

for paediatric LCOS across Europe via EuLoCOS-Paed providing the information for objective 

decision-making. It gives a close-to complete list of drug use. To prioritise research needs 

independent of their labelling status and putative evidence on their safety and efficacy closes the gap 

between the paediatric needs and priority list by the EMA. It also provides an unbiased presentation of 

those drugs, which are “likely to generate the most interest for the greatest number of centers” in line 

with the Cardiology Group on Postoperative Cardiac Dysfunction [10].  

 

Revealing off-label facets in approved drugs 

Albeit prescribed off-label at the time of survey conduct, milrinone has been approved for the 

treatment of paediatric LCOS in 2011/2012 across Europe based on the conclusion of the European 

Public Assessment Report in accordance with Article 45 of the Paediatric Regulation and through the 

European paediatric work sharing procedure [3]. Thus, further studies on the safety and efficacy of 

milrinone in paediatric LCOS, including PBPK drug-disease modelling and simulation for milrinone, 

could be considered redundant. However, off-label facets can be identified in the SmPC of milrinone 

[11] that hamper the proper use of milrinone for paediatric LCOS and demand further 

pharmacokinetic research investigations. 
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Firstly, milrinone’s upper dose range for the loading and maintenance infusion as well as the 

duration of drug administration is taken from a clinical trial on paediatric LCOS prevention [11, 12] 

but proven safety and efficacy of milrinone for LCOS prevention cannot necessarily delineated for 

LCOS treatment. Secondly, the SmPC advises to consider the results from existing pharmacokinetic 

studies for dose selection in paediatrics due to the known effect of age on drug exposure. However, a 

general statement that optimal dosing seems to be higher in paediatric than in adult patients while 

preterm newborns may need a lower dose than children is insufficient in clinical practice if a factor 3 

dose range is provided for the maintenance infusion. Thirdly, milrinone is contraindicated in 

paediatric patients with renal impairment although they constitute the majority of patients with LCOS 

after open heart surgery [13]. Lastly, the pharmacokinetic parameters and respective values provided 

in the pharmacokinetic property section of the SmPC present a mix of paediatric data from different 

indications, pharmacokinetic analysis methods and age groups. As no further explanation of the 

paediatric studies is provided, it is impossible to accurately interpret, judge and utilise the information 

for dose-selection in view of the licensed indication – paediatric LCOS treatment.  

 
Table 1 Comparison of the Summary of Product Characteristics entries with the original study data for milrinone 

Milrinone SmPC extract [11]  Characteristics of implemented studies in the milrinone SmPC 
Age group 

(ICH 
classification) 

Milrinone 
clearance 

 Milrinone 
clearance  
CV (%) 

Age (N) Indication PK 
analysis Reference 

Children 
(2-11 years) 

5.9-6.7  5.9 (34) 1-13 y  
(N=7) 

Postoperative 
inotropic support 

NCA [14] 

 6.7 (-) 2-6 y  
(N=12) 

LCOS prevention CA [15] 

Infants 
(28th day to 23 

months) 

3.4-3.8  3.4 (67) 1-24 months 
(N=94) 

LCOS prevention CA [15] 

 3.8 (26) 1-9 months 
(N=12) 

Postoperative 
inotropic support 

NCA [14] 

Neonates 
(0-27 days) 

1.64  1.64 (157) 0-1 month (N=48) LCOS prevention CA [15] 

Preterm 
infants 

0.64  0.64 (24) Born before 29 
weeks of gestation 

(N=29) 

Prevention of low 
systemic blood flow 

CA [16] 

Units and abbreviations: Milrinone clearance in ml/min per kg bodyweight; SmPC, Summary of Product Characteristics; 
ICH classification, paediatric age classification as developed by the International Conference on Harmonization (ICH) and 
shown in [17]; CV, coefficient of variation; PK analysis, type of pharmacokinetic analysis undertaken in the studies; NCA, 
noncompartmental analysis; CA, compartmental analysis; LCOS, low cardiac output syndrome.  

  

The discrepancies are not surprising given the fact that the Medicines and Healthcare products 

Regulatory Agency in the UK previously concluded that the “kinetics of milrinone are not established 

in children and infants” [18] and the EMA stressed the priority need for data on milrinone’s 

pharmacokinetics, efficacy and safety for use in cardiac failure [8]. In fact, no new pharmacokinetic 

data on milrinone in paediatric LCOS became available since the conclusions of the regulatory 

authorities and the judgement of milrinone’s pharmacokinetics and licensing status in the European 

Public Assessment Report [3] was consequently based on the same level of literature. In addition, 
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milrinone for paediatric LCOS prevention continues to be subject to off-label prescribing with 

insufficient dose guidance being available. 

 

Maximising gain of knowledge from existing information while minimising patients’ risk  

In contrast to other drugs for paediatric LCOS, the pharmacokinetics of milrinone have been explored 

in preterms, neonates, infants and children highlighting that total plasma clearance of milrinone 

differs across the paediatric age groups [14, 15, 19, 20]. This is fundamental knowledge that should 

influence dosing. However, the exact link between age and exposure is difficult to extract from these 

data, for example due to the clustering of wide age groups. Clearance prediction equations for 

milrinone have also failed clinical practice evaluation [21]. Thus, it seemed only logical to make best 

use of the existing pharmacokinetic data by integrating them into a novel modelling and simulation 

approach and circumventing the constraints of previous pharmacokinetics studies with milrinone in 

paediatric patients.   

The novel approach presented in Chapter 4 embraced whole-body PBPK modelling and 

simulation, an in-silico technique that has been shown to adequately describe drug exposure in 

neonates, infants and children especially due to the work by Edginton et al. [22], Björkman [23] and 

Johnson et al. [24]. In previous publications, drug clearance was scaled by probably assuming a 

negligible effect of disease on drug exposure, which may be applicable to some diseases. However, 

this is not true for LCOS and open heart surgery, which impact drug exposure by altering protein and 

haematocrit levels, inducing volume overload, reducing cardiac index, re-distributing blood flow, and 

decreasing metabolism and elimination capacities [25]. Milrinone clearance scaling from healthy 

adults to paediatric patients with LCOS after open heart surgery would, therefore, be inadequate. 

Also, milrinone clearance scaling from adult patients with LCOS after open heart surgery would 

provide misleading results due to significant differences in disease etiology [26], comorbidities [27] 

and impact of surgery between adult and paediatric patients [25] but also the normal age-related 

decline of organ function in adult patients with advanced age [28]. Consequently, a disease model 

needed to be developed that could bridge the disease and age-related differences among healthy 

young adult volunteers, adult patients and paediatric patients with and without LCOS after open heart 

surgery, and that disease model needed to be coupled with the PBPK drug model for milrinone.  

Previous work in adult patients with liver [29, 30] and renal disease [31] or undergoing non-

cardiac surgery [32] demonstrated the usefulness of a combined PBPK drug-disease model to assign 

the influence of disease versus no-disease on drug exposure. This ground-breaking knowledge on 

disease modelling was integrated into this research but it needed to be extended to the indication of 

LCOS with the external appliance of cardiopulmonary bypass and to paediatric patients. The 

development and full performance evaluation of the PBPK drug-disease model was verified with 

historical data given the richness of pharmacokinetic studies on milrinone established over the last 30 

years in healthy adult volunteers [33, 34], adult [35–38] and paediatric patients [14, 15, 20] with and 



General discussion 
 

Chapter 5 

 

80 
 

without LCOS after open heart surgery and adult patients with congestive heart failure [39]. Thus, the 

gain of knowledge from already existing information was maximised while the risk of patients with 

regard to clinical trial participation was minimised. 

 

Facing the limitations of historical data  

The use of historical data, albeit recorded prospectively at the time of study conduct, embarks 

limitations and they need to be discussed to make an informed decision on the validity of their 

inclusion for model development and evaluation.  

Firstly, most studies provided summary data for plasma concentrations or did not link 

individual plasma concentration time profiles with the respective patients. Also, another study [15] 

involved a sparse sampling scheme with a maximum of two blood samples drawn from each patient, 

which provides limited informative value for an individualised patient pharmacokinetic analysis. 

Therefore, a population-based PBPK analysis was employed in Chapter 4 to circumvent the limitation 

of unknown parameter values and make use of the existing summarised historical data. Population 

pharmacokinetic analysis also enables the exploration of covariates to explain inter- and 

intraindividual variability [40], which becomes especially valuable when designing dosing algorithms 

for an entire patient population as endeavoured in this research.  

 In addition to the insufficient description of blood sampling techniques as described in 

Chapter 4, the non-standardised assessment of LCOS provided another limitation, which required an 

assignment of patients to those with or without LCOS based on surrogate characteristics. In that 

respect, patients in need for postoperative inotropic support and/or with a reported cardiac index of 

less than 2-2.2 l/min per m2 were considered with LCOS [41, 42] and haemodynamically stable 

patients and not in need for postoperative inotropic support but with a cardiac index less than 3 l/min 

per m2 were considered without LCOS [35, 36]. This made a distinct assignment of the 

pharmacokinetic studies possible using the same algorithm. Nonetheless, it shall not hide the fact that 

there is a lack of a uniform definition for LCOS that needs to be endeavoured to allow outcome 

comparability between studies and drugs.  

Lastly, the inclusion of different pharmacokinetic studies also embarks the risk of inter-

laboratory and inter-assay variability, which may question the accurateness and reliability of the 

measured milrinone plasma samples and limit a joined analysis. However, the fact that milrinone 

plasma concentrations were determined at a single centre for each study with previously validated 

assays underscores their usefulness. Seven studies adopted the milrinone assay developed by Edelson 

et al. [43], which includes a stepwise double-liquid extraction, evaporation, back-extraction, 

evaporation, pH neutralisation and subsequent separation and quantification via high pressure liquid 

chromatography and ultraviolet detection. Two other studies reported a modified version of the 

former by simplifying the initial extraction procedure [44, 45] and one study used an assay that was 

previously validated for the determination of amrinone’s plasma concentrations for which milrinone 
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was used as the internal standard [46]. Herein, a precipitation step was followed by solid phase 

extraction. In all, the reported assays used authenticated analytical reference standards and the values 

for accuracy and precision (1.3-15%) were within the recommended limits set by the U.S. Food and 

Drug Administration (FDA) for bioanalytical method validation [47]. This supported their use for a 

joined pharmacokinetic analysis.  

 

Developing and evaluating PBPK models 

Although the integration of PBPK drug-disease modelling into paediatric drug development proposals 

is strongly encouraged by the EMA [48], the approach is still in its infancy and explicit guidance on 

the development and evaluation of these models has not been yet established by regulatory authorities. 

Nonetheless, viewpoints on best practice on the general use of PBPK modelling and simulation [49] 

and the workflow for paediatric PBPK model development and verification [50] are published by 

regulatory assessors. Workflows from previously published adult PBPK drug-disease models [29, 30, 

51] are also available, which are comparable to the PBPK model flow to explore drug-drug interaction 

potentials between two drugs as provided in the draft guidance by the FDA [52]. Furthermore, the 

World Health Organization published guidance on the use of PBPK modelling in risk assessment [53], 

which provides valuable information on the evaluation of PBPK models. For this research, the 

existing knowledge was merged and tailored to paediatric PBPK drug-disease modelling to provide 

grounds for a rationale model development and evaluation. 

As requested by regulatory assessors, an open and clear description of all information on 

input parameters was provided in Chapter 4 to comprehend step-wise modelling and simulation [49]. 

In addition, the FDA advises the assessment of predictive model performance if the model is used for 

the recommendation of new dosing algorithms [40] as is the case in the research here presented. This 

was not only done by using the same data set (internal validation) as applied for building the adult 

PBPK model for milrinone, but also by using 10 different data sets (external validation) that were not 

applied for model building. The rigorous external validation is a real strength of this research as it is 

most stringent in terms of assessing model adequacy. It provides information on the wider application 

of the model to different subpopulations and ethnicities, disease states and dosing regimens in contrast 

to internal validation techniques [54].  

 

LESSONS LEARNED FROM EULOCOS-PAED 

EuLoCOS-Paed provides quantitative data on drug use for paediatric LCOS after open heart surgery. 

The lessons learned refer to the level of off-label and variability of drug use, differences between 

LCOS prevention and treatment but also between adult and paediatric patients, substantial gaps in 

targeted research and the sources of information currently available for safe and effective prescribing 

of drugs. This knowledge is pivotal to allow an objective and reliable assessment of drug therapy, the 
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identification of paediatric needs and a targeted approach towards future clinical research and 

healthcare expenditures with the overall aim to improve the standard of care for paediatric patients 

with open heart surgery. 

 

Lesson 1 - Off-label drug use is nearly absolute.  

EuLoCOS-Paed revealed a 97% off-label drug use for the treatment of paediatric LCOS at the time of 

survey conduct, which is slightly higher than the 92% previously reported by Pasquali et al. [55] for 

paediatric patients with congenital heart disease undergoing surgical procedure. Nonetheless, it also 

confirms Pasquali’s findings that off-label drug use is highest in the youngest and most severely ill 

patients and directly reflects the life-threatening clinical scenario of LCOS after open heart surgery 

that predominantly affects neonates and infants. 

 

Lesson 2 – Drug treatment for paediatric LCOS is highly variable.  

The clinical scenario LCOS with elevated systemic vascular resistance shall exemplify the identified 

variability in the European practice pattern, for which 32 different drug regimens were reported for the 

initial treatment step and in total, 23 different drugs from eight therapeutic drug classes for the initial and 

two add-on treatment steps. Variability itself may not be surprising given the little published evidence and 

guidance available in this field. However, the magnitude of different drugs and drug combinations from 

various therapeutic drug classes was unexpected and seemingly higher than in adult patients with LCOS 

[56–58].  

 

Lesson 3 - LCOS is not a uniform entity.  

The survey results demonstrated that treatment differs for each LCOS subtype and for the first time, 

treatment algorithms are presented for the initial treatment step and two subsequent add-on steps for LCOS 

with elevated and low systemic vascular resistance as well as elevated pulmonary vascular resistance. 

Albeit four drugs, namely milrinone, dobutamine, dopamine and epinephrine, were reported for all LCOS 

subtypes, drug use was also subtype specific. For example, vasopressin was only reported for LCOS with 

low systemic vascular resistance; inhaled nitric oxide, sildenafil and prostacyclin derivatives were 

reported solely for LCOS with elevated pulmonary vascular resistance. This knowledge contributes to a 

more complete understanding of paediatric LCOS treatment.  

 

Lesson 4 – There are substantial gaps in targeted drug research. 

The comparison between the 13 most commonly reported drugs for paediatric LCOS in EuLoCOS-

Paed and the drugs listed in the draft “Inventory of paediatric needs: Cardiovascular therapeutic area” 

by the EMA [9] shows that eight out of the 13 drugs are actually listed for intensified research and 

development but only two drugs, namely vasopressin and dobutamine, are particularly listed for the 

indication cardiogenic shock or acute heart failure. In addition, four commonly reported drugs in 
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EuLoCOS-Paed, i.e. enoximone, glyceryl trinitrate, prostacyclin derivatives and epinephrine, are not 

listed in the draft inventory by the EMA despite the lack of an approved indication. 

 

Lesson 5 –Paediatric LCOS prevention is common clinical practice that goes unnoticed. 

For the first time, EuLoCOS-Paed disclosed the urgency for more attention and research on paediatric 

LCOS prevention by showing that it has become an integrated part of the perioperative management 

for paediatric patients with open heart surgery. However, European hospital practice pattern is highly 

variable with regard to patient and drug selection, as well as dosing and timing of drug administration. 

Although milrinone is reported the drug of choice, which is in line with the available evidence [12], 

the reported dosing algorithms do not match the evidence. In all, drug use is completely off-label and 

the draft “Inventory of paediatric needs: Cardiovascular therapeutic area” [9] does not address this 

topic. 

 

Lesson 6 – Four drugs assemble the candidate list for prioritised drug research.  

The results of EuLoCOS-Paed demonstrated that milrinone, epinephrine, dopamine and dobutamine 

are the mostly reported drugs for the treatment of paediatric LCOS and should be targeted for future 

research. In addition, the four drugs are also commonly used for LCOS prevention together with 

levosimendan albeit milrinone clearly is the drug of choice for this indication. 

 

Lesson 7 – Prescribing for paediatric LCOS is limited by the lack of guidance – to many clinicians. 

EuLoCOS-Paed enabled clinicians to express their views on the availability of drug and dosing 

information for prescribing. This was stated insufficient by 40% of the respondents; 88% of the 

respondents favoured the availability of clinical practice guidelines in this field. Of course, the results 

are specific for paediatric LCOS but they also underpin the general lack of sufficient prescribing 

support in paediatrics as previously highlighted by Barrett et al. [59]. Nonetheless, it shall not be left 

unnoticed that 57% of the EuLoCOS-Paed survey participants actually believed that currently 

available drug and dosing information is sufficient to prescribe for paediatric patients with LCOS 

after open heart surgery.   

 

IMPLICATIONS FROM EULOCOS-PAED 

The Institute of Medicine stated that “patients should receive care based on the best available 

scientific knowledge and care should not vary illogically from clinician to clinician or from place to 

place” to improve the quality of health care [60]. In contrast, EuLoCOS-Paed identified a highly 

variable practice pattern for paediatric LCOS among European hospitals driven by the lack of 

evidence, approved drugs and prescribing guidance, which is expected to result in suboptimal LCOS 

treatment and prevention in paediatric patients. Consequently, there is a definite need for more 
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research to ensure safe and effective drug therapy for paediatric patients with open heart surgery 

towards improving the quality of health care. This also requires a focus change on LCOS prevention, 

which has been previously left unattended by regulatory authorities. The aim should be to come to a 

consensus on a specific definition for LCOS (to know what to treat), define the patient group that is 

likely to benefit from drug therapy (to know who to treat), and establish safety, efficacy and 

pharmacokinetic data for the drugs used for paediatric LCOS (to know how to treat) as discussed in 

Chapter 3.  

 

First of all, public awareness of the identified issues in EuLoCOS-Paed needs to be raised among 

clinicians and other healthcare provider but also regulatory authorities. Clearly, off-label use of drugs 

in paediatric cardiac intensive care is common practice and without it, patients would be denied 

essential drug treatment in an acute, life-threatening clinical situation, such as LCOS [55]. The 

problem, however, arises when drug use cannot be supported by strong evidence for its safety and 

efficacy as it happens for the highly variable prescribing pattern for paediatric LCOS treatment and 

prevention across Europe. In this case, clinical experience becomes mandatory in daily hospital 

practice but must be seriously scrutinized for its good and bad towards patient outcome. Therefore, 

the results of EuLoCOS-Paed were disseminated to the survey participants and published in journals 

dedicated to the care of paediatric patients to increase awareness and trigger an open discussion. The 

results were also integrated into the EMA draft consultation on the “Inventory of paediatric needs: 

Cardiovascular therapeutic area” in October 2012 to highlight substantial gaps in targeted drug 

research. In consequence, the inventory of paediatric needs has been extended for levosimendan and 

nitroprusside to also address dose, safety and efficacy data for paediatric LCOS treatment and 

prevention. Furthermore, epinephrine and prostacyclin derivatives have been newly added to the 

inventory and the case has been reopened for dopamine especially for paediatric LCOS (Supplement 

C). 

 

Equally important is the commitment to paediatric cardiovascular research by healthcare providers 

and parental guardians [61]. More than 50% of the EuLoCOS-Paed survey participants are satisfied 

with the level of drug and dosing information, which raises the question on which trustworthy basis 

they safely and effectively prescribe for paediatric patients. The level of evidence for the drug of 

choice, dobutamine, in guidelines is graded not more than low as shown in Chapter 2; even the EMA 

[8] and the U.S. FDA [62] demand more extensive studies on dopamine and dobutamine to ensure 

proper use in paediatric patients. So why do healthcare providers do not collectively stand up if they 

have the chance to make a change? This seems to be a fundamental question that has been also 

highlighted in previous research. McLay et al. [63] showed that 37% of Scottish hospital based 

paediatricians did not believe new medicines should be trialled in children; 63% of the surveyed 

paediatricians felt the same about off-patent medicines. The study was conducted between 2003 and 
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2004 but similar numbers have been shown by Mukattash et al. [64] in 2008 for Irish paediatricians. 

To give another two examples, only 15% and 50% of paediatricians specialised in intensive care have 

concerns regarding the efficacy and safety of off-label prescribing, respectively [65]; 92% of 

consultant paediatricians do not believe that licensing more medicine for paediatric use would reduce 

the dosing error rate [64]. In addition, the majority of paediatricians do not inform parents about off-

label prescribing for their child, but to inform parents on off-label drug use has been shown to be 

pivotal to increase parents’ acceptance of paediatric clinical trials [66]. Therefore, the next stage of 

research also needs to explore the reasons for paediatricians’ “less than wholehearted acceptance of 

the need for such studies” [63] as they are a key for successful study recruitment. 

 

Making use of existing networks of specialists in the field, such as the one established for EuLoCOS-

Paed, can subsequently result in agreements on consensus definitions for LCOS or risk stratification 

schemes of patients for receiving LCOS prevention. The successful international paediatric sepsis 

consensus definition on shock using focus groups [67] or the definition on “off-label use of drugs” 

using the Delphi method by Neubert et al. [68] exemplify the feasibility and encourage transferability 

to paediatric LCOS. This should be the basis for any future endeavours of paediatric cardiovascular 

trials. 

 

EuLoCOS-Paed provides the means to prioritise the critical evaluation of drugs towards a targeted 

approach to future clinical research and utilisation of healthcare resources. To overcome the many 

challenges towards successful paediatric cardiovascular research and to avoid failure, however, the 

lessons learned from previous cardiovascular drug trials have to be implemented, such as the 

inevitable understanding of the nature of disease in the paediatric patient group of interest [69]. The 

formal evaluation of the pharmacokinetics and pharmacodynamics of drugs and implementation into 

clinical trial planning as well as a valid selection of clinical endpoints has been regarded equally 

important for successful trial outcome [69]. Again, networking of collaborative clinical trial centres is 

essential to establish the grounds for well-powered drug trials given the small sample size and disease 

heterogeneity [10].  

 

Innovative study designs for paediatric drug trials have to be applied to minimise trial-related risks 

and maximise the benefits for current and future patient populations. Alternative trial designs can 

tackle methodological (sample size) and ethical barriers (placebo control group) of randomised 

clinical trials, which have been so far considered the gold standard for the assessment of drug safety 

and efficacy [70]. Alternatives are presented by using adaptive and Bayesian designs [70] but also by 

integrating modelling and simulation to design more informative clinical trials in paediatric patients 

[71]. Modelling and simulation offer the main benefits of compiling data from different sources and 

driving interferences to minimise the number of participants in trials in accordance with Manolis et al. 
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[72]. Therefore, an implication of EuLoCOS-Paed was also to embrace milrinone with novel PBPK 

drug-disease modelling and simulation in this thesis to evaluate and optimise current dosing 

algorithms but also to provide age-appropriate optimised dosing strategies that clinicians can opt for 

the drug with potential of contributing to safer and more effective drug therapy for paediatric LCOS. 

 

At last, the evidence on the safety and efficacy of drugs and/or drug combinations for paediatric 

LCOS needs to be compiled, assessed and graded, which should ultimately result in clinical practice 

guidelines as demanded by the EuLoCOS-Paed survey participants. The next step is then to 

implement the research findings into clinical practice by ensuring dissemination and education that 

benefit clinicians and patients towards an improved postoperative patient care [61]. Use of drugs and 

outcome should be recorded, for example, by extending available databases, and subsequently 

analysed. The clear benefits of implementing guidelines have been shown for the management of 

paediatric and neonatal shock by demonstrating a significant reduction in morbidity and mortality 

[73], which should be equally endeavoured for paediatric patients with open heart surgery.  

 

LESSONS LEARNED FROM PBPK DRUG-DISEASE MODELLING & SIMULATION 

The development and application of the novel paediatric PBPK drug-disease model for milrinone in 

patients with and without LCOS after open heart surgery provided knowledge on two different levels. 

Firstly, lessons were learned about the influence of disease and age on milrinone exposure. This way, 

PBPK modelling and simulation complements existing knowledge on the pharmacokinetics of 

milrinone. In a wider perspective, the specific example also provides essential knowledge on the 

feasibility and transferability of paediatric PBPK drug-disease modelling in general, which is still in 

its infancy with little available evidence on the capabilities as an exploratory tool for improving drug 

dosing. 

 

Lesson 1 – Milrinone plasma clearance shows a non-linear dependence on paediatric age. 

Retrograde scaling of milrinone’s clearance from adults to paediatrics demonstrated a non-linear 

change in steady-state plasma concentration, and therefore, clearance of milrinone with age in the 

PBPK model. Like this, drug exposure is predicted highest in neonates, followed by patients aged 1-

12 months and 9-15 years, and exposure is lowest in patients aged 1-9 years for a given maintenance 

infusion dose. This finding challenges previous pharmacokinetic analyses of milrinone in paediatric 

patients aged 0-6 years describing a linear age-dependency of milrinone’s total plasma clearance [15, 

20], but which failed clinical practice evaluation [21]. In contrast, the non-linear dependence of 

milrinone clearance on age reflects a system-biology based approach considering growth and 

maturation for the description of milrinone pharmacokinetics [74]. 
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Lesson 2 – Milrinone pharmacokinetics differs between old and young as well as disease states. 

The coupled PBPK drug-disease model provided the means to learn about the similarities and 

differences between adult and paediatric patients with and without LCOS after open heart surgery 

with regard to milrinone exposure. It showed that the postoperative impact of disease due to LCOS 

and surgery is similar between adult and paediatric patients after adjusting for the normal age-related 

decline in organ function. However, pre-operative organ function is much more impaired in adult than 

paediatric patients who develop LCOS after open heart surgery. In addition, the impact of pre- and 

postoperative organ function on drug exposure significantly differs between patients with and without 

LCOS and this is mainly driven by renal and hepatic function, organ blood flows, haematocrit and 

plasma albumin abundance. 

 

Lesson 3 – Recommended doses do not provide adequate milrinone exposure for all patient groups.   

The evaluation of milrinone prescribing guidance for LCOS treatment in paediatric patients indicated 

that the recommended maintenance infusion of 0.25-0.75 µg/min per kg from the SmPC [11] may 

provide adequate exposure for all paediatric age groups if guidance existed on how to apply the dose 

range to paediatric patients of different age groups. However, this guidance does not exist and blind 

dosing may ultimately result in supra- and subtherapeutic levels. This equally applies to the 

recommended loading dose of 50-75 µg/kg over 30-60 min [11]. Dosing for paediatric LCOS 

prevention in accordance with the evidence from PRIMACORP [12] and EuLoCOS-Paed (Chapter 2 

and 3) would also not be capable of providing the recommended therapeutic target range across all 

paediatric age groups [3]. A maintenance infusion without prior loading may even delay the timely 

required therapeutic plasma concentrations, thus loosing valuable time for LCOS prevention. In 

adults, supratherapeutic plasma levels of milrinone are predicted for patients with and without LCOS 

with current loading doses while approximately 25% of the patients are predicted to have supra- and 

subtherapeutic steady-state plasma concentrations with the maintenance infusion doses [11, 36].  

 

Lesson 4 –Renal and hepatic impairment can affect milrinone exposure. 

Renal impairment necessitates dosing adjustment for milrinone and respective algorithms were 

presented for adult patients in the SmPC [11]. The integration of a regulator component into the 

PBPK model for milrinone to quantify the effect of renal function on milrinone’s fraction excreted 

unchanged in urine, however, also let us learn about the increasing importance of hepatic function 

with declining renal function. Given a nearly 30 ml/min per 1.72 m2 glomerular filtration rate in adult 

patients with LCOS after open heart surgery [75], 40% of milrinone is predicted to be hepatically 

metabolised versus 18% in healthy young adults. Thus, metabolism and excretion may depend more 

on hepatic function than previously anticipated.  
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Lesson 5 – Successful collaboration between academia and industry minimises patient’s risk. 

Chapter 4 presents a process flow for model development and evaluation that provides an example on 

how to make best use of existing historical data by re-analysing them using a different technique. Like 

this, the costs, time, ethical barriers and risks associated with the conduct of a clinical trial to obtain 

milrinone plasma samples were circumvented, which equally benefited patients and research. This 

was feasible by directly involving the marketing holder in the project given a successful project 

proposal submission that allowed timely access to crucial data for model development [33] and 

paediatric model evaluation [15]. In addition, researchers from the US [20, 35], UK [45], and Japan 

[38] were attracted to share their data. 

 

Lesson 6 – Paediatric PBPK drug-disease modelling is feasible but depends on data integrity. 

The herein presented PBPK drug-disease model lets us learn about the feasibility and transferability 

of disease modelling from adults to paediatrics, particularly for a condition that shows marked 

pathophysiological differences between old and young. The workflow comprised a stepwise approach 

from healthy adult volunteers scaled to paediatrics as recommended by regulatory assessors [50] with 

an intercalated disease model development step from adults to paediatrics that complements existing 

workflows for PBPK modelling. Intercalation is necessary because pharmacokinetic data in paediatric 

patients are reflective of disease; simple clearance scaling from healthy young adults to paediatrics 

overlooks this precise difference between the populations but needs to be considered when disease 

alters absorption, distribution, metabolism and/or excretion. Furthermore, disease modelling 

highlighted the need for separating the age-related influence on clearance deterioration from the 

impact of disease in adult patients of advanced age to transfer disease-related factorial changes of 

organ function to paediatrics as described in Chapter 4. In all, several paediatric PBPK drug models 

have been successfully established so far but the link to disease has not been fully integrated yet [22–

24]. Chapter 4 fills this gap of knowledge to some extent. However, model development also made 

aware of deficits in clinical research, especially in paediatrics. 

 

IMPLICATIONS FROM PBPK DRUG-DISEASE MODELLING & SIMULATION 

Understanding the pharmacokinetics and pharmacodynamics of milrinone in paediatrics as well as the 

impact of disease on the distribution, metabolism and excretion of milrinone is key for safe and 

effective prescribing. Clinical practice reflection, however, indicates that this is insufficiently met and 

there is a dire need for improvement. In fact, EuLoCOS-Paed showed that prescribing for milrinone in 

paediatric patients for LCOS treatment and prevention is highly variable, which often results in supra- 

and subtherapeutic plasma levels and exposes paediatric patients to adverse drug effects or treatment 

failure [21]. Clinicians also neglect milrinone dose adjustments in paediatric patients with 

compromised renal function albeit strongly recommended in adult patients [76]. A core element, 
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however, towards safe and effective prescribing for milrinone is missing, namely adequate guidance. 

Thus, the lessons learned from PBPK drug-disease modelling have important implications for future 

milrinone prescribing and shall equally encourage the adaptation of paediatric PBPK drug-disease 

modelling to address other labelling deficits in near future.   

 

Of outmost importance, current prescribing for milrinone needs to be challenged and looked at from a 

new perspective. Lessons 1 to 3 learned from PBPK modelling clearly implicate that one dose cannot 

fit all – neither for paediatric patients across different age groups nor for adult and paediatric patients 

and lastly, neither for those patients requiring milrinone for LCOS prevention and LCOS treatment. 

Firstly, dosing in paediatric patients needs to be age-stratified to ensure comparable drug exposure 

across the entire paediatric age groups. Secondly, paediatric patients with LCOS after open heart 

surgery require lower maintenance infusion doses than haemodynamically stabilised patients of 

similar age. Thirdly, optimised dosing for LCOS treatment and prevention differs between adult and 

paediatric patients and precludes dose scaling attempts.  

 

Ongoing research needs to be endeavoured. Although the predictive performance of the PBPK drug-

disease model for milrinone in patients with and without LCOS was assessed following the 

recommendations by the U.S. FDA [40], a prospective clinical practice evaluation is recommended to 

finally show the usefulness and applicability of the herein presented model. This can be done within a 

therapeutic drug monitoring programme as suggested for adult patients with advanced heart failure 

[77] or a prospective clinical trial using a random milrinone plasma sampling scheme and a 

statistically pre-quantified number of paediatric patients per age group for hypothesis testing. This 

data would also allow the verification of dosing regimens for children aged 6 years and older with 

little confirmatory data available during model evaluation. 

 

In addition, research on milrinone needs to disclose the underlying pharmacokinetic principles to fully 

understand the influence of patient’s renal and hepatic impairment on drug exposure and allow 

subsequent dose adjustment. As shown by Woolfrey et al. [45] and integrated into the present PBPK 

model, patients with moderate and severe renal impairment metabolise and excrete milrinone 

differently from healthy adults. The fraction of milrinone excreted unchanged into urine decreases and 

the increased non-renal clearance has been attributed to milrinone’s hepatic metabolism based on 

similarities to the metabolism of furosemide [45]. Nonetheless, the formal proof is missing as does the 

information, which exact enzymatic processes govern milrinone glucuronidation. On a wider 

perspective, research also needs to fill the gaps of knowledge with regard to human pharmacology, 

physiology and our understanding of growth and maturation of organ function. These gaps currently 

set the limits to complete system-biology based modelling and simulation. Upon availability of the 
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new data, they can be readily integrated into the PBPK drug-disease model given the flexibility of the 

system-biology approach. 

 

Furthermore, the study demonstrates the potential use of PBPK drug-disease modelling and 

simulation to optimise dosing strategies for paediatric patients, and shall encourage its future 

adaptation to address other paediatric drug labelling deficits, which is in keeping with the view of 

regulatory authorities [48]. The PBPK drug-disease model for milrinone in patients with open heart 

surgery itself presents two more options for elaboration, namely on the drug level and on the disease 

level given the independent nature of the model components. The first option provides the opportunity 

to learn about the pharmacokinetic profile of other drugs commonly reported for paediatric LCOS in 

EuLoCOS-Paed for which further research is necessary. Levosimendan is especially interesting 

because both the parent drug and the active metabolite are responsible for drug action and there may 

be polymorphically differences in drug metabolism [78]. Thus, a coupled PBPK drug model for 

levosimendan can be built, which considers pharmacokinetic, pharmacogenetic and pharmacodynamic 

differences among the patient populations. The second option, elaborating on the disease level, 

provides the opportunity to learn about the pharmacokinetic profile of milrinone in patients with 

different diseases. This is important because one drug may not only be used for one indication as it 

happens with milrinone. Other paediatric off-label indications of milrinone with insufficient 

pharmacokinetic knowledge include the treatment of persistent pulmonary hypertension of the 

newborn [79] and bridging to transplantation in paediatric patients with advanced heart failure [80]. 

Thus, PBPK drug-disease modelling and simulation can substantially contribute to a better 

understanding of drug exposure for different disease states and ultimately support the extension of 

therapeutic drug label indications. 

 

At last, data sharing should be endeavoured whenever possible to avoid unnecessary trials and speed 

up clinical practice research to benefit and most importantly, value the patient [81]. From a small 

scale perspective, the feasibility of data sharing between industry and academia has been successfully 

demonstrated in this thesis, which resulted in optimised dosing strategies for a single drug and a given 

disease. But data sharing should encompass more than the original pharmacokinetic data sets and 

involve a wider audience to make best use of available data, expert knowledge and experience. The 

ultimate aim, to develop evidence-based dosing algorithms for as many drugs and indications as 

possible, cannot be achieved by a single researcher and data transfer circumvents re-inventing the 

wheel if previous models can be the backbone of future work. The Drug Disease Model Resources 

project, short DDMoRe (www.ddmore.eu), sets an example of developing a public drug and disease 

model repository, which is supported by a European Union and pharmaceutical industry partnership. 

Although at the initial development steps, the leading idea of DDMoRe is to facilitate knowledge 

integration for decision-making by establishing and providing public access to an open source 
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interoperability framework of drug and disease models. Patient-centred care may also evolve by 

developing user-friendly computer interfaces for bedside drug-disease simulation. This would bring 

research right to the patient and would allow timely integration of clinical and patient specific 

parameters for decision-making. The dashboards for methotrexate and tacrolimus within the Pediatric 

Knowledge Base developed by the Children’s Hospital of Philadelphia, US, are such an example 

based on nonlinear mixed effect modelling techniques (http://pkb.chop.edu/dashboards). The ultimate 

aim, however, should be to extend these databases to also include PBPK modelling and simulation 

work to complement existing modelling techniques. The idea follows the altruistic principles of 

improving our understanding of drugs and the interaction with disease as well as concomitant 

medication towards benefiting patient care. This requires the ambitious support by researchers, 

industry, funding bodies and patients or parental guardians. 

 

CONCLUSION 

In conclusion, this thesis has presented an integrated research approach to optimise dosing strategies 

of drugs for the treatment and prevention of paediatric LCOS by first revealing the prescribing pattern 

of drugs for LCOS in paediatric patients after open heart surgery across Europe, and then by 

developing a novel model-based approach to embrace the developmental changes across the 

paediatric life stages, the effects of disease and open heart surgery on drug exposure. The 

questionnaire survey EuLoCOS-Paed provides the grounds for an objective and systematic paediatric 

needs assessment and highlights substantial gaps in European governed research. Consequently, the 

integration of the results into the “Inventory of paediatric medicines: Cardiovascular therapeutic area” 

by the EMA are hoped to positively impact future drug research and development, which shall 

provide answers to the currently existing questions on paediatric LCOS prescribing. The novel 

population based PBPK drug-disease model addresses these questions from EuLoCOS-Paed by 

evaluating and optimising current dosing strategies for paediatric LCOS and clinicians’ drug of choice 

for this indication – milrinone. At the same time, the herein presented research demonstrates the 

feasibility and transferability of paediatric PBPK drug-disease modelling and simulation, and provides 

the proof-of-concept of its capabilities as an exploratory tool for improving paediatric drug dosing.  
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Open heart surgery can be a life-saving endeavour for neonates, infants and children born with 

congenital heart defects. Thus, it is even more important to ensure successful clinical patient outcome 

by preventing or timely treating low cardiac output syndrome (LCOS), which is the main determinate 

of perioperative morbidity and mortality in paediatrics. Albeit the clinical seriousness of LCOS, drug 

therapy is characterised by the lack of prescribing guidance and incomplete pharmacokinetic 

understanding of the drug-disease interaction that governs drug exposure. Consequently, this thesis 

aims at improving our understanding of drug therapy for LCOS towards safeguarding prescribing for 

paediatric patients.      

 

To accomplish this aim, current hospital prescribing practice was determined and analysed by 

conducting a web-based survey on the pharmacological management of LCOS in paediatric patients 

with open heart surgery, short EuLoCOS-Paed, across European hospitals specialised in paediatric 

open heart surgery, in which 90 of 125 eligible hospitals from 31 European countries participated 

between January and August 2009. As the results of EuLoCOS-Paed, treatment algorithms were 

presented for LCOS with elevated and low systemic vascular resistance as well as elevated pulmonary 

vascular resistance. A highly variable drug use for paediatric LCOS treatment and prevention was 

disclosed with regard to individual drug use, drug combinations, therapeutic drug classes and most 

importantly, paediatric research needs were identified. Overall, milrinone was shown to be the drug of 

choice for paediatric LCOS across Europe and to have the highest variability in the mode of drug 

administration. Therefore, milrinone was embraced in a novel physiology-based pharmacokinetic 

(PBPK) drug-disease model to evaluate current dosing strategies and study the impact of disease, 

open heart surgery and age on drug exposure. Model development and external evaluation was 

successfully undertaken and highlighted a non-linear dependence of milrinone plasma clearance on 

paediatric age, an increased non-renal clearance with impaired kidney function and significant drug 

exposure differences between paediatric patients with and without LCOS and between adults and 

paediatrics. In all, current milrinone prescribing for LCOS was predicted unable to maintain the 

recommended therapeutic plasma levels of milrinone and, therefore, optimised dosing regimens were 

developed that considered the exposure differences due to age and disease.   

 

The results of this thesis highlight the lack of evidence-based therapy for paediatric LCOS, which is 

an ongoing dilemma that warrants special attention by all stakeholders directly and indirectly involved 

in the care of paediatric patients with open heart surgery. It is only by their awareness and combined 

effort in tackling the hurdles that these patients can benefit from safer and more effective drug therapy 

in future. Thus, the results of the thesis are hoped to positively impact future milrinone prescribing 

and research endeavours in this field at the same time as strengthening the role of paediatric PBPK 

drug-disease modelling and simulation. 
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Operationen am offenen Herzen können für Neugeborene, Säuglinge und Kinder mit angeborenen 

Herzfehlern lebensrettend sein. Die Verhinderung bzw. zeitnahe Behandlung des Low Cardiac Output 

Syndroms (LCOS) ist daher zwingend für einen erfolgreichen Operationsausgang, da es die 

Hauptursache für die perioperative Morbidität und Mortalität darstellt. Trotz des akuten 

lebendsbedrohlichen Krankheitsbildes von LCOS ist die medikamentöse Therapie jedoch durch einen 

Mangel an zugelassenen Arzneimitteln und Verständnis der pharmakokinetischen und -dynamischen 

Wechselwirkungen zwischen Arzneistoff und Krankheitsbild im menschlichen Körper 

gekennzeichnet. Ziel dieser Arbeit ist es daher, einen Beitrag zum verbesserten Verständnis und zur 

Sicherstellung der medikamentösen Therapie für Kinder mit LCOS zu leisten. 

 

Um dieses Ziel zu erreichen, wurde im ersten Schritt das Verschreibungsverhalten in 90 von 125 

möglichen Krankenhäusern aus 31 europäischen Ländern mit Hilfe einer internetgestützten Umfrage 

zum medikamentösen Einsatz bei pädiatrischen Patienten mit LCOS nach Operation am offenen 

Herzen, kurz EuLoCOS-Paed, erfasst und ausgewertet. Als Ergebnis liegen zum ersten Mal 

Behandlungsalgorithmen für LCOS mit erhöhtem bzw. niedrigem systemischen Gefäßwiderstand und 

erhöhtem pulmonalen Gefäßwiderstand vor; zusätzlich wurde die Wichtigkeit der präventiven Gabe 

von Arzneistoffen im klinischen Alltag deutlich. Insgesamt konnte aber auch gezeigt werden, dass die 

medikamentöse Therapie extrem variabel ist, woraus dringend erforderlicher pädiatrischer 

Forschungsbedarf, insbesondere für Milrinon, abgeleitet werden konnte. Aus diesem Grund wurde 

Milrinon im nächsten Schritt der Doktorarbeit in ein neuartiges physiologiebasiertes 

pharmakokinetisches (PBPK) Arzneimittel-Krankheitsmodell eingeschlossen, welches den Einfluss 

von Krankheit, Operation und Patientenalter auf die Milrinonexposition berücksichtigte. Mit Hilfe 

dieses Modelles konnten eine nicht-lineare Altersabhängigkeit der Elimination von Milrinon bei 

pädiatrischen Patienten und grundlegende Unterschiede in der Arzneistoffexposition zwischen 

erwachsenen und pädiatrischen Patienten als auch jenen mit und ohne LCOS festgestellt werden. 

Zusätzlich wurde deutlich, dass die derzeitigen Dosierungen nur unzureichend die empfohlenen 

therapeutischen Plasmaspiegel von Milrinon erreichen. Daher wurden optimierte Dosierungsschemata 

entwickelt, die dem Alter und Krankheitszustand entsprechend Rechnung tragen, um so eine sichere 

und wirksame LCOS-Therapie zu ermöglichen.  

 

Zusammenfassend unterstreichen die Ergebnisse dieser Arbeit den Mangel an evidenzbasierter 

Medizin für pädiatrisches LCOS, welche aufgrund der Schwere des Krankheitsbildes eine besondere 

Vigilanz und gemeinsame Anstrengungen sämtlicher an der Pflege der Patienten beteiligten 

Berufsgruppen zwingend notwendig machen. Die optimierten Dosierungsschemata für Milrinon mit 

Hilfe von Modellbildung und Simulation zielen zudem auf einen verbesserten Arzneimitteleinsatz als 

auch auf die verstärkte Nutzung von PBPK arzneimittelgekoppelten Krankheitsmodellen zur 

Therapieoptimierung in der Pädiatrie ab.  
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