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Abstract 

Background:  
Myocardial and renal dysfunctions are common after cardiac surgery in young 
children, which increases risk of complications and delayed recovery. Inodilators, 
such as milrinone and levosimendan, are frequently used to reduce the risk of low 
cardiac output syndrome in infants after cardiac surgery. Levosimendan has been 
demonstrated to increase renal blood flow and glomerular filtration rate in adult 
cardiac surgery, however there is a lack of infant studies. In the present thesis, the 
ability of levosimendan compared to milrinone in reducing renal and myocardial 
injuries after cardiac surgery in infants was investigated. 

Methods:  
Two Nordic pediatric heart centers, Gothenburg and Helsinki, performed a double-
blinded, randomized clinical trial (MiLe-1). Seventy infants, scheduled for total 
corrective cardiac surgery with cardiopulmonary bypass (CPB), received either 
levosimendan or milrinone. We performed the following comparisons between the 
two study groups: 1) the incidence of postoperative acute kidney injury (AKI), 2) the 
myocardial function with echocardiography, 3) changes in the plasma concentrations 
of myocardial biomarkers over time, and 4) in the whole study population, the 
associations between biomarkers of inflammation, renal, and myocardial dysfunction, 
with early clinical outcomes after cardiac surgery. 

Results:  
The postoperative incidence of AKI was 39.5% in the milrinone group and 46.9% in 
the levosimendan group. The difference was not statistically significant. Neither was 
there a significant difference between the study groups regarding hemodynamic 
parameters, echocardiographic measurements, or the cardiac biomarkers. The peak 
plasma concentrations of the cardiac injury and inflammatory biomarkers were 
strong predictors of the development of severe AKI. In the patients with the lowest 
and highest quartile of the cardiac injury biomarker hs-cTnT and the 
proinflammatory biomarker IL-8 (measured at 2 hours post-CPB), we observed a 
strong association with the postoperative duration of ventilatory support, and the 
need of vasopressors. 

Conclusion:  
We could not detect any significant differences in the incidence of AKI, myocardial 
function, or in the myocardial biomarkers after cardiac surgery in infants who 
received either levosimendan or milrinone. Plasma hs-cTnT and IL-8, measured 2 
hours post-CPB, may have clinical value in infants after cardiac surgery, including 
early weaning of ventilatory support. 

Key words: cardiac surgery, infants, congenital heart lesions, levosimendan, 
milrinone, acute kidney injury, myocardial function, biomarkers 
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Studien är randomiserad och dubbel-blind och utfördes på två nordiska enheter för 
barnhjärtkirurgi, Göteborg och Helsingfors. Sammanlagt deltog 70 barn som 
genomgick öppen hjärtkirurgi med hjälp av hjärt-lungmaskin i studien. Barnen var i 
åldern 1 till 12 månader. De randomiserades till att få antingen levosimendan eller 
milrinone. Insamling av blodprov och övriga analyser för alla delstudier i projektet 
tog ungefär 2,5 år. 

I levosimendan gruppen fick 46,9% av barnen akut njurskada jämfört med 39,5% 
i milrinone gruppen, skillnaden var inte signifikant. Enbart 2 barn i levosimendan 
gruppen och 1 barn i milrinone gruppen behövde dialysbehandling. I båda grupperna 
var hjärtfunktionen undersökt med ultraljud betydligt nedsatt dagen efter 
hjärtoperationen och den var inte fullt återställd vid utskrivning från sjukhuset. Vi 
fann ingen signifikant skillnad i vare sig hjärtfunktion eller hjärtskademarkörer 
mellan patienterna som fick levosimendan eller milrinone. I det fjärde delarbetet på 
hela studiepopulationen kunde hjärtskademarkörer och inflammationsmarkörer i 
blodet tagna 2 och 6 timmar efter användande av hjärt-lungmaskin förutspå 
utveckling av akut njurskada efter hjärtoperationen. Dessutom kunde man se ett 
samband mellan två av biomarkörerna (en hjärtskademarkör och en 
inflammationsmarkör) och tiden i respirator samt behovet av cirkulationsstödjande 
läkemedel på intensivvårds-avdelningen. Barnen med de högsta blodnivåerna av 
dessa två biomarkörer tagna 2 timmar efter användande av hjärt-lungmaskin visade 
sig ofta behöva längre respiratortid och längre behandling med cirkulationsstödjande 
läkemedel. Likaså hade de allra flesta barnen med de lägsta biomarkörnivåerna 2 
timmar efter användande av hjärt-lungmaskin, kommit ur respirator och blivit av med 
cirkulationsstödjande läkemedel inom det första dygnet på intensivvårdsavdelningen.  
Således verkar effekten av levosimendan och milrinone på hjärta och njurar vara 
jämförbara i samband med hjärtkirurgi på barn i åldern 1 till 12 månader. Två av 
biomarkörerna tagna 2 timmar efter användande av hjärt-lungmaskin kunde 
identifiera patienter med hög eller låg risk för ett mer komplicerat och förlängt 
postoperativt förlopp på intensivvårdsavdelningen.  

Sammanfattning på Svenska 

Varje år genomgår mellan 500 och 550 barn med medfött hjärtfel öppen hjärtkirurgi i 
Sverige varav nästan 60% är under ett års ålder när de opereras. Att så många 
opereras i späd ålder kan antingen vara för att hjärtfelet okorrigerat inte är förenligt 
med fortsatt liv eller för att undvika att barnet utvecklar irreversibla skador på hjärtat 
och lungkärlen.  

De senaste decennierna har det gjorts mycket stora framsteg inom barnhjärtsjukvård. 
Det gäller teknisk utveckling av kirurgiska metoder och hjärt-lungmaskiner, 
diagnostik av medfödda hjärtfel och förbättringar inom intensivvård. Trots detta 
drabbas fortfarande många barn av nedsatt hjärtfunktion och akut njurskada i 
samband med hjärtoperationen. De yngsta barnen löper större risk för organskador 
vilket kan leda till förlängd tid i respirator och ökat behov av läkemedel för 
upprätthållande av kardiovaskulär funktion. Dessutom ökar risken för utveckling av 
akut njursvikt där vissa kan behöva dialysbehandling. Den ökade risken för 
organskador i tidig ålder beror på att organen är omogna och därför känsligare för 
skador. Dessutom utvecklar spädbarn ofta en kraftig inflammatorisk reaktion i 
samband med hjärtkirurgi och användande av hjärt-lungmaskin. Det beror bland 
annat på att många spädbarn behöver genomgå komplex hjärtkirurgi med relativt 
lång tid på hjärt-lungmaskin och att cirkeln på maskinen är relativt stor i förhållande 
till deras kroppsyta vilket gör att blodet kommer i kontakt med en större yta av 
främmande material. Spädbarn som genomgår hjärtoperation får i dag rutinmässigt 
läkemedel som stärker hjärtats pumpförmåga för att upprätthålla tillräckligt blodflöde 
till kroppen under återhämtningsperioden efter operationen. I dag används ofta 
läkemedlet milrinone i detta syfte och i mindre utsträckning läkemedlet 
levosimendan. Det är vanligare att levosimendan används till patienter som drabbats 
av kraftigt nedsatt hjärtfunktion av annan orsak än hjärtkirurgi.  
Utöver att förstärka hjärtfunktionen har levosimendan, i studier på vuxna, visats öka 
blodflödet till njurarna och förbättra njurfunktionen efter hjärtkirurgi. Dessutom 
verkar levosimendan kunna minska hjärtmuskelskada och ha en antiinflammatorisk 
effekt. Levosimendans njurskyddande verkan i samband med hjärtkirurgi på barn har 
inte studerats. Forskning som jämför effekten av levosimendan och milrinone på 
hjärtfunktion och hjärtsmuskelskada är också mycket begränsad. 

I studiens första delarbete jämfördes förekomsten av akut njurskada efter hjärtkirurgi 
på spädbarn som randomiserat fick antingen levosimendan eller milrinone. I andra 
delarbetet gjordes en jämförelse av de båda läkemedlens effekt på hjärtfunktionen 
hos samma patientgrupp, undersökt med hjälp av ultraljud. I det tredje delarbetet 
mättes nivå av hjärtskademarkörer i blodet på barnen i vardera läkemedelsgruppen. I 
det fjärde delarbetet mättes ett flertal biomarkörer i blodet några timmar efter 
hjärtkirurgi hos patientpopulationen i sin helhet, alltså oavsett vilket studieläkemedel 
de hade fått. Syftet var att undersöka om det fanns ett samband mellan ökade nivåer 
av biomarkörer i blodet och 1) akut njurskada, 2) längre tid i respirator och 3) längre 
tid med behov av cirkulationsstödjande läkemedel på intensivvårdsavdelningen. 
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LCOS: low cardiac output syndrome  

ln: natural logarithm 

LS: longitudinal strain   

LV: left ventricular 

MAP: mean arterial pressure 

mBKCa channels: mitochondrial calcium-activated potassium channels 

mKATP channels: mitochondrial adenosine triphosphate-dependent potassium 

channels 

mPTPs: mitochondrial permeability transition pores 

mTAL: medullary thick ascending loop of Henle  

NGAL: neutrophil gelatinase-associated lipocalin 

NT-proBNP: N-terminal-pro-brain natriuretic peptide serum  

P-concentration: peak plasma concentration

PDE3: phosphodiesterase 3

PICU: pediatric intensive care unit

POD: postoperative day

PVR: pulmonary vascular resistance

Q1: first quartile

Q3: third quartile

RACHS-1: Risk adjustment for congenital heart surgery

RAS: renin-angiotensin system

RBF: renal blood flow

RCT: randomized clinical trial

ROC: receiver operating characteristic

ROS: reactive oxygen species

RPP: renal perfusion pressure

rs: Spearman’s rho

RV: right ventricular

RVR: renal vascular resistance

SCVO2: central venous saturation

SIRS: systemic inflammatory response syndrome

ABBREVIATIONS 

ABR: age-based Ross classification of heart failure in children 

ACC: aortic cross-clamp  

AKI: acute kidney injury  

AVSD: complete atrioventricular septal defect  

BP: blood pressure 

cAMP: cyclic adenosine monophosphate 

CO: cardiac output 

CPB: cardiopulmonary bypass  

CRF: case report form  

CRRT: continuous renal replacement therapy 

cTnI: cardiac troponin I 

CVP: central venous pressure 

ECLIA: electro-chemiluminescence immunoassay 

ECMO: extracorporeal membrane oxygenation 

EDTA: ethylenediaminetetraacetic acid 

EF: ejection fraction   

eGFR: estimated glomerular filtration rate  

FAC: fractional area change  

FO: fluid overload 

FS: fractional shortening 

GCP: good clinical practice 

GFR: glomerular filtration rate  

hFABP: heart-type fatty acid binding protein  

hs-cTnT: high-sensitive cardiac troponin T 
IL-6: interleukin-6 

IL-8: interleukin-8 

IR-injury: ischemia-reperfusion injury

IS: inotropic score

KATP channels: mitochondrial adenosine triphosphate-dependent potassium channels 

KDIGO: Kidney Diseases: Improving Global Outcomes  
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STE: speckle tracking echocardiography 

SVR: systemic vascular resistance 

t1/2: elimination half-life 

ToF: tetralogy of Fallot  

VIS: vasoactive-inotropic score 

VSD: non-restrictive ventricular septal defect 

VST: ventilatory support time 

VVI: velocity vector imaging 
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1 INTRODUCTION 

Every year approximately 500 to 550 children in Sweden (Fig. 1), and about 250 
children in Finland undergo open heart surgery. The age range is from newborn to 18 
years old while the age at surgery depends on the type and severity of the congenital 
heart lesion. Up to 25 % of the patients with congenital heart diseases need to 
undergo surgery within the first month of life (neonates) due to a life-threatening 
congenital heart defect, while between 30-35 % need surgery between the age of one 
to 12 months (infants) for alleviation of symptoms and prevention of severe 
consequent cardiovascular events later in life (1). There are two centers for pediatric 
heart surgery in Sweden, one located in Gothenburg and one in Lund, and each 
center serves approximately 50% of the population. 
There is one center for the whole country in Finland which is in Helsinki. 

Fig. 1 Open heart surgery in children in Sweden 2021. The number of patients is shown on y-
axis, and the columns on x-axis demonstrate the age distribution. Left column: < one month, 
middle column: one month − < one year, right column: 1 – 18 years, red: without 
cardiopulmonary bypass (CPB), blue: with CPB. Data from the Swedish registry of congenital 
heart diseases (SWEDCON) (1) with permission. 
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Furthermore, since pediatric studies comparing levosimendan and milrinone on 
myocardial function and myocardial injury are scarce, particularly in the infants, we 
also investigated them in our MiLe-1 population. Therefore, the MiLe-1 trial includes 
sub-studies where we compare the postoperative myocardial function with speckle 
tracking echocardiography (STE), and biomarkers of myocardial injury and function 
in the study population.   
 
This study is based on the cooperation between two Scandinavian expert centers of 
pediatric cardiac surgery located in Gothenburg and Helsinki. In total 70 infants 
participated in the MiLe-1 trial. The process of the inclusion of the patients and data 
collection lasted about 2.5 years. 
 

1.2 Indications for cardiac surgery in infants  

The most common congenital heart lesions requiring total corrective surgery in 
infancy are non-restrictive ventricular septal defect (VSD), complete atrioventricular 
septal defect (AVSD) with balanced ventricles, and the Tetralogy of Fallot (ToF) 
(Fig.2). 
 
Due to the large left-to-right shunt, patients with non-restrictive VSD and complete 
AVSD develop heart failure during their first months in life leading to growth failure 
and tachypnea. In addition, if left untreated, the pulmonary vascular arteries and 
arterioles adapt to the excessive blood flow to the lungs and/or the raised pressure in 
the pulmonary circulation with vascular wall thickening that over time becomes 
irreversible. Patients with partial AVSD or a restrictive VSD are operated later in life 
due to the limited amount of left-to-right shunting, and hence they usually do not 
develop congestive heart failure. The patients with ToF have a large VSD and 
infundibular pulmonary stenosis, which may be accompanied by valvular pulmonary 
stenosis. This combination leads to equal pressures in the ventricles and at least with 
time right-to-left shunting of blood. During the first year of life the infundibular 
pulmonary stenosis and right ventricular (RV) hypertrophy increases with an 
aggravation of the right-to-left shunt and cyanosis. The infundibular pulmonary 
stenosis has a dynamic component that causes cyanotic spells when the child is 
stressed. To avoid the worsening cyanosis, the children with ToF are operated around 
3-8 months of life, or sooner if they suffer from severe cyanotic spells (8, 9).  

2 

Due to multi-disciplinary improvements in surgical and cardiopulmonary bypass 
(CPB) techniques as well as within pediatric cardiology, anesthesia and intensive 
care in the last decades, the patient outcomes have constantly been improving, 
reducing the morbidity and mortality. With that said, morbidity still does occur, e.g., 
virtually all patients are subjected to systemic inflammation, but to a variable degree. 
The consequences are mild in some patients, being barely noticed clinically. Others, 
however, develop the systemic inflammatory response syndrome (SIRS), with 
symtoms of organ dysfunctions, which commonly aggravates about 9 to 12 hours 
after the surgery. SIRS is particularly common in children less than one year old. 
Consequently, renal and myocardial dysfunctions are common complications in the 
early postoperative period in the young children (2, 3), i.e. with prolonged 
ventilatory support time (VST), increased need of vasoactive, antiarrhythmic, and 
sedative drugs, and risk of infections. 

The focus in this thesis is on infants undergoing open heart surgery with CPB aiming 
toward improving myocardial function and reducing the incidence of acute kidney 
injury (AKI).  

1.1 Levosimendan versus milrinone: the background to the MiLe-1 

study 

In 2004 the Primacorp study was published and demonstrated that children treated 
with the inodilator milrinone had a better clinical outcome after cardiac surgery 
compared to the children receiving placebo (4). Since then, the use of milrinone in 
the perioperative period to reduce the risk of low cardiac output syndrome (LCOS) 
development has become a routine in many pediatric cardiac surgery centers (5). 
Although the prophylactic use of milrinone has reduced the extend of the problem 
with LCOS, the occurrence of myocardial dysfunction with hemodynamic instability, 
as well as AKI, are still quite common in the early postoperative period in the young 
children (3, 6).  

Studies on the potential renal protective effects of the inodilator levosimendan after 
cardiac surgery in adults (7) awoke our interest in performing a pediatric study on 
renal protection in cardiac surgery. Thus, we decided to perform a double-blinded 
randomized clinical trial to investigate whether levosimendan could be a better 
choice for infants undergoing cardiac surgery instead of milrinone considering that 
levosimendan might have renal protective effects as well as being an inodilator.  
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preconditioning effects by activating the mitochondrial adenosine triphosphate-
dependent potassium channels (mKATP channels), which play a crucial role in cell 
protection, in the myocardial cells’ mitochondria (12, 13).  
 
After intravenous administration, levosimendan is excreted into the small intestine 
and reduced by intestinal bacteria to OR-1855, and further metabolized to the active 
metabolite OR-1896, which has the same effect as levosimendan. In pharmacokinetic 
studies on adults, the metabolites have been detected in the blood after an infusion of  
levosimendan for 24 hours. When the infusion is stopped the t1/2 of levosimendan is 
around 1.3 hours, whereas the t1/2 of the metabolites is around 80 hours (14). 
 
 

 
 
Fig. 3 Levosimendans mechanism of action. Farmakis et al. (15) with permission. 
 
In summary, milrinone and levosimendan have both positive inotropic and lusitropic 
effects, reduce afterload and cause coronary vasodilation. In clinical studies on 
children after pediatric cardiac surgery, the hemodynamic effects and safety profile 
of these agents have been shown to be comparable (16-18).  
 
Levosimendan in addition is known to have preconditioning properties. It should be 
mentioned that compared to milrinone the preconditioning property of levosimendan 
is more extensively studied in animal models. However, milrinone has also been 
demonstrated to have preconditioning effects in animal models (19).  
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Fig. 2 The three types of congenital heart lesions included in this study. Non-restrictive VSD 
(ventricular septal defect), complete AVSD (atrial and ventricular septal defect with one 
common AV-valve), and ToF (Tetralogy of Fallot). Shutterstock.com with permission. 
 

1.3 Mechanism of Milrinone and Levosimendan  

 
Milrinone, a selective inhibitor of phosphodiesterase 3 (PDE3), inhibits the 
degradation of the intracellular messenger cyclic adenosine monophosphate (cAMP) 
in the myocardium. Increased cAMP in myocardial cells leads to increased influx of 
calcium into the cell and the resulting increase in contractility. Furthermore, cAMP 
accelerates the removal of calcium from the cytosol by the sarcoplasmic reticulum, 
thus promoting myocardial relaxation, and hence the lusitropic effects of milrinone. 
Milrinone also increases cAMP in vascular smooth muscle cells causing a decrease 
in the intracellular concentration of calcium. This leads to the vasodilatory effects of 
milrinone in the coronary and peripheral circulation, the latter reducing cardiac 
afterload  (4, 6, 10). The elimination half-life (t1/2) of milrinone is around 1.5 – 2.5 
hours after the infusion is stopped. 
 
Levosimendan is a calcium-sensitizer. By binding to troponin C on the myocardial 
filaments it increases the affinity of troponin C to calcium, resulting in an 
acceleration in the formation rate of the actin-myosin cross bridges and increased 
contractility (Fig. 3). During diastole, when the intracellular levels of calcium are 
low, this binding is weaker and therefore, allowing relaxation, explaining the 
lusitropic effects of levosimendan. Further, the vasodilatory effects of levosimendan 
are obtained from its’ binding to ATP-dependent potassium channels (KATP channels) 
on smooth muscle cells of the vessels causing hyperpolarization and thus, 
relaxation (11). In addition, levosimendan has been demonstrated to have 
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The contact of the blood with the foreign material of the CPB circuit includes 
activation of the complement system, which produces proinflammatory cytokines 
and chemokines, which in turn initiate a cascade of events leading to activation of 
endothelial cells and adhesion molecules as well as neutrophils, macrophages, and 
the adaptive immune system (Fig. 5). In addition, the shear force from the CPB-
circuit leads to lysis of red blood cells with release of free heme and iron into the 
circulation, which further triggers and strengthens the activation of the innate 
immune system. Periods of low perfusion pressure during the intraoperative period or 
in the early postoperative period in the PICU, may lead to additional ischemic stress 
and injury to the organs with the resulting further release of proinflammatory 
mediators (24). Furthermore, there is an extensive crosstalk between the 
inflammatory system and the coagulation system where activation of one system 
activates the components of the other system (25).  
 
The consequence of the SIRS is endothelial injury, increased vascular permeability 
with capillary leak leading to edema in the organs, as well as the infiltration of 
macrophages and activated neutrophils causing local organ injury and dysfunction 
(26-28).  
 

 
Fig. 5 Main causes of the development of SIRS after cardiac surgery 
 
 
When the SIRS is severe enough it can lead to intravascular hypovolemia, reduced 
myocardial contractility and LCOS, pulmonary congestion, pulmonary hypertension, 
and renal tubular injury with renal dysfunction (Fig. 6).  

6 

In clinical trials on adults, levosimendan has demonstrated its value in the treatment 
of acute and chronic heart failure, as well as in the cardiac surgery setting as a  
cardioprotective drug (20-22). In adults after cardiac surgery, by using the renal vein 
thermodilution technique, levosimendan was demonstrated to increase renal blood 
flow (RBF) and glomerular filtration rate (GFR) (7), while milrinone increased RBF 
but not GFR (23).   

1.4 Systemic inflammatory response syndrome and cardiac surgery  

SIRS is believed to be a major cause of organ dysfunction after cardiac surgery. The 
major causes of SIRS are the contact of the blood with the CPB circuit, the 
ischemia-reperfusion injury (IR-injury) related to the aortic cross-clamp (ACC), and 
the injury to the myocardium by the cardiac surgery itself (Fig. 4).  

Fig. 4 The cardiopulmonary bypass (CPB) circuit, the aortic cross clamp (ACC) and the 
cardioplegia. BJA with permission. 
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Developmental factors: 

1) The myocardium in infants is believed to be more vulnerable to ischemia, 
compared to older children, causing a greater extent of myocardial injury evident by 
higher release of cardiac troponins in infants (31, 32). 
 
2) The renal function in infants is immature which contributes to fluid retention and 
the reduced elimination of drugs and proinflammatory cytokines. In addition, the 
reduced RBF makes the kidneys vulnerable to hypoxic tubular injury, especially 
regarding renal medulla where the oxygen tension is considerably low (33-35). Renal 
development and physiological changes will be discussed further in the next section. 
 

1.6 The kidney after pediatric cardiac surgery  

 
1.6.1 Renal development after birth 
 

The formation of new nephrons is completed at 35-36 weeks of gestational age. The 
fetus and the newborn have high levels of renin leading to high renal and systemic 
vascular resistance (RVR and SVR respectively). At birth the RBF is only 5% of 
cardiac output (CO) compared to 20-25% in the adult. Due to neurohormonal 
changes after birth and during infancy, there is a rapid decline in renin and thus, in 
RVR and SVR, however the decrease in RVR is more prominent compared to SVR. 
RBF is mainly affected by two factors, i.e., renal perfusion pressure (RPP), which is 
approximately equal to the systemic blood pressure (BP), and the RVR. High RVR 
reduces RBF and vice versa: 

RBF = RPP / RVR 

 

The increase in cardiac index occurring during the first months of life is due to the 
following: 1) the physiological adaption after birth, 2) the gradual decline in SVR, 
and 3) the rapid growth accompanied by high metabolic demand. Increased CO 
increases the BP, and along with the ongoing decline in RVR lead to increased RPP 
and thus, an increase in RBF and GFR. Consequently, an increased fraction of the 
CO is dedicated to RBF (36). 

At birth the GFR is only around 10 ml/m2*1.73, and it doubles during the second 
week of life. During the first months of life there is a rapid increase in RBF and GFR  
reaching to about 75% of the adult levels at 6 months of age, and full development 

8 
 

 
 
Fig. 6 The clinical effect of SIRS on the respiratory, cardiovascular, and renal system.  
 

1.5 Susceptibility of  infants to organ dysfunction after cardiac surgery  

 
The susceptibility of infants and neonates to postcardiac surgery organ dysfunction is 
related to both intraoperative factors, which may cause a strong SIRS, and immature 
organ function. Some important risk factors, which apply for both neonates and 
infants, will be mentioned in the following with a focus on infants. 
 

Intraoperative factors: 

1) Small body size in infants in relation to the CPB circuit results in a relatively large 
contact area between the blood and the CPB circuit, causing a strong inflammatory 
response (29).  

 
2) High basal metabolic rate in infants necessitates high CPB flow rates which results 
in increased trauma due to shearing forces to the red blood cells and the concomitant 
release of free heme and iron into the circulation activating the complement system 
and escalating the inflammatory response (29, 30). 
 
3) Many infants need to go through complex surgery which results in longer duration 
of CPB and a higher degree of myocardial injury due to the surgical 
manipulation (2).  
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Fig. 6 The clinical effect of SIRS on the respiratory, cardiovascular, and renal system.  
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response (29).  
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Fig. 7 The different segments of the nephron. Purple arrow; active transport, blue arrow; 
passive transport. Onlinebiologynotes with permission. 
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between at 1.5–2 years. The maturation of renal tubular function occurs in line with 
increasing GFR (33). 

 

1.6.2 The anatomy and vasculature of the nephron 
 
The different parts of the nephron are illustrated in Fig. 7. The blood is filtered in the 
glomerulus, and the plasma filtrate enters the Bowman’s capsule. A major part of the 
fluid, electrolytes, and organic nutrients of the filtrate (primary urine) is then 
reabsorbed into the peritubular capillaries via the proximal convoluted tubules, 
whereas the remaining filtrate continues into the loop of Henle, where further 
absorption of water, Na+ and Cl+ occurs. The countercurrent mechanism is the 
mechanism involved in the concentration of the filtrate in the loop of Henle. The 
descending limb of loop of Henle is impermeable to NaCl, but water can diffuse into 
the interstitial fluid, whereas the ascending limb of loop of Henle is impermeable to 
water, but there is active and passive reabsorption of NaCl. The distal parts of  the 
nephron are regulated by vasopressin and aldosterone. The proximal tubule reabsorbs 
60-70% of the Na+ and Cl+, whereas the ascending limb of the loop of Henle 
reabsorbs about 25%, and the distal nephron approximately 10% of the filtered load 
of Na+ and Cl+. The active reabsorption of Na+ by the Na-K-ATPase, is highly 
oxygen-consuming (37).  
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low oxygen tension in the medulla along with the high oxygen consumption causes 
the outer medulla to be particularly vulnerable to hypoxic injury. 
 
The juxtaglomerular apparatus of the nephron has a major role in the regulation of 
RBF and GFR (Fig. 9). This regulation is based on a feedback mechanism which 
involves the area of macula densa area in the distal convoluted tubule. Macula densa  
senses the concentration of Na+ of the fluid in the distal convoluted tubule. High 
concentrations of Na+ in the distal tubules induces a constriction of the afferent 
arterioles (tubuloglomerular feedback), while a low Na+ concentration induces a 
release of renin from the granular cells of the afferent arteriole (37) . 
 
 

 
 

Fig. 9 The juxtaglomerular apparatus consisting of juxtaglomerular cells of the afferent 
arteriole (contain renin granules) and macula densa of the distal convoluted tubule that senses 
the sodium ion concentration of the primary urine in the distal convoluted tubule. 
Shutterstock.com with permission 

 
Certain drugs and endocrine substances can alter the RBF and/or GFR depending on 
their effect on the afferent and efferent arterioles (Fig. 10). For example, 
levosimendan has been found to dilate the afferent arteriole, but not the efferent 
arteriole, and therefore increase the RBF and GFR. Dopamine, on the other hand, 
dilates both the afferent and efferent arterioles with the resulting increase in the RBF 
but the GFR remains unchanged (7, 39, 40). 
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Fig. 8 The vasculature of the nephron. The inner zone of medulla has very low oxygen tension. 
The cortical nephrons constitute 85% and the juxtamedullary nephrons 15% of the nephrons. 
Guyton and Hall, 12th edition (38) with permission. 

 
Each glomerulus is supplied by a single afferent arteriole, which branches into 
glomerular capillaries, and they in turn drain into the efferent arteriole (hence the 
alternative names pre- and post-glomerular arterioles). The efferent arteriole then 
divides into the peritubular capillary network that surround the proximal tubule and 
the loop of Henle (Fig. 8). Most of the RBF is directed to the cortex area, to the 
glomerular capillaries, to obtain high GFR. The low blood flow in the medulla 
is to maintain the osmotic gradients in the loop of Henle and the surrounding 
interstitial tissue to achieve the counter-current mechanism involved in the 
concentration of the primary urine. The active reabsorption of Na+ in the medullary 
thick ascending loop of Henle (mTAL) is highly oxygen consuming, and hence, the 
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Table 1 AKI stage 1-3 KDIGO (48).The eGFR for serum creatinine was calculated with the 
Schwartz method (49). *According to Sutherland, we only used the eGFR < 35 ml/min x 
1.73m2 criteria (stage 3) for patients older than 3 months (50). 

 
 
1.6.4 Risk factors of acute kidney injury after cardiac surgery in children  

Known risk factors for developing AKI include: 
 

- Younger age 
- Longer duration of CPB 
- Multiple aortic cross clamps  
- Congenital heart lesions with functional single ventricle 
- Higher surgical complexity score (RACHS-1 score) 
- Preoperative ventilator support and/or inotropic support 
- Lower preoperative serum creatinine (3, 51) 

 
 

1.6.5 Pathogenesis of acute kidney injury 

The pathogenesis of AKI is complex, and its etiology often multifactorial caused by 
ischemic and/or toxic insults (3, 24). The types of toxic insults include nephrotoxic 
drugs, contrast agents, and endotoxic substrates, such as iron released from 
hemoglobin after red blood cells hemolysis during CPB. Considering ischemic 
insults, the degree of injury is proportional with the duration of ischemia. Short 
duration of ischemia may lead to mild and reversible injury. The renal epithelial cell 

14 
 

 

Fig. 10 Dilation of the afferent and efferent arterioles of the nephron and their effect on RBF 
and GFR. Drugs can have differential effects on this balance depending on their site of action, 
i.e., by dilating (or constricting) both the afferent and efferent arterioles or only the afferent or 
efferent arterioles (39). Yilmaz et al. SpringerNature Creative Commons Attribution 4.0 
International License. 

 

1.6.3 The definition of acute kidney injury 

The incidence of AKI in pediatric cardiac surgery studies is about 30-50% (41-45), 
and it has been associated with increased VST, need of inotropic support, prolonged 
time in PICU, increased risk of chronic kidney disease, and mortality (3, 42, 46, 47).  

AKI is defined as a 50% or more increase in serum creatinine from baseline. 
Although serum creatinine is a functional renal biomarker which rises 24 to 72 hours 
after the injury has occurred, it remains the standard analysis for AKI.  

KDIGO score  is the most recent staging system of AKI (48). We used KDIGO score 
in this study without using the urinary output part of the score (Table 1). Stage 1 is 
commonly defined as mild AKI, and stage 2 and 3 as severe AKI.  
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The interaction of renal hemodynamics, local and systemic inflammatory 
response syndrome in the development of AKI (Fig.12): 

1) Systemic inflammatory response syndrome:  
 
Mediators from the SIRS (complement components, cytokines, and chemokines) 
activate the renal vascular endothelium resulting in capillary leak with infiltration of 
neutrophils and interstitial oedema causing renal tubular damage and dysfunction.  
 
2) Renal hemodynamics:  
 
High RVR and drop in RBF eventually results in ATP-depletion in the renal tubules, 
causing hypoxic injury. This activates a local inflammatory response with the  
resulting renal tubular and capillary injury, and finally renal dysfunction. For 
example, hypoxic injury to the proximal convoluted tubule results in reduced active 
reabsorption of Na+. Consequently, there is an increased Na+ load to the distal 
tubules, sensed by the macula densa, which causes an afferent arteriolar 
vasoconstriction and further reduction in RBF, via the tubuloglomerular feedback 
mechanism. Debris from dead cells may cause intratubular obstruction in the thin 
loop of Henle which leads to a decrease in GFR.  
 
3) Local renal inflammatory response:  
 
a) When the local inflammatory response is strong, the excess of  proinflammatory 
cytokines, such as IL-6 and IL-8, from the kidneys enter the systemic circulation and 
thus contribute to the SIRS development. In this regard, AKI itself is a 
proinflammatory state.  
 
b) With the ongoing renal dysfunction, the reduced GFR and decreased renal tubular 
activity causes reduced renal elimination of the proinflammatory cytokines, which 
further contributes to the raised level of proinflammatory cytokines in the systemic 
circulation (24, 27). 
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of the proximal convoluted tubule, for example, may recover from the loss of the 
apical brush border and some cellular swelling. In longer ischemia periods however, 
the cell structure is seriously damaged beyond the repair potential and progresses to 
cell death by apoptosis or necrosis (35) (Fig. 11).  
 
 

 
 
Fig. 11 The loss of the apical brush border and cellular swelling of the epithelial cells in the 
proximal tubules may be reversible, but with continued ischemic or toxic injury the cell is 
damaged beyond repair with progression to cell death by apoptosis or necrosis. The surviving 
epithelial cells can dedifferentiate and proliferate to replace the dead epithelial cells. 
Devarajan P et al. (52) with permission 

 

There are two mechanisms involved in AKI after cardiac surgery; a) reduced RPP, 
causing renal ischemia, and b) the effect of the inflammatory response on the renal 
tissue. The local renal inflammatory response, the SIRS and the ongoing renal 
ischemia trigger each other. Hemodynamic instability in the early postoperative 
period, and/or the use of nephrotoxic drugs can further aggravate AKI (24) .  
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1.6.6 The renal biomarker neutrophil gelatinase-associated lipocalin   
 
During the last two decades there have been many publications on NGAL in plasma 
and urine, as an early renal tubular injury biomarker. NGAL is a small protein 
secreted from distal renal tubular cells. In addition, it is produced in the bone marrow 
and in epithelial cells of the lungs, liver, and intestines. NGAL from the bone marrow 
is stored in the granules of neutrophils. NGAL has bacteriostatic function and is 
involved in iron transportation and cell proliferation and differentiation. Under 
normal conditions, the concentration of NGAL in urine and blood is low. NGAL is 
filtrated in the glomeruli, and then almost fully reabsorbed in the proximal renal 
tubular cells (54, 55).  
 
Due to ischemic or nephrotoxic insult to the kidneys there occurs an upregulation of 
the NGAL gene in the distal renal tubules and hence an increased secretion of NGAL 
into the urine (56). NGAL measured in urine or plasma early (2-4 hours) after cardiac 
surgery in children has been correlated with AKI (56-58). However, in other studies 
NGAL has been raised in the patients regardless of the presence or absence of AKI. 
This observation  suggests that the source of NGAL cannot be specific to renal 
tubular injury and rather may be related to the release from activated neutrophils, i.e., 
the proinflammatory response, and from the epithelial cells of the injured organs 
involved in the inflammatory response (59).  

1.7 The myocardium after pediatric cardiac surgery 

 
1.7.1 Causes of myocardial dysfunction 
 
Postoperative myocardial dysfunction is a consequence of myocardial injury 
(discussed in chapter 1.8.3), the effect of the SIRS on the cardiovascular system, and 
changes in the loading conditions of the ventricles.  
The effect of the SIRS on postoperative myocardial function, include the direct 
negative effect of the proinflammatory cytokines on myocardial contractility, and the 
presence of hyperdynamic state causing increased oxygen demand.  
There are several factors that may cause changes in preload and afterload of the 
ventricles with potentially serious effects on myocardial contractility. For example, 
reduction in preload due to intravascular hypovolemia, increased RV afterload due to 
pulmonary congestion and/or increased reactivity in the pulmonary arterioles, as well 
as altered loading conditions of the ventricles after the surgical correction. Finally, 
raised postoperative levels of catecholamines may cause tachycardia and increased 
PVR as well as increased SVR. The overall effect of catecholamines versus 
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Fig. 12 The pathogenesis of AKI after cardiac surgery is multifactorial involving many 
components. There is a continuous interaction and crosstalk between the components of renal 
ischemia, local renal inflammatory response, and the SIRS with mutual trigger mechanisms. 
RAS: renin-angiotensin system.  

 
At present the treatment of AKI is merely supportive, where reducing the risk of 
developing AKI is crucial. Risk reduction for AKI development includes awareness 
of the known risk factors adjacent to cardiac surgery, such as young age and/or 
complex surgery to recognize the most susceptible patients. Maintaining 
hemodynamic stability, for optimizing the kidneys' perfusion pressure, and avoiding 
nephrotoxic agents reduces the risk of developing AKI, and furthermore reduces the 
risk of repeated insults and additional progression of AKI (3, 51, 53) 
 
Since high RVR plays a major role in AKI development after cardiac surgery, we 
hypothesized that levosimendan could reduce the incidence of AKI by dilating the 
afferent arterioles of the nephrons and hence increasing RBF and GFR (7).  
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function of the LV is traditionally measured with ejection fraction (EF) or fractional 
shortening (FS), and the RV with fractional area change (FAC).  
There is a new method emerging within echocardiography called speckle tracking 
echocardiography (STE) which enables measurements of LV and RV function by 
calculating ventricular strain. The technique is based on gray-scale speckle patterns 
in the myocardium and their movements during the cardiac cycle. Thus, STE 
measures changes in myocardial segment length from diastole to systole (in 
percentage), called strain, and quantifies both regional and global systolic 
deformation of the myocardium (Fig. 14). STE is angle-independent, dimensionless, 
and has good reproducibility and feasibility. Strain can be measured along the 
longitudinal, circumferential or radial axis of the ventricle (61, 62). Longitudinal 
strain (LS) is the most used and the best-evaluated method. Due to the shortening of 
the myocardium in systole compared to diastole, LS has a negative value. More 
negative LS means better systolic function (greater percentage shortening compared 
to diastole). 
 
 
 

 
 
 
Fig. 14 The calculation of strain is based on the changes in myocardial segment length from 
diastole to systole. L0 diastole and L1 systole. For longitudinal and circumferential strain the 
value is negative, due to the shortening in systole compared to diastole, while for radial strain 
the value is positive, due to the thickening in systole compared to diastole. 

20 
 

vasodilatory effectors (released in the SIRS) determines the SVR (2, 6, 8, 26). 
Maintaining optimal CO and organ perfusion in the intra- and postoperative period is 
of crucial importance. This includes use of inotropic drugs, treatment of arrythmias, 
optimizing preload by correcting hypovolemia, reducing increased RV and LV 
afterload by vasodilating therapy or vasopressor therapy in the case of SIRS-induced 
systemic vasodilation with hypotension (Fig. 13).  
 
Finally, preoperative myocardial dysfunction has been associated with worse 
postoperative myocardial function, such as preoperative congestive heart failure with 
increased myocardial oxygen demand, in non-restrictive VSD or total AVSD with 
non-restrictive VSD (60). 
 

 
 
Fig. 13 Algorithm for optimization of cardiac output at CPB-weaning  
 
 
 1.7.2 Cardiac output and myocardial function  
 
Regarding measurements of CO in children in PICU, there is a lack of reliable and 
adequately small technical equipment, such as thermodilution catheters. For 
evaluation of the child’s CO after cardiac surgery the oxygen extraction ratio is 
estimated from the difference between the arterial and central venous oxygen 
saturation, from serum lactate and clinical signs (e.g., MAP, CVP, heart rate, and 
diuresis). For direct measurements of myocardial function by echocardiography the 
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Fig. 13 Algorithm for optimization of cardiac output at CPB-weaning  
 
 
 1.7.2 Cardiac output and myocardial function  
 
Regarding measurements of CO in children in PICU, there is a lack of reliable and 
adequately small technical equipment, such as thermodilution catheters. For 
evaluation of the child’s CO after cardiac surgery the oxygen extraction ratio is 
estimated from the difference between the arterial and central venous oxygen 
saturation, from serum lactate and clinical signs (e.g., MAP, CVP, heart rate, and 
diuresis). For direct measurements of myocardial function by echocardiography the 
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Fig. 15 The 2D four-chamber view in the VVI program with the endocardial border manually 
traced. The six segments of LV are displayed with different colors as a function of time (R-R 
interval), and the total average value of LV-LS are calculated.  
 
 
The cut off for normal reference values for LV-LS in children is -17.5% (GE Medical 
Systems) (63). When different vendors for measurements of LS were compared the 
inter-vendor difference was up to 3%. Although significant, this difference was 
smaller than for the inter-vendor difference in conventional ECHO, e.g., left 
ventricular ejection fraction (LV-EF) (64). 	
LS has been demonstrated to be more sensitive to detect changes in ventricular 
function than the conventional echocardiography parameters, such as LV-EF. 
Furthermore, a good correlation between LV-LS with LV-EF measured with 
magnetic resonance imaging (MRI) has been demonstrated, and the same applies 
between RV- LS and RV-EF with MRI (61, 65-67). 
 
STE studies in the pediatric cardiac surgery setting have demonstrated that 
biventricular LS is significantly impaired on the first postoperative day (POD 1), and 
that it has not completely recovered at discharge from the hospital compared to the 
preoperative values (68, 69). 
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1.7.3 Myocardial injury and cardioprotection 

The most common causes of myocardial injury adjacent to cardiac surgery for 
congenital heart defects include: 

1) ischemic injury sustained during the ACC.

2) myocardial ischemia caused by episodes with hemodynamic instability at any time
in the intraoperative or early postoperative period.

3) reperfusion injury due to the reoxygenation of the myocardium after the ACC
release, or following a myocardial hypoxic episode during or after surgery.

4) mechanical injury due to surgical trauma according to the following reasons [a) is
general while b) and c) are cardiac defect specific]:

a) due to the cannulation during CPB preparation
b) in patients with VSD: atriotomy to obtain access to the VSD
c) in patients with ToF, resection of the sub-valvular obstruction in
the RV outflow tract which in addition, often involves ventricular
incision as well.

5) the effect of CPB circuit-induced SIRS on the myocardium.

Accordingly, important measures to reduce myocardial injury include the following 
factors:  

1) the use of cold cardioplegia during ACC by causing cardiac arrest and hence, 
slowing the myocardial metabolism

2) maintaining optimal circulation and organ perfusion during CPB, as well as at 
CPB-weaning, and in the early postoperative period.

3) satisfactory surgical outcome

4) maintaining optimal anticoagulation (2, 8, 70).

In the field of perioperative cardioprotection, there is ongoing research on developing 
anti-inflammatory and/or preconditioning drugs, as well as interfering coagulation-
inflammation crosstalk. Research on pharmacologic preconditioning may hopefully 
contribute to cardioprotection in the future (25). 
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Fig. 16 The mPTP in an open (red) and closed (green) state. Keeping the mPTPs in a closed 
state protects the mitochondria against swelling, and eventually membrane disruption. I/R: 
ischemic-reperfusion injury. The mKATP channel is one of several types of K-channels 
(yellow). Opening of the channel keeps the mPTPs in a closed state. Mishra K et al. from 
intechopen.com, Creative commons attribution 3.0 license. 
 
 
1.7.4 Biomarkers of myocardial injury 
 
The role of myocardial injury biomarkers, such as cardiac troponins, in diagnosing 
perioperative myocardial infarction is well-recognized. Myocardial injury biomarkers 
are also commonly used in clinical research on cardioprotection and/or quantification 
of ischemic myocardial injury after cardiac surgery. It should be kept in mind, 
however, that the release of myocardial injury biomarkers, such as cardiac troponins, 
occurs due to both ischemic and non-ischemic cardiac injury (i.e., direct injury to the 
myocardial cells during surgery). Nonetheless, the cardiac troponins are traditionally 
used in research and have been shown to be correlated with clinical outcome after 
pediatric and adult cardiac surgery (60, 78-80). 
Regarding the cardioprotective abilities of levosimendan in the cardiac surgery 
setting two meta-analyses on post cardiac surgery in adults have reported reduced 
myocardial injury and reduced troponin release in the patients receiving 
levosimendan compared to the control group. It should be mentioned however, that 
in the different RCT’s included in the meta-analyses the control groups received 
either placebo, milrinone or dobutamine (81, 82).  
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Ischemic-reperfusion injury to myocardial cells, and cardioprotection 
 
Mitochondria are the major source of ATP-production in the cells, and they also play 
a great role in the cell’s survival or death following IR-injury. The site of ATP 
production is the inner membrane of mitochondria where the electron transport chain 
(respiratory chain) and ATP-synthase are located. ATP production is highly 
dependent on oxygen and maintenance of electrochemical balance. The inner 
membrane is impermeable, and the electrochemical balance is maintained with strict 
control of ionic shuttles and channels, including Na+, H+, Ca2+, and K+. During 
ischemia, the inadequate delivery of oxygen to the mitochondria leads to ATP-
depletion, acidosis, and Ca2+ overload in the mitochondrial matrix. During 
reperfusion, the flush of oxygen highly increases the production of reactive oxygen 
species (ROS). The highly increased concentrations of ROS, the loss of 
electrochemical balance over the inner mitochondrial membrane, and the Ca2+ 
overload are all believed to trigger the opening of the mitochondrial permeability 
transition pores (mPTPs), located on the inner membrane of the mitochondria (71-
73). The chain of events due to the IR-injury (briefly described here) are not entirely 
understood. However, we know that the opening of the mPTPs, which are non-
selective pores, leads to influx of water and ions. This leads to rupture of the outer 
mitochondrial membrane and leakage of , such as cytochrome c, out of the matrix 
and into the cytosol acting as signals for initiation of cell death through apoptosis or 
necrosis. The ROS also activate the endothelial cells and the production of 
proinflammatory mediators (74, 75).  
 
Keeping the mPTPs in a closed state during the ACC and the reperfusion phase is the 
crucial part of myocardial protection, and pharmacologic preconditioning (70, 76, 
77). The activation of the mKATP channels, on the mitochondrial inner membrane, is 
one way of promoting mPTPs closure (Fig. 16). In several animal models the 
preconditioning effect of levosimendan has been demonstrated by the activation of 
the mKATP channels (12, 15). Although less studied, milrinone has also been 
demonstrated in animal myocardium to promote mPTPs closure through activation of 
mitochondrial calcium-dependent potassium channels (mBKCa channels) during IR-
injury (19). 
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2 AIM 
 
The papers included in this thesis rest on the data from the MiLe-1 trial. The primary 
aim of MiLe-1 was investigating the potential protective renal effect of levosimendan 
in infants undergoing cardiac surgery. 
 
The aim of paper 1 was to compare levosimendan with milrinone in their ability of 
reducing the incidence of AKI, using creatinine as a marker of AKI, in infants after 
open heart surgery. 
 
In paper 2 the aim was to compare biventricular systolic function in the early 
postoperative period in the infants who received levosimendan with those who 
received milrinone using LV-LS- and RV-LS with speckle-tracking 
echocardiography (STE).  
 
Paper 3 focuses on the comparison of the cardioprotective capability of 
levosimendan with that of milrinone by measuring changes in the cardiac injury 
biomarkers hs-cTnT and hFABP, and the biomarker of ventricular function NT-
proBNP over time.  
 
In paper 4, the aim was to investigate the ability of selected plasma biomarkers (hs-
cTnT, IL-6, IL-8, and NGAL) to identify those infants in the whole study population 
who were running a high or low risk of AKI, prolonged ventilatory support time, and 
need of vasopressors. 
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High-sensitive cardiac troponin T  
 
The cardiac troponins remain the superior biomarkers for detection of myocardial 
injury. High-sensitive cardiac troponin T (Hs-cTnT) is at present one of the most 
sensitive cardiac troponin analyses. Compared to the conventional cardiac troponins, 
cTnT and cTnI, the superiority of hs-cTnT is based on the accuracy and sensitivity in 
detecting minor changes in plasma concentrations, and thus, it has resulted in more 
rapid diagnosis of acute myocardial infarction (83, 84). As with other cardiac 
troponins, hs-cTnT increases in the circulation to some degree in all patients 
undergoing cardiac surgery due to direct injury of the myocardium (80). In children 
the research on hs-cTnT adjacent to cardiac surgery is quite limited, and as far as we 
know, it has never been used as an early cardiac injury biomarker when comparing 
the effects of levosimendan and milrinone after pediatric cardiac surgery. In addition, 
studies on hs-cTnT and early outcome after cardiac surgery in infants, to the best of 
our knowledge, are lacking. There is a need for further knowledge on the new high-
sensitive troponins after cardiac surgery in the pediatric population.    
 
 
Heart-type fatty acid binding protein (hFABP) 
 
hFABP is a small intracellular protein known to play a role in the transport of fatty 
acids and in the inactivation of free radicals. Normally, the plasma concentration of 
hFABP is quite low, but it increases as early as 1-3 hours after myocardial injury. 
Although much less common than the troponins, hFABP is used for early diagnosis 
of myocardial infarction, and in research as an early biomarker on myocardial injury 
after adult and pediatric cardiac surgery (85-87) . 
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3 PATIENTS AND METHODS 

The MiLe-1 trial included 70 patients. All data used in papers I - IV has been 
collected from these patients and rest on the MiLe-1 trial. Therefore, much of the 
methodology, including demography and hemodynamic data, will be described 
together.  

3.1 Study design and ethics 

MiLe-1 was a randomized, double-blinded, two-center clinical drug trial 
(ClinicalTrials.gov identifier: NCT02232399). The trial was primarily designed to 
investigate the potential renal protective effect of levosimendan compared to 
milrinone (paper I). Paper II and III are secondary sub-studies in the trial, 
maintaining the blinded and randomized design, with the patients remaining divided 
in the two study groups, i.e., the patients who received levosimendan versus 
milrinone. Paper IV however, is an explorative study on the whole study population, 
regardless of the administrated study drug.  

Written informed consent was obtained from the parents prior to the surgery. The 
trial was approved first by the Swedish and European Medical Agencies (EudraCT 
2013-003105-25), and subsequently by the Regional Ethics Committees in Sweden 
and Finland (Gothenburg, Sweden [Dnr 624:14] respectively Helsinki, Finland 
[27/13/03/03/2015]). MiLe-1 was externally monitored according to the rules of 
Good Clinical Practice (GCP). There were no pharmaceutical companies involved in 
the study. 

3.2 Inclusion and exclusion criteria 

We included infants from the age of one to 12 months old, undergoing elective open 
heart surgery with CPB for correction of the following types of congenital heart 
lesions; 1) non-restrictive VSD, 2) total AVSD (with balanced ventricles), and 3) 
ToF.  
Exclusion criteria included lack of written informed consent from the parents, 
prematurity, prior open-heart surgery, renal anomalies, use of nephrotoxic drugs or 
contrast agents within 24 hours prior to the surgery, and ongoing infection, 
mechanical ventilation, vasoactive drugs or ECMO. Regarding prematurity, infants 
younger than 3 months of postnatal age were excluded if the gestational age was less 

28 

Fig. 17 The primary aim of the MiLe-1 trial was to compare the levels of plasma creatinine, as 
a marker of AKI, in patients who received levosimendan versus those who received milrinone. 
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(MAP) during CPB was > 30 mm Hg. Otherwise in the operating room and in the 
PICU the aim for MAP was > 45 mm Hg. In addition, the target level of serum 
hemoglobin was > 100 g/L, serum lactate < 2 mmol/L, and ionized calcium > 1.2 
mmol/L. Furthermore, the study protocol included instructions for CPB-weaning, e.g. 
indications for vasopressors, fluid resuscitation, nitric oxide, or raising of the study 
drug (Fig. 13). Fluid treatment and drugs, such as diuretics, adrenergic drugs, and 
sedatives were administered in PICU according to the discretion of the responsible 
physician. The use of corticosteroid in the operating room was avoided, and in case 
of use in the PICU, it should be documented.  

3.5 Study documentation and blood sampling 
 
The routine blood samples, with the addition of cystatin C, were drawn after the 
induction of anesthesia, and then in PICU on every postoperative morning up to the 
fourth POD if the central venous line had not been removed. The analyzing method 
for creatinine was enzymatic photometric, for cystatin C photometric and 
immunoturbidimetric, and for urea photometric.  
In addition to the routine samples, study specific blood samples of 2 ml were drawn 
at specific pre-defined occasions, i.e., prior to CPB, and at 2, 6 and 24 hours post-
CPB. The EDTA tubes containing the blood samples were immediately cold 
centrifugated, and the plasma stored at -80 C for later analysis of biomarkers 
including NGAL, hs-cTnT, hFABP, NTproBNP, IL-6 and IL-8. Hs-cTnT was 
analyzed with the electrochemiluminescence immunoassay (ECLIA) (Troponin T hs 
stat, Roche, Mannheim, Germany). The other biomarkers were quantified using a 
magnetic bead-based immunoassay based on xMAP technology (Luminex, Austin, 
TX). The analyses were performed according to the manufacturer’s protocol in a 
multiplex assay (Biotechne, Minneapolis, MN). For values below the lower limit of 
quantification, an estimated concentration corresponding to 50 % of the lowest 
standard curve point were used. Hemodynamic data, arterial and central venous 
blood gases were collected at the following time points: before the initiation of CPB, 
after weaning from CPB and at 2, 6, 12, 24 and 48 hours post-CPB.  
 
All information regarding the study, except for which study drug the patient had 
received, were documented in the digital case report form (CRF), specifically 
designed for this study (Medicase.se). This included all drugs that the patient had 
received up to POD 4, the fluid balance and the diuresis per 24 hours, and 
documentation of adverse events. 
Adverse events were defined as: high inotropic score (IS) (>20), sinus tachycardia 
(>180/min), junctional ectopic tachycardia or third-degree atrioventricular block. 
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than 34 weeks, and infants older than 3 months of postnatal age were excluded if 
gestational age was less than 30 weeks. 

3.3 Randomization and the study drugs 
 
The randomizer used a computer program, QMinim (88), to allocate the patients into 
the two study groups, levosimendan or milrinone groups. In addition, the program 
was set up for two minimization factors; 1) the type of congenital heart lesion (three 
options/diagnoses) and 2) the age of patient (two options; less than 16 weeks versus 
16 weeks or older). This strategy was successful in obtaining even distribution of the 
type of heart lesions, and even distribution of the youngest patients between the two 
study groups.  In the end of the inclusion period the number of patients who received 
milrinone was 39 and the number of patients who received levosimendan was 33.   
After each randomization and allocation of a patient to a study drug, the randomizer 
informed the result to the personnel who had the task of preparing the study drug. 
The study drug, levosimendan (Orion Pharma, Espoo, Finland) or milrinone (Sanofi 
AB, Stockholm, Sweden), was prepared in a concealed syringe and line which were 
to be attached to the patients’ central line. Neither the randomizer nor the personnel 
preparing the study drug were involved in the patients’ caregiving or in the 
documentation of the study. Furthermore, the caregivers and the individuals involved 
in study documentation were blinded to the drug.  
According to the study protocol, a loading dose of the study drug was administered 
directly after the initiation of CPB. For milrinone the loading dose was 48 μg/kg and 
for levosimendan it was 12 μg/kg. Thereafter, the patient received an infusion of the 
respective drug. To have the same infusion rates in mL/kg/hour for both drugs, the 
infusion rate of milrinone was slightly different from that recommended, i.e., 0.375 
instead of 0.4 μg/kg/min and the rate of levosimendan was 0.1 μg/kg/min. At 
weaning of CPB the anesthetist in charge could give an extra bolus dose (half the 
loading dose) in case of inadequate cardiac function based on the transesophageal 
echocardiography. The study drug was infused for 24 hours. The infusion rate could 
be increased up to 0.67 μg/kg/min of milrinone or 0.16 μg/kg/min of levosimendan at 
any time after CPB-weaning until the drug infusion was stopped. Following the 24 
hours of study drug infusion the infusion rate was reduced 50%, and thereafter it was 
stopped. If the patient was evaluated to need further inotropic therapy an infusion of 
milrinone was started. 

3.4 Treatment in the operating room and intensive care unit 
For general anesthesia the patients received sevoflurane, opioids, and muscle 
relaxant. According to the study protocol, the aim for the mean arterial pressure 
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than 34 weeks, and infants older than 3 months of postnatal age were excluded if 
gestational age was less than 30 weeks. 

3.3 Randomization and the study drugs 
 
The randomizer used a computer program, QMinim (88), to allocate the patients into 
the two study groups, levosimendan or milrinone groups. In addition, the program 
was set up for two minimization factors; 1) the type of congenital heart lesion (three 
options/diagnoses) and 2) the age of patient (two options; less than 16 weeks versus 
16 weeks or older). This strategy was successful in obtaining even distribution of the 
type of heart lesions, and even distribution of the youngest patients between the two 
study groups.  In the end of the inclusion period the number of patients who received 
milrinone was 39 and the number of patients who received levosimendan was 33.   
After each randomization and allocation of a patient to a study drug, the randomizer 
informed the result to the personnel who had the task of preparing the study drug. 
The study drug, levosimendan (Orion Pharma, Espoo, Finland) or milrinone (Sanofi 
AB, Stockholm, Sweden), was prepared in a concealed syringe and line which were 
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preparing the study drug were involved in the patients’ caregiving or in the 
documentation of the study. Furthermore, the caregivers and the individuals involved 
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According to the study protocol, a loading dose of the study drug was administered 
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for levosimendan it was 12 μg/kg. Thereafter, the patient received an infusion of the 
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3.4 Treatment in the operating room and intensive care unit 
For general anesthesia the patients received sevoflurane, opioids, and muscle 
relaxant. According to the study protocol, the aim for the mean arterial pressure 
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The modified IS-formula: 

Dopamine + dobutamine + 100 x (epinephrine + norepinephrine) 

 
The dose of each of the infusions are in µg/kg/min. Since none of the patients 
received dopamine or dobutamine the IS in this study represents the use of 
norepinephrine and epinephrine, where norepinephrine was by far the most used of 
these two drugs. 

 

 
 
Fig. 19 Age-based Ross classification of heart failure  for children less than 4 months old, and 
4-12 months old (89). Translated to Swedish. Units have been changed from oz to mL.  
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Furthermore, the patients were followed up 28 days postoperatively for any serious 
adverse events defined in GCP. 
 

 
 
Fig. 18 Flow chart MiLe-1 
 

3.6 Score systems in the study 
 
Age-based Ross classification for heart failure in children  
 
For preoperative grading of heart failure we used the Age-based Ross classification 
(ABR) (89). This score contains the same clinical variables as the modified Ross 
score, and in addition, the score also includes serum N-terminal-pro-brain natriuretic 
peptide serum (NT-proBNP) and echocardiographic measurements. Fig. 19 
demonstrates the ABR translated to Swedish. 
 
Modified IS-score in MiLe-1 
 
To quantify the use of other vasoactive drugs the IS of Wernovsky (32) was used 
with minor modification, i.e., norepinephrine was added to the score, in line with 
the vasoactive score (VIS) of Gaies (90).  
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valve annulus, was extended to the apex, and returned to the lateral edge of the mitral 
valve annulus. For the RV, the manual tracing of the endocardial surface began at the 
edge of the tricuspid valve annulus, extended to the apex of the ventricle without 
incorporation of the papillary muscle complex, and returned basally to the septal 
edge of the tricuspid valve annulus. Velocity vectors were then calculated 
automatically for each frame of the cardiac cycle with the VVI algorithm. The 
tracings were only accepted when the endocardial border was followed correctly 
throughout the entire cardiac cycle. Individual regions of the border were adjusted 
until the border was tracked correctly for each frame when necessary. The VSD area 
or postoperatively the patch area was rejected from the analysis. 
 

3.8 Statistics  
  
3.8.1 Sample size for paper I 
 
The sample size calculation for MiLe-1 was based on historical data on serum 
creatinine after cardiac surgery from the center in Gothenburg. The creatinine values 
were obtained from the 3 preceding years and originated from infants with the same 
diagnoses as in the present study who had received milrinone as inodilator. 
According to this collected data, to detect a 20% difference of postoperative 
creatinine between the study groups we needed 35 patients in each group (assuming 
power of 80% and a level of significance of 0.05).  
 
3.8.2 Post-hoc power calculations for paper II 
 
To evaluate the sample size for paper 2, we performed a post-hoc power calculation 
based on the absolute values of LV-LS on POD 1. To detect a 30% difference in LV-
LS on POD 1 between the two study groups, with a power of 80%, significance level 
of 0.05, and a standard deviation (SD) of 4.1, 19 patients were needed in each group. 
For a difference of 25%, 27 patients were needed in each group.  
 
3.8.3 Post-hoc power calculations for paper III 
 
A post hoc power analysis revealed that a difference of 35% in hs-cTnT at 2 hours 
post-CPB between the groups (based on the mean value and SD of the milrinone 
group, i.e., 5336 and 3063 pg/ml respectively) corresponded to a power of 0.80. The 
calculations were made on the natural logarithmic (ln) values using t-test for 
independent samples. 
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Risk-adjusted classification of congenital heart surgery 
 
For a more accurate total evaluation of the patients, we used the Comprehensive 
Aristotle score and Risk adjustment for congenital heart surgery (RACHS-1) score 
(91, 92).  
 
Staging of AKI and correction of creatinine for fluid balance 
 
AKI was defined as a postoperative rise of at least 50% in serum creatinine  
48 hours after surgery. We used  the Kidney Diseases: Improving Global Outcomes 
(KDIGO) criteria (48) (Table 1 chapter 2.6.3) for staging of AKI. We also used fluid 
balance-corrected serum creatinine which needs the calculation of fluid overload 
(FO) (93, 94) .  
 
The formula for calculation of FO is as follows: 

FO (%) = [Fluid balance (L)per 24 hours / preoperative weight (kg)] x 100  

If the fluid balance was negative the FO was set at 0.  

The formula for calculation of corrected creatinine for FO is as follows (95): 

Creatinine (μmol/L) x [1 + fluid balance (L)per 24 hours / weight (kg) x 0.6)]  

 
Combined eGFR 
 
The formula for combined eGFR includes the patients’ height, serum creatinine, 
cystatin C, and blood urea nitrogen. Since it can only be used for estimation of renal 
function during steady state it was only calculated with the preoperative 
measurements (96).  

3.7 Echocardiographic analyses for paper II  

 
The echocardiographic images (Epiq 7; Philips, Amsterdam, The Netherlands, and 
Vivid E95; GE Healthcare, Chicago, IL) were collected preoperatively, on the first 
postoperative morning, and before discharge from the hospital. The following 
analyses were obtained from the apical 4-chamber view: LV-LS, RV-LS, automated 
2D LV-EF, and for the RV the FAC. These analyses were performed by one senior 
pediatric cardiologist (Tiina Ojala), and the LV- and RV-LS were analyzed with the 
velocity vector imaging (VVI) program (Syngo USWP 3.0; Siemens Healthineers, 
Erlangen, Germany). Manual tracing of the LV endocardial surface was performed in 
a single still frame in midsystole. The tracing began at the septal edge of the mitral 
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Table 2 Summary of the study design, and measurements and analyses specific for each sub- 
study in MiLe-1. POD 1: postoperative day 1; ABR: Aged-based Ross classification; VST: 
ventilatory support time; IS: inotropic score 
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3.8.4 Statistical analyses 
 
The continuous variables are presented with mean and SD for normally distributed 
variables, and median with Q1;Q3 for variables not normally distributed. For 
comparison between groups, the Fisher exact test was used for dichotomous 
variables, and the Chi-square test for non-ordered categorical variables. For 
continuous variables the Mann-Whitney U test was used for comparison between two  
groups, and the Kruskal-Wallis test or the Spearman´s rank correlation test for the 
comparison between more than two groups.  
 
In paper 1-3 the mixed-model repeated measurements were used to investigate 
differences between and within the study groups over time (group versus time 
interaction) assuming unstructured covariance pattern. Since the plasma levels of the 
biomarkers were not normally distributed, they were converted to their  ln values for 
the mixed model analyses.  
 
In paper 2 linear regression was used to investigate the whole study population 
regarding the association between preoperative NT-proBNP and LV-LS with LV-LS 
on POD 1. 
 
In paper 4 receiver operating characteristic (ROC) curves were employed, using 
Youden’s index, to find cutoff points for low- and high-risk groups for the predictive 
variables used in logistic regression for no AKI and mild AKI versus severe AKI. 
Spearman’s rho (rs) correlation was used to investigate the association between 
continuous variables.  
 
All statistical tests were performed two-sided and a significance level of p-values 
lower than 0.05 was used. The data were analyzed using SAS, Version 9.4 (SAS Inc, 
Cary, NC) and IBM SPSS Statistics for Windows, Version 25.0 (IBM Corp, 
Armonk, NY). Figures were created in GraphPad Prism 8.0.0 for Windows 
(GraphPad Software, San Diego, CA) and SAS, Version 9.4 (SAS Inc, Cary, NC). 
Table 2 summarizes measurements and analyses specific for each paper. 
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In the milrinone group, in one patient who was hemodynamically instable and had 
arrythmias, the study drug infusion was discontinued in PICU about 2 hours post-
CPB. Additionally, one patient in this group was excluded from the study on the 
second post-operative day due to reoperation. Further, a patient who had received 
milrinone was excluded on the fourth POD due to withdrawal of consent. In the 
levosimendan group, one patient who was randomized to receive levosimendan did 
not receive the drug due to withdrawal of consent. No patient was lost to the follow-
up of 28 postoperative days. 

4.2 Demographics of the patients (paper I- III) 
 
The demographics of the patients in the milrinone and levosimendan groups are 
demonstrated in Table 3.  
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4 RESULTS 

4.1 The study population and randomization 
 
In total, 72 patients were randomized; 39 patients were allocated to receive milrinone 
and 33 to receive levosimendan. Fig. 20 demonstrates the CONSORT flow chart in 
the MiLe-1 study.  
 

 
 
Fig. 20 CONSORT flow chart in MiLe-1 (97) 
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4.3 Clinical data from the operating room and PICU (paper I-III) 

 
Between the study groups, there was neither significant difference in the duration of 
CPB or ACC, nor in variables such as MAP, temperature, and cardiac index flow 
during CPB (Table 4).  
 

 
Table 4 Intraoperative variables. Variables are mean with (SD) (98). 
 
 
The hemodynamics of the patients measured at specific time points after CPB-
weaning are demonstrated in Fig. 21. There were no significant differences in heart 
rate, MAP, CVP, central venous saturation, IS or lactate over time between the 
patients who received milrinone or levosimendan.  
 
Neither were there significant differences between the study groups in clinical 
outcome variables, including VST, and adverse events (Table 5). 
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Table 3 Demographics of the patients randomized to milrinone and levosimendan group. 
Variables are numbers with (%) or mean with (SD) if not otherwise specified. # Median with 
(Q1;Q3). Revised table (97). 
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Table 5 Clinical outcome variables and adverse events in the study groups. Data are shown as 
numbers with (%) or median with (Q1;Q3) (99).  
 

4.4 Paper I 
 
The postoperative incidence of AKI within 48 hours was 39.5 % (15 patients) in the 
milrinone group and 46.9 % (15 patients) in the levosimendan group, with no 
significant difference between the groups (p = 0.70). The incidence of severe AKI 
(stage 2 and 3) was 21.1 % (8 of 38 patients) in the milrinone group and 15.6 % (5 of 
32 patients) in the levosimendan group (p = 0.78) (Fig. 22).  
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Fig. 21 Hemodynamics over time in the two study groups. Filled rhomboids represent 
levosimendan, and non-filled rhomboids milrinone. Horizontal axes show hours after CPB-
weaning and vertical axes measurement units. There were no significant differences between the 
study groups over time in any of the variables (99). 
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Table 6 Variables are number of patients with (%) or mean with (SD). # The AKI incidence 
calculated with corrected or uncorrected creatinine was the same. ## The difference in staging 
by using AKI calculated with corrected creatinine was minimal, i.e., one patient in the 
levosimendan group had stage 1 instead of stage 2. POD: postoperative day; CRRT: 
continuous renal replacement therapy.  Revised table (97). 
 
The concentrations of serum creatinine, cystatin C, urea, and plasma NGAL over 
time in the milrinone and levosimendan groups are demonstrated in Fig. 23. Within 
the study groups there was a significant increase in serum creatinine and urea, but not 
cystatin C, from baseline to POD 1 (p < 0.001). Furthermore, there was a significant 
increase in plasma NGAL from baseline to 6 hours post-CPB and to 24 hours post-
CPB within both groups (p<0.001). 
There were no significant differences in the changes in serum creatinine, cystatin C, 
urea, and plasma NGAL over time between the study groups (p = 0.65, 0.96, 0.61 
and 0.87 respectively).  
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Fig. 22 The incidence of AKI in the patients receiving levosimendan (white bars) and 
milrinone (black bars) regardless of the AKI stage, and the incidence of AKI stage 2 or 3 
comparing the two study groups (97). 
 
 
None of the patients had postoperative FO exceeding 5%. In fact, using serum 
creatinine corrected for the fluid balance of the patients did not change the incidence 
of AKI, but one patient who received levosimendan moved from stage 1 to stage 2 
AKI (Table 6). There was no significant difference between the use of diuretics 
postoperatively. No patient was treated with continuous renal replacement therapy, 
but two patients in the levosimendan group and one in the milrinone group were 
treated with peritoneal dialysis (p = 0.59). Due to early removal of vascular catheters 
in some patients, the number of serum analyses of creatinine, urea and cystatin C 
were reduced on POD three (with 32 available samples in the milrinone group and 31 
samples in the levosimendan group), and on POD four (24 and 25 samples available 
respectively).    
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Fig. 24 LV longitudinal strain in a patient with ToF. Preoperative, POD 1, and on the day of 
discharge from the hospital. 
 
On the first postoperative morning there was a significant deterioration in LV-LS 
(less negative LS) compared to the preoperative value in both treatment groups, i.e., 
the milrinone group had 33% deterioration and the levosimendan group 39% 
deterioration (p < 0.0001 in both groups). At the discharge from hospital LV-LS had 
partially recovered to the preoperative level in both groups (Fig. 25).  
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Fig. 23 The concentrations of creatinine, cystatin C, urea and NGAL between the study groups 
over time were not significant. The time points of the measurements of NGAL differ from the 
other biomarkers (97).  
 

4.5 Paper II 

The hemodynamic variables of the two study groups have been described in chapter 
5.3. There were no significant differences in the hemodynamic variables between the 
groups over time, and the same applied at the time of the echocardiographic 
examination on the POD 1.  
 
The echocardiographic examination prior to hospital discharge was performed on day 
7 (5;8) (median with Q1;Q3) in the milrinone group and on day 7 (6;11) in the 
levosimendan group. 
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The deterioration of RV-LS on POD 1, compared to the preoperative value, was 
significant in both treatment groups. In the milrinone group the deterioration was  
42% and in the levosimendan group it was 50% (p < 0.0001 in both groups). In both 
groups the recovery in RV-LS was only partial at hospital discharge compared to the 
preoperative values (Fig. 26).  

 
Fig. 26 RV-LS in the levosimendan group (black rhomboids) and the milrinone group (white 
rhomboids). LS represents the shortening of the myocardium in systole compared with diastole 
in the longitudinal plane, hence the unit of negative percent on the y-axis. Data are presented 
as mean values with 95% confidence interval (99). 
 
The echocardiographic measurements, and the results from the mixed model 
measurements, investigating the differences between the groups over time, are 
demonstrated in Table 7. For LV-LS there was a significant difference between the 
two study groups (p = 0.020), which is caused by the slightly different patterns of 
changes in LV-LS in the study groups over time. Continuing with post-hoc analyses 
of the measurements for each time point, i.e., preoperative, POD 1 and prior to 
discharge from hospital, there was in fact no significant difference of LV-LS between 
the treatment groups (p = 0.57, 0.12 and 0.14 respectively). On POD 1, there was a 
trend for more compromised LV-LS on the levosimendan group. Interestingly, the 
situation was the opposite at discharge where there was a trend for more 
compromised LV-LS in the milrinone group.  
For RV-LS the mixed model measurements did not differ between the study groups 
over time. The same applied for LV-EF and RV-FAC. There was a trend for a lower 
LV-EF on POD 1 in the levosimendan patients in comparison with the milrinone 
patients (31% vs. 36% respectively, p = 0.065), with no significant difference at 
hospital discharge.  



49 
 

 
 
 
 
 
 

48 
 

The deterioration of RV-LS on POD 1, compared to the preoperative value, was 
significant in both treatment groups. In the milrinone group the deterioration was  
42% and in the levosimendan group it was 50% (p < 0.0001 in both groups). In both 
groups the recovery in RV-LS was only partial at hospital discharge compared to the 
preoperative values (Fig. 26).  

 
Fig. 26 RV-LS in the levosimendan group (black rhomboids) and the milrinone group (white 
rhomboids). LS represents the shortening of the myocardium in systole compared with diastole 
in the longitudinal plane, hence the unit of negative percent on the y-axis. Data are presented 
as mean values with 95% confidence interval (99). 
 
The echocardiographic measurements, and the results from the mixed model 
measurements, investigating the differences between the groups over time, are 
demonstrated in Table 7. For LV-LS there was a significant difference between the 
two study groups (p = 0.020), which is caused by the slightly different patterns of 
changes in LV-LS in the study groups over time. Continuing with post-hoc analyses 
of the measurements for each time point, i.e., preoperative, POD 1 and prior to 
discharge from hospital, there was in fact no significant difference of LV-LS between 
the treatment groups (p = 0.57, 0.12 and 0.14 respectively). On POD 1, there was a 
trend for more compromised LV-LS on the levosimendan group. Interestingly, the 
situation was the opposite at discharge where there was a trend for more 
compromised LV-LS in the milrinone group.  
For RV-LS the mixed model measurements did not differ between the study groups 
over time. The same applied for LV-EF and RV-FAC. There was a trend for a lower 
LV-EF on POD 1 in the levosimendan patients in comparison with the milrinone 
patients (31% vs. 36% respectively, p = 0.065), with no significant difference at 
hospital discharge.  



51 
 

 
 
Fig. 27 LV- and RV-LS in the whole study population differentiated by the type of congenital 
heart defect; black circles AVSD; white circles VSD; black triangles ToF. LS represents the 
shortening of the myocardium in systole compared with diastole in the longitudinal plane, 
hence the unit of negative percent on the y-axis. Data are presented as mean values with 95% 
CI (99).  
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Analyses from the whole study population 
 
The biventricular LS measurements were investigated in the whole study population 
(regardless of study drug), and then divided into groups according to the type of 
congenital cardiac lesions. The changes in the biventricular LS between the patients 
with VSD, AVSD and ToF looked quite similar over time (Fig. 27), except for the 
VSD patients having worse preoperative value of RV-LS than the other patients. 
However, there was no significant difference in neither LV-LS nor RV-LS between 
the type of heart defects over time (p = 0.84 and 0.16 respectively), and the same 
applied for LV-EF and RV-FAC (p = 0.94 and 0.97 respectively).  
 
Finally, in the whole study population the association between preoperative NT-
proBNP and the preoperative LV-LS with the LV-LS on POD 1 was investigated. 
There was a significant correlation between ln NT-proBNP and LV-LS on POD 1 
(beta-score 0.91 with 95% CI 0.19-1.62, p = 0.014) (Appendix fig.1), and the same 
applied for preoperative LV-LS with LV-LS on POD 1 (beta-score 0.35 with 95% CI 
0.14-0.56, p = 0.0016) (Appendix fig. 2). 
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Fig. 28 The plasma levels of hs-cTnT, hFABP and NT-proBNP in both study groups over time 
(p = 0.86, 0.88, and 0.61 respectively). The boxes represent 25 and 75 percentiles with the 
median value, and the whiskers represent the 10–90 percentiles (98).  
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4.6  Paper III 
 
From the 70 patients participating in the study the laboratory could analyze the 
plasma samples from 66 patients for hs-cTnT, and from 69 patients for hFABP and 
NTproBNP. 
 
The plasma concentrations of hs-cTnT, hFABP and NT-proBNP at the measured 
time points in the patients receiving milrinone or levosimendan are demonstrated in 
Fig. 28. The increase in hs-cTnT from baseline to 2 hours post-CPB was around 100-
fold in both treatment groups, for hFABP it was 7-fold and 6-fold in the milrinone 
respectively levosimendan group. In both study groups, hs-cTnT concentrations 
stayed 30-fold increased compared to the base line, while the concentrations of 
hFABP in both groups regressed to the baseline levels. Regarding NTproBNP, at 6 
hours post-CPB, the plasma concentrations did not show any increase, however at 24 
hours post-CPB, there was a 6-fold and 9-fold increase compared with the baseline in 
the milrinone respectively levosimendan group. Over time, we could not demonstrate 
any difference in the biomarkers between the study groups (p = 0.86, 0.88, and 0.61 
respectively).  
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Analyses of the whole study population divided by the type of congenital heart 
lesion  
 
The peak plasma concentrations of the biomarkers in the patients with VSD, AVSD 
and ToF, regardless of the study drug received, are depicted in Fig. 29.  
 

 

 
 
Fig. 29 The peak plasma concentrations of hs-cTnT, hFABP and NT-proBNP divided by the 
type of congenital heart lesion (98). 
 
 
The difference in the peak plasma concentrations of the patients divided by the type 
of congenital heart lesion were significant for hs-cTnT (p = 0.01), but not for hFABP 
or NT-proBNP (p = 0.13 and 0.80, respectively). Regarding hs-cTnT, further 
post-hoc calculations demonstrated a significant difference between the patients with 
VSD and AVSD (p = 0.02), and between the VSD and ToF patients (p = 0.005), but 
not between the AVSD and ToF patients (p = 0.86).  
The peak plasma concentrations of hs-cTnT were lowest in the patients with VSD 
(median with (Q1;Q3) 3320 (2110;6460) pg/mL), whereas the plasma concentrations 
were quite similar in the patients with AVSD (6080 (4125;8070) pg/mL), and ToF 
(6535 (4220;8658) pg/mL).  
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Regarding the peak plasma levels of hs-cTnT, i.e., the highest of the three 
postoperative measurements for each patient, most of the patients (i.e., 79%) had 
their peak level at 2 hours post-CPB. The same applied for hFABP, but for 
NT-proBNP the highest measured values occurred at 24 hours post-CPB. For 
simplification this will be defined as peak value of NTproBNP, although it is 
possible that some of the patients had higher plasma level after this time point. 
Comparing the peak plasma levels of the cardiac biomarkers between the study 
groups the differences were not significant, and the same applied when the patients 
receiving milrinone versus levosimendan were compared per type of congenital heart 
lesions (Table 8).  
 
 

 
 
Table 8 A comparison of the peak plasma concentrations of the cardiac biomarkers in the 
patients receiving milrinone and levosimendan, including a subdivision by the type of 
congenital heart lesion in each study groups (98). 
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Fig. 30 Plasma concentrations of the cardiac biomarkers at study-defined sample-drawing 
times. The median value with (Q1; Q3) is presented at each time point. (Unpublished data) 

 

Regarding hs-cTnT, 79% of the patients had their peak concentration (P-
concentration) at 2 hours post-CPB, and the remainder 21 % at 6 hours post-CPB. 
For IL-8, 96% of the patients had their P-concentration at 2 hours post-CPB and 4% 
at 6 hours post-CPB. For IL-6 however, only 63% of the patients had their P-
concentrations at 2 hours post-CPB, 28% at 6 hours post-CPB, and 9% at 24 hours 
post-CPB. Regarding NGAL, there was a large variation in the plasma concentration 
of the patients over time with only 15% of the patients having their highest plasma 
concentration at 2 hours post-CPB, 43% at 6 hours post-CPB, and 42% at 24 hours 
post-CPB. Although not a true peak value of IL-6 and NGAL in all the patients, the 
highest of the patients’ concentration at 2 and 6 hours will be called P-concentration 
for IL-6 and NGAL. The P-concentrations of the biomarkers are demonstrated in 
Table 10.  
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4.7 Paper IV 

 
4.7.1 Demographics 
 
The demographics of the whole study population differentiated by the type of 
congenital heart lesion are described in Table 9. The proportion of patients with non-
restrictive VSD was 40%, 20% with AVSD, and 40% with ToF. The mean CPB-time 
for the VSD-patients was 66 minutes (SD 28), and 108 minutes for both AVSD and 
ToF-patients (SD 37 and 38 minutes respectively).  

 

Table 9. Demographics. Values are mean with (SD), except for NT-proBNP which is 
expressed as median with (Q1;Q3). *ABR: Age-based Ross classification calculated for 
AVSD and VSD patients. (Unpublished data) 

 
4.7.2 The plasma biomarkers  
 
The plasma samples of IL-8 and IL-6 were successfully analyzed from all 70 
patients, 66 patients for hs-cTnT, and 67 patients for NGAL. The plasma 
concentrations of the biomarkers are illustrated in Fig. 30 There was a significant rise 
in the biomarkers from baseline to the first postoperative measurement (at 2 hours 
post-CPB). For hs-cTnT the increase was 95-fold (median with Q1;Q3 49;232, p < 
0.0001), for IL-8 the median increase was 4-fold (Q1;Q3 2.5;7.0, p < 0.0001), for IL-
6 the median increase was 21.5-fold (Q1;Q3 13.7;34.5, p < 0.0001), but for NGAL 
the median increase was only 1.3-fold (Q1;Q3 0.92; 2.2, p = 0.007).  



57 
 

 
Fig. 30 Plasma concentrations of the cardiac biomarkers at study-defined sample-drawing 
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4.7.3 Clinical outcome  
 
Thirty-four out of the 70 patients (49%) had a VST of more than 24 hours in PICU, 
and 30 patients (43%) had an ongoing infusion of norepinephrine or epinephrine (IS 
> 0) at 24 hours post-CPB. In total, 30 patients (43%) developed AKI within 48 
postoperative hours, whereas 26 of them developed AKI on the first postoperative 
morning (Table 10). In total, 3 patients needed peritoneal dialysis, and were included 
as severe AKI, and none received CRRT.  

The patients with AKI had significantly longer CPB-times than the patients with non-
AKI. They also had significantly higher P-concentrations of the biomarkers, higher 
IS at 24 hours post-CPB, longer VST and PICU stay. Comparing the patients with 
non-AKI and mild AKI, the difference between the above outcome variables were 
not statistically significant, while between the patients with severe AKI and non-AKI 
all the variables were significant (Table 11). 
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4.7.4 Prediction of severe acute kidney injury  
 
The risk of developing severe AKI, compared to non-AKI and mild AKI combined, 
are described in Table 12. For example, the patients with CPB-time of 85 minutes or 
more had a 6.9-fold increased risk of developing severe AKI compared to the 
patients with CPB-time of less than 85 minutes, and the patients with P-IL-6 > 293 
pg/mL had a 23.4-fold increased risk of developing severe AKI (p < 0.0001). For P-
NGAL > 116 ng/mL the 3.3-fold risk was not significant (p = 0.054). However, by 
including the NGAL samples from 24 hours post-CPB (i.e., the highest of 2, 6 and 24 
hours for each patient) there was a 9.2-fold increased risk of severe AKI in the 
patients with plasma NGAL > 141 mg/mL (p = 0.002).  

 
4.7.5 Association of respiratory and cardiovascular outcomes with the 
biomarkers and ABR  
 
The scatter plot in Fig. 31 demonstrates the association of the P-concentrations of hs-
cTnT and IL-8 with the VST in PICU. As reported in Table 13 there was a large 
proportion of patients with P-concentrations of IL-8, IL-6 and hs-cTnT above Q3 
who had VST in PICU of more than 24 hours (88%, 77% and 71% respectively), and 
the same applied for having IS > 0 at 24 hours post-CPB in these groups (94%, 78% 
and 69% respectively). In the patients with P-concentrations of IL-8 and hs-cTnT 
below Q1 there was a small proportion of patients (29 and 19% respectively) who 
had VST in PICU of more than 24 hours. Furthermore, only 24% of the patients with 
P- concentrations of IL-8 and IL-6, and 12% of the patients with hs-cTnT below Q1, 
had IS > 0 at 24 hours post-CPB.  
 
Additionally, all the patients with AVSD or VSD who had ABR above Q3 had VST 
of more than 24 hours, and 83% of them had IS > 0 at 24 hours post-CPB. 
Furthermore, below Q1 of ABR only 11% of the patients had VST of more than 24 
hours or IS  > 0 at 24 hours post-CPB.  
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Fig. 31 (A) P-concentration of hs-cTnT plotted against the VST. The y-axis demonstrates 
normal values on the natural logarithmic scale. The dashed vertical lines demonstrate the Q1 
and Q3 concentrations of hs-cTnT, and the dashed horizontal line divides the patients who had 
VST of more than 24 hours (black dots) and less than 24 hours (white dots). (B) The same as 
in (A) for the P-concentration of IL-8. The x- and y-axis demonstrate normal values on the 
natural logarithmic scale. (Unpublished data) 

 

4.7.6 Correlations between variables 
 
The P-concentrations of the biomarkers, except for NGAL, had a significant positive 
correlation with the CPB-time, where hs-cTnT had the strongest correlation (rs = 
0.68, p < 0.0001).  

The cutoff CPB-time for having P-concentrations of hs-cTnT above Q3 was 91 
minutes, and for P-IL-8 it was 101 minutes. For every 10 minutes of CPB-time there 
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Fig. 31 (A) P-concentration of hs-cTnT plotted against the VST. The y-axis demonstrates 
normal values on the natural logarithmic scale. The dashed vertical lines demonstrate the Q1 
and Q3 concentrations of hs-cTnT, and the dashed horizontal line divides the patients who had 
VST of more than 24 hours (black dots) and less than 24 hours (white dots). (B) The same as 
in (A) for the P-concentration of IL-8. The x- and y-axis demonstrate normal values on the 
natural logarithmic scale. (Unpublished data) 
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5 DISCUSSION 

5.1 General considerations in MiLe-1 
 
In the MiLe-1 trial, we compared the efficacy of levosimendan and milrinone in their 
ability to reduce renal and myocardial injury in infants after open cardiac surgery. 
The main results indicated that the renal and myocardial outcome variables were 
comparable in the levosimendan and milrinone groups without any significant 
differences. In the whole study population of MiLe-1, the P-concentrations of IL-6, 
IL-8, and hs-cTnT (but not NGAL) could predict the development of severe AKI. 
Furthermore, the plasma concentrations of hs-cTnT and IL-8 measured at 2 hours 
post-CPB were associated with the respiratory and hemodynamic outcome in the 
early postoperative period in PICU. 
 
5.1.1 Strengths and limitations  
 
MiLe-1 had some distinguishable strengths in the design according to the following: 
 

1) Randomized and double-blinded trial. MiLe-1 had a randomized 
and double blinded design with two participating centers from 
two different countries. 

 
2) University initiated and conducted. There was no involvement of 

any pharmaceutical companies in the financing, design, initiation, 
and conduction of the trial. 

 
3) Stratification. Merely infants, aged one to 12 months, and three 

types of congenital heart lesions were included. With 
stratification of the types of lesions and age, especially regarding 
the youngest infants, we obtained fairly homogenous treatment 
groups. 

 
4) Clinical study protocol. Aiming to maintain the hemodynamic 

status of the patients as similar as possible a study protocol with 
predefined hemodynamic target values was constructed, guiding 
physicians in analogous patient surveillance and treatment.   

 
5) Loading dose of study drug. In order to attain therapeutic plasma 

concentrations as early as possible the patients received a loading 
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Table 13. The patients are divided into groups of biomarker levels and ABR < Q1, between 
Q1 and Q3 and >Q3 to demonstrate the percent of patients having VST > 24 hours in PICU or 
having IS > 0 (ongoing vasopressor infusion) at 24 hours post-CPB in the groups. 
(Unpublished data) 
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5.1.2 Ethical considerations 

The trial was approved by the Regional Ethical Committees in Gothenburg and 
Helsinki, and by the Swedish/European Medical agency. Written informed consent 
was obtained from the children’s parents prior to the surgery.  

The included children were not subjected to extra needle punctures. Blood samples 
were drawn from the central venous and arterial catheters, which routinely are 
inserted after the induction of anesthesia. The amount of blood drawn for research 
purpose was kept to a minimal amount, i.e., 2 ml per time point (10 ml in total over 
the study period). The central venous catheters were removed when clinically there 
were no need for them. This caused some missing data on POD 3 and 4 in some 
patients. 
The patients included in this study, regardless of participating in the study, would 
have received inodilator therapy postoperatively to reduce the risk of LCOS. The 
study centers have a great deal of experience on the use of both milrinone and 
levosimendan. 

5.1.3 Hemodynamic and respiratory outcome: levosimendan vs. milrinone 

The two inodilators proved to be equal in respect to their effects on systemic 
perfusion, as we could not observe any difference between the groups over time in 
heart rate, MAP, central venous oxygen saturation, serum lactate or IS after the 
surgery. These results are in line with earlier studies in pediatric cardiac surgery 
comparing the two inodilators (17, 18).  

5.2 Paper I 

In this study, we investigated the renal protective efficacy of levosimendan in 
comparison with milrinone after cardiac surgery in infants. We could not find any 
significant differences in neither the postoperative incidence of AKI, nor in 
postoperative serum creatinine, cystatin C, urea, or plasma NGAL between the 
treatment groups over time.  
As far as we know, the present study is the first double-blinded, randomized clinical 
trial comparing the incidence of AKI and the release of plasma NGAL after pediatric 
cardiac surgery between patients receiving milrinone or levosimendan. In the study 
of Momeni et al., comparing levosimendan and milrinone in the post-cardiac surgery 
setting in children, where the focus was on cardiovascular outcome, serum creatinine 
was included in secondary outcome. No significant difference was found in 
postoperative creatinine between the treatment groups, but the incidence of AKI, 

66 

dose of the study drug at the start of CPB, and thereafter the study 
drug was initiated. 

The general limitations are listed below. The first two points apply for papers I-III, 
and the two last points apply for all four papers. Other limitations that specifically 
concern each sub-study in the trial will be addressed in the respective chapters in 
Discussion. 

1) The number of patients were 33 and 39 in levosimendan 
respectively milrinone group. The justification for having uneven 
groups was the functionality of the stratification program which 
we programmed for stratifying patients according to age and type 
of congenital heart lesion.

2) The sample calculation was performed for the primary outcome,
i.e.  paper I. The secondary sub-studies in the trial, i.e papers     
II-IV, might therefore be underpowered.

3) It would have been valuable to have included a third study group,
receiving placebo. This was avoided for ethical reasons, since our
centers routinely use milrinone in infants undergoing cardiac
surgery to reduce the risk of postoperative LCOS.

4) The blood samples for the baseline measurements of the
biomarkers of inflammation and myocardial injury were drawn
intraoperatively before the initiation of CPB. Therefore, the
biomarker levels might be affected by the sternotomy, and should
not be interpreted as representatives for the true baseline levels of
biomarkers in general. However, for this study the effect should be
minimal since all the baseline blood samples were drawn at similar
time according to the study protocol. The highly significant
postoperative rise in hs-cTnT, IL-6 and IL-8 compared to the
baseline values suggests that the effect of the sternotomy and
cannulation probably were marginal.
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In fact, transient AKI after pediatric cardiac surgery, has been associated with the 
absence of NGAL in contrast to more severe and persistent AKI. Thus, the authors 
recommended the use of biomarkers of tubular injury (cystatin C and NGAL) in 
combination with creatinine changes for higher predictive discrimination of AKI 
severity and its persistence (105).  
Regarding the use of plasma NGAL as a predictor of AKI, and biomarker of tubular 
injury, the results from studies are conflicting. Considering that NGAL is produced 
by activated neutrophils and macrophages during ongoing inflammatory process, and 
by extrarenal organs, such as the liver and lungs, it has been proposed that NGAL 
rather reflects the SIRS after cardiac surgery (41, 56, 59, 106). NGAL measured in 
urine however, still has a role in research as a biomarker of tubular injury and 
predictor of AKI, especially in children (107). In our study, the ongoing SIRS may 
explain the significant increase in the plasma levels of plasma NGAL measured at 6 
and 24 hours post-CPB compared to baseline levels in the patients belonging to both 
treatment groups. The ability of plasma NGAL to predict AKI was further 
investigated in paper IV and is discussed under the session “Biomarkers in the whole 
study population”.  
 
The general strength and limitations of the MiLe-1 trial were discussed in the 
previous chapter. However, there were some specific limitations in  the current study. 
Firstly, the lack of tubular injury biomarkers in urine, and secondly, the fact that most 
of our patients had transient AKI. The latter is presumably explained by our strict 
inclusion criteria which resulted in the exclusion of other patient groups with a higher 
risk of developing more persistent and/or severe AKI after cardiac surgery, such as 
the neonates, patients with renal disease, univentricular circulation, or previous open-
heart surgery. Nonetheless, we believe that it is quite important to avoid too much 
diversity in the patients when comparing two drug treatments. Thus, our opinion 
remains that patients like neonates with low GFR and often more complex heart 
lesions, or the cyanotic patients with univentricular heart defects, should be studied 
separately. Thirdly, RBF and GFR could not be measured with invasive techniques 
such as renal vein thermodilution method, since the available catheters are not small 
enough to be used in children. However, even though the adequate catheters were 
available, of ethical reasons it would be difficult to perform invasive measurements 
on children due to the high risk of complications. 
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however, was not reported and there were no biomarkers of renal tubular injury 
measured. The study included a heterogeneous group of patients, up to 5 years of 
age, and a large spectrum of congenital heart lesions. Finally, the patients in the 
levosimendan group received a low dose of levosimendan (0.05 µg/kg/min) without 
any loading dose (17).  
Pharmacologic approaches to achieve renal protection and reduction of AKI after 
pediatric cardiac surgery include drugs that optimize CO and/or increase RBF and 
GFR by renal vasodilation. In a randomized placebo-controlled trial in adults after 
coronary bypass surgery levosimendan increased RBF and GFR, presumably due to 
dilation of preglomerular arterioles and an increase in downstream glomerular 
filtration pressure (7), whereas low-dose dopamine in a similar adult cardiac surgery 
setting increased RBF but not GFR, suggestive of dilation of both the afferent and 
efferent arterioles (40). Furthermore, two meta-analyses on levosimendan trials in 
adult cardiac surgery have reported a lower incidence of postoperative AKI in the 
patients receiving levosimendan (100, 101). The renal vasodilatory effect of 
levosimendan is achieved by opening of KATP channels located on the afferent 
arterioles (39, 102).  
Experimental data on the effect of milrinone on renal vasculature is limited. In 
patients with congestive heart failure milrinone increased the skeletal muscle blood 
flow in proportion to the increase in CO, whereas RBF and GFR remained 
unchanged (103). Another study measured changes in RBF and GFR before and after 
milrinone treatment in adult patients with acute heart failure and LCOS and found an 
increase in RBF but not in GFR, suggesting vasodilation of both afferent and efferent 
arterioles (23). Regarding milrinone in the pediatric cardiac surgery setting one study 
compared the effects of milrinone, neseritide and placebo on renal outcome in 
children after Fontan surgery and found no difference in postoperative serum 
creatinine, the use of diuretics, or the urine output between the three study groups 
(104). In the Primacorp trial, where the primary outcome was the incidence of LCOS 
after pediatric cardiac surgery, the postoperative eGFR was not significantly different 
between those patients who received placebo or milrinone (4). 
How can we explain the lack of the renal protective effect of levosimendan in the 
current study? One possibility is that the renal vascular bed in infants might have a 
different distribution and/or quantity of the KATP channels compared to adults. 
Another plausible explanation is that we might have found a difference in renal 
outcome between the treatment groups if we had chosen a patient group with more 
severe and/or persistent AKI. Although the incidence of AKI was high in our study, 
which can be explained by the young age of the patients, around half of the patients 
had mild AKI. In addition, many of the patients in our study had transient AKI 
(duration of AKI of less than 48 hours). According to the ADQI 16 consensus report, 
transient AKI is associated with rapid renal recovery in contrast to persistent AKI 
(duration of AKI of more than 48 hours) that is associated with worse outcome (53). 



69 
 

In fact, transient AKI after pediatric cardiac surgery, has been associated with the 
absence of NGAL in contrast to more severe and persistent AKI. Thus, the authors 
recommended the use of biomarkers of tubular injury (cystatin C and NGAL) in 
combination with creatinine changes for higher predictive discrimination of AKI 
severity and its persistence (105).  
Regarding the use of plasma NGAL as a predictor of AKI, and biomarker of tubular 
injury, the results from studies are conflicting. Considering that NGAL is produced 
by activated neutrophils and macrophages during ongoing inflammatory process, and 
by extrarenal organs, such as the liver and lungs, it has been proposed that NGAL 
rather reflects the SIRS after cardiac surgery (41, 56, 59, 106). NGAL measured in 
urine however, still has a role in research as a biomarker of tubular injury and 
predictor of AKI, especially in children (107). In our study, the ongoing SIRS may 
explain the significant increase in the plasma levels of plasma NGAL measured at 6 
and 24 hours post-CPB compared to baseline levels in the patients belonging to both 
treatment groups. The ability of plasma NGAL to predict AKI was further 
investigated in paper IV and is discussed under the session “Biomarkers in the whole 
study population”.  
 
The general strength and limitations of the MiLe-1 trial were discussed in the 
previous chapter. However, there were some specific limitations in  the current study. 
Firstly, the lack of tubular injury biomarkers in urine, and secondly, the fact that most 
of our patients had transient AKI. The latter is presumably explained by our strict 
inclusion criteria which resulted in the exclusion of other patient groups with a higher 
risk of developing more persistent and/or severe AKI after cardiac surgery, such as 
the neonates, patients with renal disease, univentricular circulation, or previous open-
heart surgery. Nonetheless, we believe that it is quite important to avoid too much 
diversity in the patients when comparing two drug treatments. Thus, our opinion 
remains that patients like neonates with low GFR and often more complex heart 
lesions, or the cyanotic patients with univentricular heart defects, should be studied 
separately. Thirdly, RBF and GFR could not be measured with invasive techniques 
such as renal vein thermodilution method, since the available catheters are not small 
enough to be used in children. However, even though the adequate catheters were 
available, of ethical reasons it would be difficult to perform invasive measurements 
on children due to the high risk of complications. 
 
 
 
 

68 
 

however, was not reported and there were no biomarkers of renal tubular injury 
measured. The study included a heterogeneous group of patients, up to 5 years of 
age, and a large spectrum of congenital heart lesions. Finally, the patients in the 
levosimendan group received a low dose of levosimendan (0.05 µg/kg/min) without 
any loading dose (17).  
Pharmacologic approaches to achieve renal protection and reduction of AKI after 
pediatric cardiac surgery include drugs that optimize CO and/or increase RBF and 
GFR by renal vasodilation. In a randomized placebo-controlled trial in adults after 
coronary bypass surgery levosimendan increased RBF and GFR, presumably due to 
dilation of preglomerular arterioles and an increase in downstream glomerular 
filtration pressure (7), whereas low-dose dopamine in a similar adult cardiac surgery 
setting increased RBF but not GFR, suggestive of dilation of both the afferent and 
efferent arterioles (40). Furthermore, two meta-analyses on levosimendan trials in 
adult cardiac surgery have reported a lower incidence of postoperative AKI in the 
patients receiving levosimendan (100, 101). The renal vasodilatory effect of 
levosimendan is achieved by opening of KATP channels located on the afferent 
arterioles (39, 102).  
Experimental data on the effect of milrinone on renal vasculature is limited. In 
patients with congestive heart failure milrinone increased the skeletal muscle blood 
flow in proportion to the increase in CO, whereas RBF and GFR remained 
unchanged (103). Another study measured changes in RBF and GFR before and after 
milrinone treatment in adult patients with acute heart failure and LCOS and found an 
increase in RBF but not in GFR, suggesting vasodilation of both afferent and efferent 
arterioles (23). Regarding milrinone in the pediatric cardiac surgery setting one study 
compared the effects of milrinone, neseritide and placebo on renal outcome in 
children after Fontan surgery and found no difference in postoperative serum 
creatinine, the use of diuretics, or the urine output between the three study groups 
(104). In the Primacorp trial, where the primary outcome was the incidence of LCOS 
after pediatric cardiac surgery, the postoperative eGFR was not significantly different 
between those patients who received placebo or milrinone (4). 
How can we explain the lack of the renal protective effect of levosimendan in the 
current study? One possibility is that the renal vascular bed in infants might have a 
different distribution and/or quantity of the KATP channels compared to adults. 
Another plausible explanation is that we might have found a difference in renal 
outcome between the treatment groups if we had chosen a patient group with more 
severe and/or persistent AKI. Although the incidence of AKI was high in our study, 
which can be explained by the young age of the patients, around half of the patients 
had mild AKI. In addition, many of the patients in our study had transient AKI 
(duration of AKI of less than 48 hours). According to the ADQI 16 consensus report, 
transient AKI is associated with rapid renal recovery in contrast to persistent AKI 
(duration of AKI of more than 48 hours) that is associated with worse outcome (53). 



71 
 

disadvantage of STE is that it is more time consuming. The load dependency of STE 
shares similarity with conventional echocardiography.   
 
Additional finding in the present study were that in the whole study population, 
regardless of study drug, preoperative NT-proBNP predicted worse LV-LS on 
POD 1. This association, as far as we know, has not been studied earlier. However, a 
correlation between preoperative NT-proBNP and clinical parameters of LCOS after 
cardiac surgery in neonates and infants has been earlier reported (60). Another 
finding was that when we divided the study population according to the type of 
congenital heart defect, we could not find a significant difference in LV-LS over 
time. Consequently, the variation in pre-operative LV-LS did not seem to be due to a 
systematic variation between patients with different congenital lesions, but rather a 
variation across the study population.  
 
The strengths specific for this sub-study was that only one cardiologist performed all 
the strain analyses, and that there was a specific study protocol for obtaining the 
echocardiographic images. The missing data on RV-LS, however, was a limitation. 
The evaluation of RV-LS is technically more difficult than of LV-LS (65), especially 
on POD 1 when the acoustic window often is poor.  

5.4 Paper III 
 
In this sub-study we could not detect a difference between the two treatment groups 
in the postoperative plasma levels of the myocardial injury biomarkers, i.e., hs-cTnT 
and hFABP, and the biomarker of ventricular function, i.e., NT-proBNP. 
In children post cardiac surgery, to our knowledge, there are merely two other 
publications comparing cardiac biomarkers in respect to milrinone versus 
levosimendan. In both studies there were no significant differences in the biomarkers 
between the treatment groups. Momeni et al. measured postoperative troponin in 41 
children, aged from newborn to 5 years old, at 5 different time points within the first 
48 postoperative hours (17). Pellicer et al. measured the levels of troponin I and NT-
proBNP in 20 neonates, but not until on POD 2 and 6 (16). As far as we know, the 
present study is the first infant study on cardiac biomarkers in the setting of 
comparing milrinone versus levosimendan. Furthermore, in the pediatric cardiac 
surgery, to the best of our knowledge, hs-cTnT and hFABP have not been used to 
compare myocardial injury in respect to the two inodilators. 
In total, our study has generated several questions; 1) Would a larger study have 
found a difference in the treatment groups? 2) Would the results be different if the 
study had been performed on patients with more complex heart defects? 3) Does 
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5.3 Paper II 
 
The main purpose of this sub-study was to compare the changes in biventricular 
function on POD 1 and at discharge from the hospital to the preoperative values in 
the patients who received either levosimendan or milrinone, by measuring LV-LS 
and RV-LS. We found that, neither of the inodilators could prevent a substantial fall 
in LV-LS (30-40%) or RV-LS (40-50%) on POD 1, and that biventricular LS was 
only partially restored at the time of hospital discharge in both treatment groups. In 
fact, there were no significant differences between the treatment groups in LV-LS or 
RV-LS at any of the three measured time points. The significant difference between 
the treatment groups over time in LV-LS, but not in the post-hoc analyses at each 
time point, can be explained by the fact that the milrinone patients had a trend 
towards better LV-LS on POD 1 than the levosimendan patients, but instead at 
discharge from the hospital the levosimendan patients had a trend towards better LV-
LS than the milrinone patients.  
As far as we know, the present study is the first to use 2D STE to compare the 
biventricular function in patients receiving either levosimendan or milrinone in 
pediatric cardiac surgery. To our knowledge there are only two other studies 
published on echocardiography comparing the two inodilators in children. One study 
investigated 20 neonates undergoing cardiac surgery, reporting the number of 
patients having LV-EF < 55% and FS < 28% on POD 1. The other study compared 
the effects of levosimendan and milrinone on FS and cardiac index (the latter 
measured with transesophageal Doppler technique) in 40 infants up to 48 hours after 
cardiac surgery. Neither of the studies found a significant difference between the two 
treatment groups with echocardiographic measurements. The latter study reported an 
increase in cardiac index over time in the levosimendan patients, in contrast to the 
milrinone patients who had a stable cardiac index over time (16, 18). 
Recently, Fredholm et al. conducted a blinded randomized study in adult cardiac 
surgery patients. They included 31 patients with normal preoperative myocardial 
function who were scheduled for aortic valve replacement surgery. Patients received 
either milrinone or levosimendan. The authors observed a non-significant dose-
dependent improvement in cardiac index and LV-LS in both groups (108).  
Thus, the results from our study agree with previous literature, suggesting 
comparable effects of levosimendan and milrinone on LV myocardial function in the 
early postoperative period after cardiac surgery.  
In connection with this paper some questions about the advantages and disadvantages 
of STE compared with conventional echocardiography (such as EF, FS, and FAC) 
may arise. Generally, the advantages are that STE is more sensitive to regional 
changes in myocardial function, and the dimensionless analysis of strain makes it 
especially valuable for calculation of RV function due to its irregular shape. The 
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5.3 Paper II 
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cardioprotection (70). Whether levosimendan and milrinone have cardioprotective 
properties in children remains to be answered, but levosimendan has not been proven 
yet to be superior to milrinone regarding the release of biomarkers of myocardial 
injury post-cardiac surgery. 

A limitation specific for this sub-study was the fact that the patients’ plasma levels of 
NT-proBNP were highest at 24 hours post-CPB, thus it is plausible that plasma 
measurements of NT-proBNP at 36 or 48 hours post-CPB would have provided us 
with more information the true peak plasma levels of the biomarker. In other studies 
in pediatric cardiac surgery however, NT-proBNP has been reported to have a peak 
concentration between 12 and 24 hours post-CPB and the increased levels persist at 
least 48 hours post-CPB (60, 110, 111).  

5.5 Paper IV 

In this study the biomarkers of myocardial injury (hs-cTnT), inflammation (IL-6 and 
IL-8) and renal tubular injury (NGAL) in the whole study population (without 
differentiation to levosimendan versus milrinone groups), and their association with 
early clinical outcome in PICU were in focus. In addition, the association of ABR in 
the patients with VSD and AVSD, with the biomarkers and the clinical outcome 
parameters were explored.  

The postoperative plasma levels of the biomarkers 

At 2 hours post-CPB there was a strong increase in the plasma concentrations of hs-
cTnT, IL-6 and IL-8 compared to baseline. These results are in accordance with other 
studies after cardiac surgery in children (112-116). For plasma NGAL however, the 
increase at 2 hours from baseline was discreet, but more prominent at 6 and 24 hours 
post-CPB. Several pediatric studies on NGAL after cardiac surgery, including 
Krawczesky et al. (57), have reported a stronger and earlier postoperative rise in 
NGAL compared to our study, whereas the infant-neonatal study of Reiter et al. (59) 
reported levels of post-cardiac surgery NGAL more in line with the current study.  

Acute kidney injury and the biomarkers 

The incidence of AKI in the present study was 43%, with nearly half of the patients 
having severe AKI. Interestingly, comparing the outcomes of the patients with severe 
AKI and the patients without AKI, there were significant differences in VST, IS, and 
the length of stay in PICU. However, this difference was not significant between the 
patients with mild AKI versus without AKI, although there was a trend for worse 
outcomes in the patients with mild AKI. In the light of these findings, it seemed more 
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milrinone have comparable cardioprotective effect to levosimendan, or are neither of 
the inodilators cardioprotective in children in cardiac surgery?  

Would a larger study have found a difference in the treatment groups? 

According to post-hoc power calculations our study was powered to detect 
differences of 35% or more in hs-cTnT at 2 hours post-CPB between the treatment 
groups and therefore, we cannot rule out that a larger study might have found 
significant differences of less than 35% in postoperative hs-cTnT between the 
treatment groups.  

Would the results be different if the study had been performed on patients with 
more complex heart defects?  

Around 40 % of the study population had an isolated non-restrictive VSD, which is 
usually rather uncomplicated surgery, via incision of the atrium, with closure of the 
defect with a patch. The remaining 60 % patients (ToF 40% and AVSD 20%) 
required more advanced surgery in addition to the VSD-closure. This was reflected in 
the significantly lower peak plasma levels of hs-cTnT in the patients with VSD 
compared to the patients with ToF or AVSD in the present study. Nonetheless, there 
was around 100-fold increase in hs-cTnT from baseline to the levels at 2 hours post-
CPB in the study population, suggesting substantial myocardial injury. However, 
there are other more complex patient categories in the pediatric cardiac surgery 
population, and it remains to be studied whether they might benefit from receiving 
levosimendan, for example neonates operated for hypoplastic aortic arch, hypoplastic 
left heart syndrome, or children undergoing heart transplantation.  

Does milrinone have comparable cardioprotective effect to levosimendan 

The results of the three pediatric studies published, including the present study, all 
suggest a comparable effect of myocardial injury biomarkers. In adult cardiac 
surgery, a meta-analysis which included five small RCTs’ with 139 patients in total, 
the postoperative troponin release was lower in the levosimendan than in the control 
groups (82). However, from this meta-analysis, where 3 of the studies were placebo- 
and 2 were milrinone-controlled, and with a small sample size, it is difficult to draw 
any conclusion on the superiority of  levosimendan to milrinone and/or placebo in 
respect to troponin release. In pre-clinical studies levosimendan is by far more 
extensively studied (12, 15, 109) than milrinone. However, there is emerging 
evidence that, through activation of mBKCa channels, milrinone can inhibit the 
opening of the mPTPs (19). Thus, both inodilators seem to be involved in keeping 
the mPTPs closed in the myocardial cells, which is known to be a crucial part of 
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in the lowest and highest quartiles demonstrated the strongest association with VST 
and IS. Finally, hs-cTnT and IL-8 could predict severe AKI, which also applied for 
IL-6.  
 
Age-based Ross classification  
 
All patients with VSD and AVSD who had ABR in the highest quartile required 
ventilator therapy for more than 24 hours in PICU, and 83% of them still received 
vasopressors (IS > 0) at 24 hours post-CPB, compared to only 11% of the patients in 
the lowest quartile of ABR for both outcome variables. Regarding AKI, having ABR 
of 9 or more significantly predicted severe AKI. We should emphasize however, that 
the analysis was based on the results from quite few patients.  
 
ABR demonstrated a strong positive correlation with the P-concentration of hs-cTnT 
in the patients with VSD and AVSD, suggesting that preoperative heart failure 
predisposes the myocardium for increased myocardial injury. This is in line with the 
findings described in paper II, where there was a positive correlation between the 
preoperative plasma concentration of NT-proBNP and the postoperative myocardial 
function, as measured by LV-LS on POD 1 (99). Furthermore, in the study of 
Carmona et al. preoperative NT-proBNP predicted LCOS in neonates and infants 
after cardiac surgery (60). Consequently, the degree of postoperative myocardial 
injury after open heart surgery in young children seems to be determined not only by 
the extent of surgery and the duration of CPB, but also by the patients’ pre-operative 
cardiac condition. 
 
Limitations 
 
The main limitations in this secondary sub-study have been earlier discussed. In 
addition, we did not measure biomarkers of renal tubular injury in urine which 
probably would have performed better as renal tubular injury biomarker than plasma 
NGAL. 
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relevant to focus on prediction of severe AKI than on the prediction of AKI in 
general.  

The P-concentrations of IL-6 > 293 pg/mL, IL-8 > 100 pg/mL, and hs-cTnT > 5597 
pg/mL strongly predicted the development of severe AKI, whereas the P-
concentration of NGAL did not. The correlation of IL-6 and IL-8 with AKI in 
pediatric cardiac surgery has been reported previously (13, 25, 30).  Bucholz et al. 
has also reported significantly higher hs-cTnT concentrations in children with AKI 
postcardiac surgery (112). 

The P-concentration of NGAL in the present study was significantly higher in the 
patients with severe AKI compared to the patients without AKI, whereas the 
difference between the patients with mild AKI and without AKI was not significant. 
It is quite possible that NGAL derived from the renal tubular injury was more 
predominant in patients with severe AKI, while patients with mild AKI and without 
AKI mostly had NGAL released by activated leukocytes due to the ongoing SIRS. 
Regarding plasma NGAL, it only correlated with severe AKI when the highest 
concentration of 2, 6 and 24 hours post-CPB per patient was chosen, in contrast with 
2 and 6 hours post-CPB for the other biomarkers. Therefore, in this study population 
plasma NGAL was not a good early predictor of severe AKI, but it was presumably a 
significant marker of severe AKI.  

Ventilatory support time, inotropic score, and the biomarkers 
 
There were interesting associations between the patients with P-concentrations of IL-
8, hs-cTnT, and IL-6 in the highest and lowest quartiles with the respiratory and 
hemodynamic outcome in PICU. Having P-concentrations in the highest quartile of 
IL-8, hs-cTnT, and IL-6 was strongly associated with longer VST (more than 24 
hours) and the use of vasopressors (IS>0) at 24 hours post-CPB. Furthermore, having 
P-concentrations of IL-8 and hs-cTnT in the lowest quartile was strongly associated 
with shorter VST (24 hours or less) and no vasopressors (IS = 0) at 24 hours post-
CPB .  
 
Which biomarkers to choose? 
 
According to the results from this study the P-concentrations of hs-cTnT and IL-8 
were most promising among the four biomarkers for two reasons: first, most of the 
study population had their P-concentrations of hs-cTnT and IL-8 at 2 hours post-CPB 
(78% and 96% respectively), compared with IL-6 and NGAL where only about 60% 
and 15% of the patients respectively had their P-concentrations at 2 hours post-CPB. 
Therefore, this early time point may be optimal for measuring hs-cTnT and IL-8. 
Second, regarding the outcomes VST and IS at 24 hours post-CPB, hs-cTnT and IL-8 
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7 FUTURE PERSPECTIVES 
Cardiac anesthesia and intensive care involves using many different kind of drugs, 
including anesthetics, sedatives, inotropic, vasoactive, and antiarhythmic drugs, 
among other. This polypharmacy makes research in the field quite challenging, and 
in children the differences in development, size, and types of congenital lesions can 
make it even more challenging. I believe that it is important to study children in 
specific age groups, i.e. not compare the neonates, infants and older children to one 
another.  

Here are some of my thoughts on interesting future studies: 

Human atrial natriuretic peptide has been demonstrated to increase RBF and GFR in 
adults after cardiac surgery (117, 118). Its’ renal protective effect needs to be studied 
in the pediatric post-cardiac surgery setting. 

The myocardial injury biomarkers hs-cTnT and the inflammatory biomarker IL-8, 
measured as early as 2 hours post-CPB, should be studied further for prediction of 
the early clinical outcome in infants, and possibly in neonates as well.  

It could also be interesting to have a follow-up study of renal outcomes, growth, and 
general health of the MiLe-1 population, for instance with AKI stage 2 and 3 
patients versus patients without AKI or mild AKI.      
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6 CONCLUSION 
I. After total corrective cardiac surgery for VSD, AVSD or ToF, the infants who
received levosimendan did not have lower incidence of AKI compared with the
infants who received milrinone. The possible renal protective effect of levosimendan
after pediatric cardiac surgery in higher risk groups, such as the neonates, still needs
to be investigated.

II. There were no significant differences in myocardial function, namely LV-LS,
RV-LS, LV-EF and RV-FAC, after corrective heart surgery in the infants who
received levosimendan compared to those who received milrinone.

III. The differences in biomarkers of cardiac injury and ventricular function after
cardiac surgery between the patients in the levosimendan and milrinone groups were
not significant. Thus, we were not able to demonstrate a more cardioprotective effect
of levosimendan compared to milrinone in the infants of the MiLe-1 study
population.

IV. In infants after cardiac surgery, plasma hs-cTnT and IL-8 measured as early as
2 hours after weaning of CPB may serve as indicators of the degree of respiratory,
cardiovascular, and renal dysfunction in the early postoperative period. Thus, these
biomarkers may be used to 1) identify the infants at risk of a more complicated
postoperative period, and 2) to support the assessment for early weaning of
respiratory support and vasopressors in the infants with low risk of organ dysfunction.
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Appendix fig. 3 (A) The postoperative peak plasma levels of ln hs-cTnT with the linear 
regression line for the CPB-time and ln hs-cTnT. The dashed line demonstrates the cutoff 
point, i.e., Q3 of ln hs-cTnT. (B) Estimated probability plots of peak hs-cTnT from the logistic 
regression. The linear curve demonstrates the probability of having a high value (above Q3) of 
peak hs-cTnT depending on the CPB-time. The cutoff times (using ROC-curves) of peak hs-
cTnT above Q3 resulted in 91 minutes. The grey zone is the 95% confidence interval of the 
estimated probability. (C) Same as in (A) for peak IL-8. (D) Same as in (B) for peak IL-8. 
(Unpublished data) 
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10 APPENDIX 
 
 

 
Appendix fig.1 Scatter plot of the association between the preoperative ln NT-proBNP and 
LV-LS on POD 1. The beta-score was 0.91 with 95% CI 0.19-1.62, p = 0.014 (99). 
 
 
 

 
Appendix fig. 2 Scatter plot of the association between the preoperative LV-LS and LV-LS on 
POD1. The beta-score was 0.35 with 95% CI 0.14-0.56, p = 0.0016 (99). 
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Appendix fig. 3 (A) The postoperative peak plasma levels of ln hs-cTnT with the linear 
regression line for the CPB-time and ln hs-cTnT. The dashed line demonstrates the cutoff 
point, i.e., Q3 of ln hs-cTnT. (B) Estimated probability plots of peak hs-cTnT from the logistic 
regression. The linear curve demonstrates the probability of having a high value (above Q3) of 
peak hs-cTnT depending on the CPB-time. The cutoff times (using ROC-curves) of peak hs-
cTnT above Q3 resulted in 91 minutes. The grey zone is the 95% confidence interval of the 
estimated probability. (C) Same as in (A) for peak IL-8. (D) Same as in (B) for peak IL-8. 
(Unpublished data) 
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Appendix fig.1 Scatter plot of the association between the preoperative ln NT-proBNP and 
LV-LS on POD 1. The beta-score was 0.91 with 95% CI 0.19-1.62, p = 0.014 (99). 
 
 
 

 
Appendix fig. 2 Scatter plot of the association between the preoperative LV-LS and LV-LS on 
POD1. The beta-score was 0.35 with 95% CI 0.14-0.56, p = 0.0016 (99). 
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