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Kliiniline	situatsioon	
•  10-21%	juhtudest	suletakse	arterioosjuha	kirurgiliselt.	

[Hagadorn	2016;	Lokku	2016;	Weinberg	2016;Bogossian	
2017]	

•  Sage	postopera-ivne	komplikatsioon	on	äge	pulmo-
kardiaalne	puudulikkus	–	post	liga*on	cardiac	syndrome	
(PLCS),	mis	kliiniliselt	väljendub	oksügenisatsioonihäire	(kuni	
60%),	ven-latsioonihäire	(kuni	45%)	ja	hüpotensioonina	(kuni	
35%).		

•  PLCS	avaldub	enamas-	6-12	tundi	peale	operatsiooni	–	on	
ajaline	aken	varaseks	sekkumiseks.		

•  Vasaku	vatsakese	väljutus	(LVO)	<200	ml/kg/min	1	tund	peale	
PDA	ligeerimist	ennustab	hilisemat	hüpotensiooni	ja	
vasopressoorse	ravi	vajadust.	[Jain	2012]	



Milrinoon	

•  Selek-ivne	fosfodiesteraas	III	inhibiitor,	inotroopse	ja	
vasodilata-ivse	toimega.	

•  Langetab	süsteemset	vaskulaarset	resistentsust	ja	suurendab	
südamelihase	kontrak-ilsuste	ja	südame	minu-mahtu.	
[Stroshane	1984]	

•  Milrinooni	manustamine	vastsündinutele,	kelle	on	peale	PDA	
ligeerimist	madal	südame	minu-maht,	võib	stabiliseerida	
edasist	postopera-ivset	kulgu.	[Jain	2012]		

	



Milrinooni	PK	lastepopulatsioonis	

V	–	jaotusruumala		
350	kuni	900	ml/kg		
enneaegsetel	vastsündinutel		500	ml/kg	
	
CL	–	kliirens		
lastel	5.9	-	6.7	ml/kg/min		
imikutel	3.4	-	3.8	ml/kg/min	
vastsündinutel	1.64	ml/kg/min		
enneaegsetel	vastsündinutel	0.64	ml/kg/min		
	
t	½	-	poolestusaeg		
2	-		4	h	imikutel	ja	lastel		
10	h	enneaegsetel	vastsündutel	

	



Use of Targeted Neonatal Echocardiography to Prevent Postoperative
Cardiorespiratory Instability after Patent Ductus Arteriosus Ligation

Amish Jain, MD1,2, Mohit Sahni, MD1, Afif El-Khuffash, MD1, Emad Khadawardi, MD1, Arvind Sehgal, MD1,
and Patrick J. McNamara, MD1,2,3

Objectives To investigate the value of targeted neonatal echocardiography (TnECHO) in predicting cardiorespi-
ratory instability after patent ductus arteriosus (PDA) ligation, and to evaluate the impact of TnECHO-directed care.
Study designWe reviewed serial echocardiography evaluations of 62 preterm infants after PDA ligation to inves-
tigate the relationship between indices of myocardial performance and postoperative cardiorespiratory instability.
A predictive model was developed based on TnECHO criteria, with targeted initiation of intravenous milrinone. A
comparative evaluation was performed between matched infants in the previous era (epoch 1; n = 25) and current
era (epoch 2; n = 27) of TnECHO-guided treatment.
Results Left ventricular output <200 mL/kg/min at 1 hour after PDA ligation was a sensitive predictor of systemic
hypotension and the need for inotropes, and was used for initiation of i.v. milrinone infusion in epoch 2. Infants
treated with milrinone had a lower incidence of ventilation failure (15% vs 48%; P = .02) and less need for inotropes
(19% vs 56%; P = .01), and showed a trend toward improved oxygenation (P = .08).
Conclusion TnECHO facilitates early detection of infants at greatest risk for subsequent cardiorespiratory dete-
rioration. Administration of milrinone to neonates with low cardiac output may lead to improved postoperative
stability. (J Pediatr 2012;160:584-9).

P
atent ductus arteriosus (PDA) is common in preterm infants, with a reported incidence of up to 80% in those born at
<26 weeks gestation.1,2 Surgical closure of a PDA is used when medical intervention either fails or is contraindicated.
This occurs in 35%-40% of cases, with the highest incidence in infants with a birth weight of <1000 g.3

The postoperative course is often complicated by acute cardiorespiratory deterioration or postligation cardiac syndrome
(PLCS). The clinical components of PLCS include oxygenation failure (up to 60%), ventilatory failure (up to 45%), and sys-
temic hypotension (up to 35%).4-6 Risk factors reportedly associated with PLCS include earlier age at ligation, lower birth
weight, younger gestational age, large PDA, and level of preoperative cardiorespiratory support, although findings have been
inconsistent.4-7 PLCS typically occurs between 8 and 12 hours after surgery; thus, there is a temporal window for early inter-
vention. The objectives of the present study were to investigate the predictive value of early postoperative echocardiography
markers for PLCS and to evaluate the impact of targeted neonatal echocardiography (TnECHO)-directed postoperative care.

Methods

This study was conducted in 2 parts in the neonatal intensive care unit at The Hospital of Sick Children in Toronto, an outborn
quaternary center providing PDA ligation services for all perinatal centers in the region. The study received Institutional Re-
search Ethics Board approval. Study A was a retrospective evaluation of previously analyzed echocardiography markers to de-
termine predictors of PLCS, and study B was a retrospective chart review investigating the impact of TnECHO-guided
cardiovascular intervention (epoch 2) relative to a conventional therapeutic approach (epoch 1).

Baseline neonatal demographic data, preexisting morbidities, details of preoperative inotropic support, and characteristics of
the ductus arteriosus were recorded. Clinical and physiological indices of cardiorespiratory health were compared before and at
1 hour, 8 hours, and 24 hours after surgical ligation. These indices included arterial pressure, oxygen requirement, type and
details of respiratory support, and blood gas and serum lactate values. The spe-
cific reasons for escalation or change in respiratory support were collected on all
infants. All infants underwent blood gas analysis immediately postligation and
every 6 hours thereafter. At our institution, infants admitted for PDA ligation
are usually maintained on conventional ventilation, with high-frequency
oscillatory ventilation used as rescue therapy. The need for postoperative fluid
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LVO Left ventricular output

PDA Patent ductus arteriosus

PLCS Postligation cardiac syndrome

TnECHO Targeted neonatal echocardiography
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Milrinone	dose	0.33	μg/kg/min	con-nuous	infusion		
without	loading	dose!		

Infants	treated	with	milrinone	had	a	lower	incidence	of	ven-la-on	failure	
(15%	vs	48%;	P	=	.02)	and	less	need	for	inotropes	(19%	vs	56%;	P	=	.01),	and	
showed	a	trend	toward	improved	oxygena-on	(P	=	.08).	

Lei	ventricular	output	<200	mL/kg/min	at	1	hour	aier	PDA	liga-on	was	a	
sensi-ve	predictor	of	systemic	hypotension	and	the	need	for	inotropes,	
and	was	used	for	ini-a-on	of	i.v.	milrinone	infusion	in	epoch	2.	



Simulatsiooniuuring	doseerimisskeemi	leidmiseks	

•  Milrinooni	PK	uuringute	ülevaade	–	populatsioonid	ja	
doseerimisskeemid.		

•  Valisime	esimeste	elupäevade	enneaegsete	vastsündinute	
populatsiooni	PK	mudeli	milrinooni	plasmakontsentratsioonide	
simulatsioonideks.	

Ühekambriline	mudel	
Populatsiooni	keskmine:	
V	–	512	ml	indiviididevaheline	varieeruvus	21	%	
CL	–	35	ml/h	indiviididevaheline	varieeruvus		24%	
t	½	-	10	h	
	
Kehakaal	oli	ainus	kovariaat,	mis	mõjutas	allomeetriliselt	nii	
jaotusruumala	kui	kliirensit.	[Paradisis	2007]	
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Aims: To define the pharmacokinetics of milrinone in very preterm infants and determine an optimal dose
regimen to prevent low systemic blood flow in the first 12 h after birth.
Methods: A prospective open-labelled, dose-escalation pharmacokinetic study was undertaken in two stages.
In stage one, infants received milrinone at 0.25 mg/kg/min (n = 8) and 0.5 mg/kg/min (n = 11) infused from
3 to 24 h of age. Infants contributed 4–5 blood samples for concentration–time data which were analysed
using a population modelling approach. A simulation study was used to explore the optimal dosing regimen
to achieve target milrinone concentrations (180–300 ng/ml). This milrinone regimen was evaluated in stage
two (n = 10).
Results: Infants (n = 29) born before 29 weeks gestation were enrolled. Milrinone pharmacokinetics were
described using a one-compartment model with first-order elimination rate, with a population mean
clearance (CV%) of 35 ml/h (24%) and volume of distribution of 512 ml (21%) and estimated half-life of
10 h. The 0.25 and 0.5 mg/kg/min dosage regimens did not achieve optimal milrinone concentration-time
profiles to prevent early low systemic blood flow. Simulation studies predicted a loading infusion (0.75 mg/
kg/min for 3 h) followed by maintenance infusion (0.2 mg/kg/min until 18 h of age) would provide an
optimal milrinone concentration profile. This was confirmed in stage two of the study.
Conclusion: Population pharmacokinetic modelling in the preterm infant has established an optimal dose
regimen for milrinone that increases the likelihood of achieving therapeutic aims and highlights the
importance of pharmacokinetic studies in neonatal clinical pharmacology.

L
ow systemic blood flow to the upper body and brain in the
early postnatal period, as measured by superior vena cava
(SVC) flow is common after preterm birth, affecting 35% of

infants born before 30 weeks and 61% of infants less than
27 weeks.1 2 It is strongly associated with lower gestational age
and high systemic vascular resistance; it occurs in a predictable
time frame in the first 6–12 h after birth and improves over the
subsequent 24–48 h.1 3 This pathophysiological state is thought
to be a consequence of an immature myocardium adapting to
high vascular resistance. Low SVC flow is strongly related to
peri/intraventricular haemorrhage (P/IVH),2 4 increased mortal-
ity6 and abnormal neurodevelopment at 3 years.5 In 40% of
these infants, low SVC flow does not improve when the
commonly used inotropes of dobutamine and dopamine are
used.6

New cardiovascular strategies are needed in these infants to
prevent the low SVC flow from occurring. Agents that lower
vascular resistance may improve low systemic blood flow, so
our research group has explored the utility of a preventive
approach using milrinone from early in the postnatal period.7

Milrinone is a selective phosphodiesterase type III inhibitor,
which has positive inotropic effects independent of beta
adrenergic receptor stimulation and is a vasodilator (‘inodila-
tor’). It acts by decreasing systemic vascular resistance,
increasing cardiac contractility and cardiac output.8 Studies
show that milrinone significantly improves cardiac function in
children and neonates following cardiac surgery9–12 and in
children with septic shock.13 14 However, milrinone has not been
evaluated in the very preterm infant with low cardiac output.
Potential adverse effects of milrinone are hypotension, tachyar-
rhythmia and thrombocytopenia.8 10

Milrinone pharmacokinetic data are available for adult,15

paediatric populations10–12 14 and term infants16 but not for very
preterm infants. The pharmacokinetics of milrinone have been

established to be linear in adults and infants. Early studies in
healthy subjects confirmed that milrinone is predominately
eliminated by renal excretion with a fraction excreted
unchanged of approximately 80%.8 The renal clearance of
milrinone was calculated to be approximately 10 times higher
than the expected renal clearance by filtration of unbound drug
clearly indicating that renal secretion is a major contributor to
milrinone renal excretion. The exact renal secretion pathway
has not been investigated. Neonates, and specifically the very
preterm neonate, have rapid and significant developmental
physiological changes leading to variability in drug pharmaco-
kinetics.17 18 The population pharmacokinetic modelling
approach has been used to describe pharmacokinetic behaviour
of drugs (including inter-patient variability) and to explore
different dosing regimens suitable for specific patient
groups.16 18–20

The aim of this study was to investigate the pharmacoki-
netics and safety of milrinone in very preterm infants at high
risk of low systemic blood flow and to explore different dose
regimens to maintain SVC flow over the first day after birth.
This paper focuses on the pharmacokinetics of milrinone in very
preterm infants. The clinical and haemodynamic outcomes
have been reported elsewhere.7

METHODS
Setting
This was a two centre study performed in the Neonatal
Intensive Care Units of Royal Prince Alfred Hospital and
Royal North Shore Hospital, Sydney, Australia and was
approved by the Human Research Ethics Committee and the

Abbreviations: FOCE, first-order approximation with condition
estimation; SVC, superior vena cava
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Simula-on	studies	predicted	a	loading	infusion	(0.75	mg/	kg/min	for	3	h)	
followed	by	maintenance	infusion	(0.2	mg/kg/min	un-l	18	h	of	age)	would	
provide	an	op-mal	milrinone	concentra-on	profile.	This	was	confirmed	in	
stage	two	of	the	study.	



paediatric populations.10 12 14 Clearance is generally considered a
function of body mass,16 so that larger patients tend to have a
higher milrinone clearance compared to smaller patients. In the
present study the estimated clearance of milrinone was
0.64 ml/kg/min which is significantly lower than reported in
children, ranging from 2.5 ml/kg/min to 10.6 ml/kg/min.10 12 14

Interestingly, the estimated mean volume of distribution of
576 ml/kg is less than that reported in other paediatric
populations 700–900 ml/kg,10 12 yet still significantly larger than
that described in adults at 300 ml/kg.24 The implication of this is
unclear and it should be noted that these estimates have been
derived using different pharmacokinetic models.
Bailey et al16 recently reported the findings of a population

pharmacokinetics study of milrinone conducted in children as
part of the multi-centred PRIMACOR trial. In the neonatal
subgroup (n=48), the milrinone population mean (+/2 SEM)
clearance was reported as 1.64 +/2 0.37 ml/min/kg and volume
of distribution as 523 +/2 28 ml/kg which were in agreement
with the results from the present study in very preterm infants
(0.64 ml/kg/min and 576 ml/kg respectively). The present study
did not identify patient specific characteristics that influence
milrinone pharmacokinetics, including gestational age, sex,
Apgar, and co-administration with dopamine or dobutamine.
In contrast, Bailey et al16 concluded that milrinone clearance in
this cohort of children was significantly influenced by both
weight and age. These researchers confirmed the relatively
longer half-life of milrinone in this patient population (3.7 h in
the neonatal subgroup) and supported the need for a loading
infusion to rapidly achieve milrinone concentrations.
In the adult, milrinone is predominately excreted by the

kidneys and approximately 70% is bound to plasma proteins.8

The pharmacokinetic changes of decreased clearance, pro-

longed half life and larger volume of distribution observed in
our study are consistent with the physiological differences
noted in preterm infants and can be explained by immature
renal function and higher total body water compartment seen
in preterm infants.17 18 26 Taken together these findings have
implications for dose selection and the pitfalls of scaling doses
in mg/kg from infants and children for preterm infants. A
significant proportion of the babies in this study were treated
with early indomethacin for ductus arteriosus that were failing
to constrict. The presence of PDA and co-administration of
indomethacin has been noted to alter the volume of distribu-
tion and clearance of some aminoglycosides.27 28 The possible
impact of PDA and indomethacin will depend on the
pharmacokinetics of the drug in question. The exact effect on
milrinone pharmacokinetics is difficult to predict. Milrinone is
cleared by renal excretion and has a volume of distribution that
is restricted to extracellular space (approx 0.4 to 0.6 l/kg) which
suggests that the fluid overload and haemodynamic changes
associated with PDA may have an effect on its distribution and
excretion.29 The impact of indomethacin on milrinone pharma-
cokinetics has not been reported. Indomethacin is expected to
reduce glomerular filtration rate (GFR). However, milrinone
mainly undergoes active secretion in the renal tubules
suggesting the GFR alone may not be a major determinant of
its clearance. The creatinine levels were normal in all babies
within the first 24 h when milrinone was being infused. They
were higher in the second 24 h as has been described previously
in this population. While no baby had frank renal failure, we
cannot exclude an affect of transitional renal adaptation on the
pharmacokinetics however this is consistent with our goal to
establish the pharmacokinetics within the transitional period.
Details of the clinical and haemodynamic outcomes of this

study are reported elsewhere,7 but in the first dose escalation
stage, 36% of babies in each cohort still developed low systemic
blood flow. We did not take this as strong evidence of
preventative efficacy. However analysis of the drug blood levels
suggested they may be taking too long to reach target range to
effectively prevent the nadir in systemic blood flow between 6
and 12 h of age while accumulating above the target range at
24 h when systemic blood flow will usually be improving
spontaneously. A primary reason for undertaking pharmacoki-
netic analysis is to determine an effective dose regimen in a
target population and to accomplish this aim, therapeutic
plasma concentrations need to be identified.19 20 The population
pharmacokinetics allowed us to simulate a dosage regimen that
would increase the likelihood of milrinone fulfilling our
therapeutic aim. The value of the simulation approach is
highlighted by the close agreement in the model of predicted
and observed milrinone concentrations presented in table 2.
Furthermore, the data from the last cohort of infants points to a
positive haemodynamic effect of milrinone using a dose
regimen of loading infusion with 0.75 mg/kg/min for 3 h
followed by a maintenance infusion of 0.2 mg/kg/min with no
infant developing low systemic blood flow. This was achieved

Table 4 Observed and simulated milrinone concentration with 0.75–0.2 mg/kg/min dose
regimen

Age (h)
Mean Time from
starting infusion (h)

Observed milrinone median
concentration (range) (ng/ml)

Simulated milrinone mean
concentration (5th and 95th percentile)
(ng/ml)

6 3 231 (97–284) 197 (144–273)
9 6 210 (126–354) 215 (165–289)

18 15 288 (104–407) 252 (189–344)
20 17 247 (95–358) 257 (193–359)
24 21 195 (78–257) 215 (149–317)
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Figure 3 Milrinone concentration-time profile #: observed milrinone
concentration in 0.75/0.2 mg/kg/min dose regimen, broken line: 5th and
95th percentile from the simulation using 0.75/0.2 mg/kg/min dose
regimen) with target range between 180 and 300 ng/ml.
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Simulatsiooniuuring	doseerimisskeemi	leidmiseks	
•  Populatsioon:		2012	–	2014	a.		n=31		
GA	26	(23–35)	nädalat,	PNA	13	(3-29)	päeva,	kehakaal	760	(500–
2,351)	g		
•  Simuleerisime	1000	indiviidi	PK	parameetrid	kasutades	

Paradisise	mudelit	ja	meie	populatsiooni	kehakaalusid.	
•  Individuaalsete	PK	parameetrite	hinnangute	järgi	

simuleerisime	aja-kontsentratsiooni	kõverad	erinevate	
küllastus-	ja	säilitusdoosidega.		

•  Eesmärgiks	kontsentratsioonid	vahemikus	150-200	μg/l	
vähemalt	80%	ajast	säilitusdoosiga	ravi	ajal.		



Simulatsiooniuuring	doseerimisskeemi	leidmiseks	
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Aja-kontsentratsiooni	kõverad		
(a)	0.73	μg/kg/min	3h	+	0.16	μg/kg/min	21h	(b)	0.33	μg/kg/min	24h	
	



Prospek-ivne	populatsiooni	PK	uuring	

Eesmärk:	Kirjeldada	milrinooni	populatsiooni	PK	enneaegsetel	vastsündinutel,	
kellel	on	risk	PLCS	tekkeks	peale	PDA	ligeerimist	ja	anda	
doseerimissoovitused.	
	
Patsiendid:	juuni	2015-oktoober	2017	PDA	sulgemise	operatsioon	
	
Meetodid:	
•  LVO	<	200	ml/kg/min	1	tund	peale	PDA	ligeerimist	
•  0.73	μg/kg/min	3	h		ja	0.16	μg/kg/min	21	tundi	
	
Aja-kontsentratsiooni	andmeid	analüüsisime	mipelineaarse	segamõjudega	
mudelite	abil	(NONMEM	version	7.3).		
Sihtmärgi	saavutamise	tõenäosuse	(PTA)	simulatsioonid	andsid	parima	
doseerimisskeemi,	millega	plasmakontsentratsioonid	oleksid	vahemikus	
150-250	μg/l.	
	
		
	



Tulemused	

21	PDA	operatsiooni	

14	patsien-	uuringus	

4	patsiendil	LVO	>	200	ml/kg/min	
	

10	patsiendil	LVO	<	200	ml/kg/min	

3	osales	teises	ravimuuringus,		
2	puudus	vanemate	nõusolek,		
2	neerupuudulikkus	krea-niin>	100	μmol/l	

Milrinoon	



Kokkuvõpeks	

Ravimite	PK	andmeid	on	vaja	koguda	populatsioonides,	kus	
vanusest	sõltuvad	füsioloogilised	muutused	on	suured.	
•  Milrinooni	PK-t	mõjutavad	kiired	muutused	keha	

veesisalduses	ja	neerufunktsiooni	küpsemine	enneaegsetel	
vastsündinutel	esimestel	elunädalatel.	

	
Vanusest	sõltuv	PK	kirjeldamine	ja	täpsed	doseerimissoovitused	
on	eelduseks	ravimite	efek-ivsuse	ja	ohutuse	täpsele	
hindamisele	enneaegsete	vastsündinute	populatsioonis.	
•  Meie	uuringu	konteks-s	on	vajalik	aeglane	küllastusdoos,	et	

jõuda	terapeu-lise	milrinooni	kontsentratsioonini	piisavalt	
kiires-.	
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