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Abstract
Cardiovascular disease in children is common and results in significant morbidity and mortality.
The sickest children with cardiovascular disease may require support with extracorporeal
membrane oxygenation (ECMO) which provides life-saving assistance for children with refractory
cardiorespiratory failure. Many classes of cardiovascular drugs are used in children, but very few
of these agents have been well studied in children. The knowledge gap is even more pronounced
in children supported with ECMO. Pharmacokinetic (PK) data collected to date (primarily from
antibiotics and sedatives) suggest that the ECMO circuit has the potential to significantly alter the
pharmacokinetics of drugs including changes in clearance and volume of distribution. Of all
cardiovascular drugs administered to children supported by ECMO, only 11 have been partially
studied and reported in the medical literature. Esmolol, amiodarone, nesiritide, bumetanide,
sildenafil, and prostaglandin E1 appear to require dosing modifications in children supported by
ECMO, while it appears that hydralazine, nicardipine, furosemide, epinephrine, and dopamine can
be dosed similarly to children not supported by ECMO. However, trials evaluating the PK of these
drugs in patients supported by ECMO are extremely limited (i.e. case reports) and therefore
definitive dosing recommendations are not plausible. Research efforts should focus on evaluating
the PK of drugs in patients on ECMO in order to avoid therapeutic failures or unnecessary
toxicities.
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Introduction
Cardiovascular disease in children is common and results in significant morbidity and
mortality. The most common cardiovascular conditions presenting in childhood are
congenital heart disease (CHD), hypertension, and arrhythmias.1 In the U.S., it is estimated
that 9 children per 1000 live births have some form of CHD and 2.3 per 1000 will either die
or require invasive intervention within the first year of life.2 In children undergoing surgical
repair for CHD, mortality is estimated at 4.8%, although this varies significantly by the type
cardiac lesion3; atrial septum defects have the lowest attributed mortality (0.4%) whereas
26–36% of infants with hypoplastic left heart syndrome die or need a heart transplantation
by 1 year of age.3,4
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The sickest children with cardiovascular disease may require support with extracorporeal
membrane oxygenation (ECMO) which provides life-saving assistance for children with
refractory cardiorespiratory failure. ECMO is a form of cardiopulmonary bypass that has
been adapted from the operating room to be used for prolonged periods of time in the
intensive care unit (ICU). Pulmonary gas exchange and circulatory support are
accomplished through the ECMO circuit which includes a pump, an oxygenator, tubing, and
a heater. Mechanically, blood is drained from the venous system, pumped through the
oxygenator where oxygen is added and carbon dioxide removed, and then, depending on the
configuration of the circuit, returned to either the venous or arterial circulation (see figure
1). ECMO has been used for over three decades5 and has shown a survival benefit in both
children and adults.6,7 Veno-arterial ECMO has been used extensively for pediatric
cardiovascular disease either for failure to wean from cardiopulmonary bypass following
cardiac surgery or as salvage from hemodynamic instability, with survival dependent on age
and disease state (Table 1). CHD accounts for the majority of ECMO runs (73.6%) but has
some of the lowest survival rates. The highest survival rates are observed among neonates
with cardiomyopathy and infants and children with myocarditis. Therapeutic classes of
cardiovascular drugs used in children with cardiovascular disease include inotropes and
chronotropes, vasoconstrictors, vasodilators, and antiarrhythmic agents. These drugs work
by affecting cardiac output through the interaction of preload, afterload, contractility, and
heart rate. Unfortunately, very few of these agents have been well studied in children and
medical providers are frequently forced to extrapolate dosing and efficacy data from that
obtained in adults.8,9 The knowledge gap is even more pronounced in children supported
with ECMO who are frequently treated with cardiovascular agents. Most studies evaluating
the pharmacokinetic (PK) data of drugs in patients supported with ECMO are limited to
small PK trials and case reports with most of the emphasis on antimicrobials and sedatives.
10

PK data collected to date suggest that the ECMO circuit has the potential to significantly
alter the PK of drugs including changes in clearance (CL) and volume of distribution (Vd).
Because children supported with ECMO require a large volume of exogenous blood to
prime the ECMO circuit as well as blood transfusions needed to maintain stable hemoglobin
levels,10 it is assumed that the Vd of most drugs in this population is increased. This has
been demonstrated with drugs such as gentamicin and vancomycin.11–18 In addition, the
ECMO circuit itself also has the potential to increase Vd through the adsorption of drug as
demonstrated by multiple in vitro and ex vivo studies.19–23 Investigators have shown that
drugs with high lipophilicity (i.e. fentanyl and midazolam) are highly adsorbed by the
circuit, presumably due to easier binding by the polyvinylchloride tubing and oxygenator
materials.22,24,25

Changes in drug CL in patients supported by ECMO have also been observed. Studies of
gentamicin,10–15 vancomycin,16,18,26 and bumetanide27 have all shown decreased CL in
children supported with ECMO.. Decreased CL for renally excreted drugs is expected in
children on ECMO as renal insufficiency is common in these patients.10 It is reasonable to
assume in this critically ill population, often with multi-organ failure, that the CL of
metabolized drugs might also be affected, but to our knowledge this has not been reported in
the literature.

The purpose of this review is to describe the available evidence for the dosing of
cardiovascular drugs in children with a specific focus in children supported with ECMO.
Using the U.S. National Library of Medicine’s PubMed web search, we conducted a search
using the following search terms: 1) extracorporeal membrane oxygenation AND
((pharmacology) OR (pharmacokinetics)), 2) extracorporeal membrane oxygenation AND
cardiovascular agents, and 3) name of drug for each cardiovascular agent used in children8
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AND extracorporeal with no limitations on age or time period. In addition we searched the
abstracts for the previous five years (2006–2010) from the Pediatric Academic Society
meeting. Finally, we accessed two theses published on the Rotterdam group’s experience
with ECMO PK.23,28 For the purposes of this review, we will focus on the dosing of
medications with direct cardiovascular effects.

Pediatric Drug Dosing in Critically Ill Children
The most commonly used cardiovascular drug classes in children include inotropes,
vasoconstrictors, vasodilators, diuretics, and antiarrhythmics.8 Of these approximately 50
medications, only 11 have been reported or studied in children on ECMO support (Table 2),
and the most extensively studied are furosemide, prostaglandin E1, and sildenafil. In
addition, almost 40 cardiovascular medications commonly used in the pediatric ICU have no
data to guide dosing on ECMO. Many of these medications have a narrow therapeutic index
(e.g. most antiarrhythmics), which increases the risk of therapeutic failure or toxicity. This
paper will review drugs for which literature exists in pediatric ECMO.

Anti-arrhythmic Agents
Arrhythmias are common both as a primary diagnosis and as a complication of
cardiovascular disease in children, especially in the post-operative period. However,
experience with this drug class in children on ECMO has been reported for only two
antiarrhythmic drugs.

Esmolol
Esmolol is an extremely short acting β1-selective β-blocker administered via continuous
intravenous infusion for the control of hypertension and certain ventricular and
supraventricular arrhythmias. It does not have FDA labeling for use in children.
Recommended dosing in infants includes a loading dose of 500mcg/kg followed by an
infusion of 25–200mcg/kg/min that can be titrated to effect.29 The maximum reported dose
was 1000 mcg/kg/min which was well tolerated in children aged 2–16 years.30 There is one
case report of esmolol use in a newborn infant with hypertrophic cardiomyopathy on
venoarterial ECMO.31 The patient was loaded with 700 mcg/kg and an infusion started at
50 mcg/kg/min and titrated up to a maximum of 700 mcg/kg/min. No adverse events were
noted, and the infant was able to be decannulated from ECMO 24h after initiation of the
esmolol infusion. However, no information regarding pharmacologic effect was provided
and no PK samples were collected.

Amiodarone
Amiodarone is a Class III antiarrhythmic commonly used for both ventricular and
supraventricular tachycardias including junctional ectopic tachycardia (JET). Amiodarone is
one of the few effective treatments for JET, however, it has the added side effect of
myocardial depression which is problematic for children in the immediate post-operative
period. Like esmolol, it does not carry FDA labeling for use in children. Amiodarone dosing
for JET includes an intravenous loading dose of 5mg/kg followed by an intravenous infusion
of 5–15mcg/kg/min32,33 aiming for a serum concentration of 0.8–2.8 mg/L.34–37
However, infusion rates as high as 25mcg/kg/min have been tolerated in infants in the post-
operative period and those with incessant tachycardia.38,39

The data on amiodarone dosing while on ECMO are limited to a single case report of a 4
day old, full term infant who developed JET following tetralogy of Fallot repair.40 The
patient was loaded with amiodarone 2.5mg/kg and started on an infusion of 10mcg/kg/min
in the immediate post-operative period but required ECMO 5 hours post-operatively for
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persistent JET-associated hypotension. The patient remained in a JET rhythm for 5 days,
ultimately requiring two additional boluses of amiodarone and an increase in the infusion
rate to 20mcg/kg/min. Amiodarone concentrations measured during this period were within
the therapeutic range (0.9mg/L and 2mg/L on days 2 and 4, respectively). In this case,
higher amiodarone doses were required to reach therapeutic concentrations in a patient on
ECMO. This could be due to amiodarone’s high lipophilicity and possible adherence to the
ECMO circuit.

Vasodilators
Vasodilators are used frequently in children in the ICU for afterload reduction in the context
of hypertension and decreased cardiac output related to increased systemic vascular
resistance.41–45

Hydralazine
Hydralazine is a peripheral vasodilator with preference for arterioles that is thought to work
by blocking calcium movement within smooth muscles.46 Hydralazine is labeled by the
FDA for use in children with essential hypertension. Recommended dosing in the pediatric
ICU is 0.1–0.6 mg/kg intravenously every 4 hours with a maximum dose of 1.7–3.5 mg/kg/
day.47 In a study describing the impact of hydralazine on cardiac performance in infants
supported by ECMO (n=23), infants treated with 0.15mg/kg did not show improvement in
shortening fraction, cardiac output or cerebral blood flow index.41 Although there was a 9
mmHg decrease in mean arterial pressure after hydralazine dosing in infants who were
initially hypertensive, the complex interactions between afterload and cardiac output in
children on ECMO make it difficult to attribute this effect entirely to this low dose of
hydralazine. So while a dose of 0.15mg/kg appeared well-tolerated more studies need to be
performed to assess physiologic effect at different dosages.

Nesiritide
Nesiritide is a recombinant B-type natriuretic peptide administered as a continuous infusion
that causes natriuresis, diuresis, and smooth muscle relaxation. It is FDA labeled for adults
with congestive heart failure but is not labeled for use in children. Reports on pediatric
dosing are scarce but based on several prospective and retrospective studies, the
recommended dosage is 0.005–0.05 mcg/kg/min48–52 following a loading dose of 1–2 mcg/
kg.48,52 Adult studies have demonstrated safety and efficacy with doses as high as 0.1 mcg/
kg/min.53 A series of 2 neonates supported by ECMO (1 with congenital diaphragmatic
hernia, 1 with hypoplastic left heart syndrome) reported the need of higher nesiritide
maintenance doses (0.01–0.09 mcg/kg/min) in order to control mean arterial pressure.54
However, the safety of higher nesiritide doses in infants supported by ECMO has not been
evaluated.

Nicardipine
Nicardipine is a calcium channel blocker that decreases SVR without negatively impacting
myocardial inotropy, chronotropy, or dromotropy. In the ICU it is frequently used as an
infusion due to its rapid onset of action and short half- life (40 mins). While it is not FDA
labeled for use in children, Recommended dosing in the pediatric ICU is 0.5–5 mcg/kg/min
by continuous infusion.43,44,55–57 Medications such as nicardipine with quick onset, short
half-lives, and a readily measured effect (e.g. blood pressure change) are relatively easy to
dose adjust in the setting of ECMO. A case report of a full term infant with congenital
diaphragmatic hernia on venoarterial ECMO showed effective control of hypertension at
nicardipine doses (0.5–1.5 mcg/kg/min) similar to those administered to patients not
receiving ECMO support.43 Similarly, a 19 month old male on venoarterial ECMO after
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hydrocarbon ingestion was effectively managed by a nicardipine infusion starting at 5 mcg/
kg/min and then titrated down to 1–3 mcg/kg/min.58 These limited data suggest that dosing
changes are not necessary in patients supported with ECMO, but further studies are needed
to confirm that observation.

Inotropes
Inotropes are used in infants and children in the ICU to support blood pressure by
augmenting cardiac contractility and increasing systemic vascular resistance. Most infants
and children are on some form of inotropic support prior to initiation of ECMO and some
continue to require inotropic support while connected to the ECMO circuit.

Epinephrine and Dopamine
Numerous inotropic and vasopressor drugs are used in children on ECMO, but only
epinephrine and dopamine have been studied in this patient population. An ex vivo study
evaluated the extraction of dopamine and epinephrine by the ECMO circuit after
administration of a single dose of dopamine (5 mg) and epinephrine (0.5 mg). Investigators
measured epinephrine and dopamine concentrations at 30 min, 3h, and 24h post
administration and calculated the extraction efficiency of the isolated ECMO circuit primed
with blood. The authors found that the circuit by itself minimally impacts the serum
concentration of these two drugs. To our knowledge there have been no in vivo studies
looking specifically at dosing of inotropic medications in children on ECMO.

Diuretics
Infants and children with cardiovascular disease are often exquisitely sensitive to fluid
balance and diuretics are a mainstay of fluid management. The ECMO circuit itself can
trigger a significant inflammatory response which results in a combination of capillary leak
syndrome, intravascular hypovolemia, and end-organ hypoperfusion. As such, most patients
develop significant edema in the first few days of ECMO support and require diuretic
therapy.

Furosemide
Furosemide is a loop diuretic and one of the best studied medications in children supported
with ECMO. Dosing can be intermittent (0.5–2mg/kg IV up to every 6h) or continuous (up
to 8 mg/kg/day). Several studies suggest continuous infusion may be preferable in critically
ill children.59–63 A retrospective, single-center review of continuous infusion regimens in
infants on ECMO suggested that such regimens are frequently used but that dosing varied
widely, particularly with respect to the need for additional bolus doses.64 A subsequent
prospective trial of a continuous furosemide infusion regimen in neonates supported with
ECMO used PK modeling and found that a loading dose of 1 mg/kg followed by an infusion
of 0.2 mg/kg/hr resulted in urine output in excess of 6 ml/kg/hr.65 This suggests that a lower
furosemide dose may be required in this population supported by ECMO, however, due to
the wide variability in urine output reported (0.8–8.4 ml/kg/hr) the most appropriate
furosemide dose remains to be determined. While this was a well-designed study, it was
limited by small sample size (n=7) and larger PK/PD studies would be helpful to determine
optimal dosing of this drug.

Bumetanide
Bumetanide is another loop diuretic often used in infants and children with heart disease.
Bumetanide does not carry a FDA-approved pediatric indication, but recommended dosing
is 0.015–0.1mg/kg every 6–24 hours.66 A single-dose, PK trial of bumetanide in 11 full
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term neonates less than 1 month of age on ECMO support showed that using a single
intravenous dose of 0.1mg/kg produced an initial doubling of UOP that remained above the
baseline urine rate for approximately 3 hours.27 The Vd (0.44 +/− 0.1 L/kg) and CL (0.63 +/
− 0.36 ml/min/kg) in these infants on ECMO27 was increased compared to critically ill
infants not on ECMO (Vd 0.29 +/− 0.12 L/kg, CL 2.74 +/− 1.95 ml/min/kg).67 These
results suggest that doses at the higher end of the recommended range but at decreased
frequency are needed for patients supported by ECMO, however the infants included in
these two studies had different chronological ages (ECMO 1-7d, non-ECMO 4-174d) which
could also account for some of these differences in PK.27,67 More work needs to be done to
better characterize the PK and PD of bumetanide in children supported with ECMO in order
to provide appropriate dosing recommendations.

Pulmonary vasodilators
Pulmonary vasodilators are used to treat pulmonary hypertension and augment forward flow
of blood across the pulmonary vasculature.

Sildenafil
Pulmonary hypertension is a common indication for ECMO in infants. The majority of these
infants are treated with nitric oxide, however, in cases of refractory or poorly responsive
pulmonary hypertension, oral sildenafil is often added off-label as adjunct therapy.
Sildenafil is a potent phosphodiesterase (PDE-5) inhibitor dosed in infants and children at 2–
8 mg/kg/day orally divided into four doses. A PK study of sildenafil in 23 infants (mean
gestational age 38 weeks (37–42) with a mean post natal age of 9.6 days (1.4–1644))
supported by ECMO showed that doses of 5–7mg/kg/day were required to achieve adequate
serum concentrations and that dosing adjustments down to 3–5 mg/kg/day were needed after
decannulation.28 This was primarily due to increased Vd and suggests that when sildenafil
is started in children supported by ECMO, the dose should be decreased after decannulation
from ECMO. It is important to note that while there was a significant drop in the dose
required to achieve adequate serum concentrations after decannulation, both the dose used
on ECMO and after ECMO fell within the recommended dosing range.

Other
Prostaglandin

Prostaglandin E1 (PGE1) is used to maintain the patency of the patent ductus arteriosus in
ductal-dependent congenital heart lesions prior to surgical repair. One case report of an
infant with pulmonary valve stenosis, ductal-dependent pulmonary blood flow, and
meconium aspiration showed that PGE1 doses of 0.8 mcg/kg/min (normal range 0.01–0.1
mcg/kg/min, max 0.4 mcg/kg/min) were required to maintain ductal patency68 As PGE1
remains primarily in the circulation with only minimal tissue distribution,69,70 by
effectively tripling this infant’s blood volume with the exogenous blood needed to prime the
ECMO circuit, the investigators were substantially altering the Vd and hence higher PGE1
doses were required.

Discussion
The data on drug dosing for infants and children supported with ECMO are limited in the
number of drugs that have been studied and the size/design of these studies (e.g. case
reports, small PK/PD trials, ex vivo studies). The results of these trials are mixed, with some
drugs demonstrating markedly different PK (e.g. amiodarone, nesiritide, bumetanide,
sildenafil) and others apparently exerting appropriate effects within the normal dosing range
(e.g. nicardipine, epinephrine, dopamine). Several investigators have performed ex vivo and
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in vitro studies in an attempt to correlate drug characteristics with the likelihood that they
will be affected by ECMO. Polyvinyl chloride tubing has been shown to adsorb lipophilic
drugs,22–25 and early studies of highly lipophilic drugs such as fentanyl and midazolam
showed almost complete disappearance of these drugs as opposed to less lipophilic drugs
which were lost at rates of 10–35%.23 LogP, or partition coefficient, is a measure of
lipophilicity and effort has been made to correlate LogP with altered PK/PD on ECMO. As
noted above, Wildschut et al23 saw a significant association between a drug’s LogP and
altered PK/PD. However, another study showed no significant association except for
fentanyl.21 While the theory that high LogP is associated with higher adsorption by the
ECMO circuit is biologically plausible, this conflicting data suggest that confounding
characteristics of fentanyl and midazolam may be the causative factors.

Because ECMO is often associated with decreased renal function, it is also plausible that
drugs which are primarily renally cleared might also show decreased CL. This has been
shown with antibiotics such as vancomycin16–18,71,72 and gentamicin.11,12,14,15 Of the
cardiovascular drugs, only bumetanide has had CL measured.27 CL was decreased in their
study which is in line with its primary renal elimination (80%). The PD implications of these
PK changes need to be further elucidated.

In summary, children on ECMO are among the most critically ill. Given the paucity of data
and potentially important consequences of under- or over-dosing, efforts should be made to
better understand drug dosing in this population. PK/PD trials in children are often limited
by sparse sampling due to the desire to minimize blood draws. This is not a limitation with
children supported by ECMO as they have frequent blood sampling that is clinically
indicated, usually have indwelling catheters (e.g. peripheral arterial line) from which to
obtain this blood, and receive frequent transfusions due to circuit-associated hemolysis.
Additionally, children on ECMO are often on multiple drugs providing multiple targets of
study. In conjunction with PK trials, efforts should be directed toward modeling the impact
of various components of the ECMO circuit on drug disposition, identifying drug
characteristics that make certain drugs more susceptible to circuit adsorption, and exploring
the impact of organ injury on drug dosing. In addition, determining the PD of drugs in
children supported by ECMO will be key to further determine the most appropriate dose
required in this population. Research efforts should focus on the following drug classes:

1. Commonly used drugs in children on ECMO without PK information

2. Drugs with narrow therapeutic index

3. Drugs without a rapid measurable effect

4. Drugs with substantial renal elimination or hepatic metabolism

With an emphasis on PK/PD trials, modeling, and high-impact drug classes, a safer and
evidence-based approach to pediatric dosing in children supported with ECMO can be
achieved.
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Figure 1.
ECMO Circuit
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Table 2
Dosing of Cardiovascular Drugs on ECMO

Unless otherwise cited, all dosing obtained from LexiComp Pediatric Dosage Handbook47

Drug Route Routine Dose Dose on ECMO
FDA Label

in
Children

Antiarrhythmics

Amiodarone IV Load 5mg/kg
5–15mcg/kg/min

Multiple 5mg/kg loads
10–20mcg/kg/min40

N

PO Load 5–15mg/kg
5mg/kg/day

Esmolol IV Load 100–500mcg/kg
50–1000mcg/kg/min

Load 700mcg/kg/min
50–700mcg/kg/min31

N

Vasodilators

Hydralazine IV 0.1–0.2mg/kg/dose q4-6h up to 1.7–3.5mg/kg/day
div q4-6h)

0.15mg/kg41 Y

PO Initial 0.75–1mg/kg/day div q12-24h (max 25mg/
dose)

Titrate over 3–4wks to max 5mg/kg/d in infants,
7.5mg/kg/day in children, max 200mg/day

Nesiritide IV Load 1–2mcg/kg48–52
0.005–0.05 mcg/kg/min48–52

0.01–0.09mcg/kg/min54 N

Nicardipine IV Infants: 0.5–2 mcg/kg/min43,44,57
Children: 0.5–5mcg/kg/min55,56

0.5–5mcg/kg/min43,58 N

Diuretics

Bumetanide IV Neonates: 0.01–0.05 mg/kg/dose q24-48h
Infants and children: 0.015–0.1mg/kg/dose q6-24h

(max 10mg/day)66
0.1mg/kg was inadequate28

N

Furosemide IV Neonates: 1–2mg/kg/dose q12-24h
Infants and children: 1–2mg/kg/dose q6-12h

Infusion 0.05–0.4 mg/kg/hr Load 1mg/kg
Infusion 0.2mg/kg/hr65

Y

PO Neonates: 1–4mg/kg/dose q12-24h
Infants and children: 1–6mg/kg/dose q6-24h

Inotropes and Vasopressors

Dopamine IV Neonates 1–20mcg/kg/min
Infants and children 1–20mcg/kg/min (max

50mcg/kg/min)

No change21 N

Epinephrine IV Infants and children: 0.01–1mcg/kg/min No change21 Y

Pulmonary medications

Sildenafil PO Neonates: 0.25–1mg/kg q6-12h74
Infants and children: 0.25–0.5mg/kg/dose q4-8h

(max 2mg/kg/dose75–77)

5–7mg/kg/day; decreased to 3–
5mg/kg/day after
decannulation28

N
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Drug Route Routine Dose Dose on ECMO
FDA Label

in
Children

Miscellaneous

Prostaglandin E1 IV Neonates: 0.05–0.1mcg/kg/min (max 0.4mcg/kg/
min)

0.8mcg/kg/min68 Y

IV –intravenous

PO – oral
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