Review Article

Drugs pharmacokinetics during veno-venous extracorporeal
membrane oxygenation in pediatrics

Matteo Di Nardo', Enno Diederick Wildschut’

'Pediatric Intensive Care Unit, Children’s Hospital Bambino Gesti, IRCCS, Rome, Italy; “Intensive Care and Department of Pediatric Surgery

Erasmus MC, Sophia Children’s Hospital, Rotterdam, Netherlands

Contributions: (I) Conception and design: M Di Nardo; (II) Administrative support: All authors; (IIT) Provision of study materials or patients: ED

Wildschut; (IV) Collection and assembly of data: All authors; (V) Data analysis and interpretation: All authors; (VI) Manuscript writing: All authors;

(VII) Final approval of manuscript: All authors.

Correspondence to: Dr. Matteo Di Nardo. Pediatric Intensive Care Unit, Children’s Hospital Bambino Gesu, IRCCS, Rome, Italy.

Email: matteo.dinardo@opbg.net.

Abstract: Data evaluating pharmacokinetic/pharmacodynamic (PK/PD) aspect in the pediatric population

are scarce especially regarding the pediatric intensive care unit. Dosing of frequently used drugs (sedatives,

analgesics, antibiotics and cardiovascular drugs) are mainly based on non “pediatric intensive care unit

(PICU)” patients, and sometimes are translated from adult patients. Among PICU patients, the most

complex patients are the ones who are critically ill and are receiving mechanical circulatory/respiratory

support for cardiac and/or respiratory failure. The use of extracorporeal membrane oxygenation is associated

with major PK and PD changes, especially in neonates and children. The objective of this review is to assess

the current literature for pediatric PK data in patients receiving extracorporeal membrane oxygenation

(ECMO).
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Pediatric pharmacokinetics (PKs): basic
considerations

Pediatric drug therapy is considered a complex topic
because children are considered a special population due to
many physiological changes that take place during infancy
and childhood. These changes have a tremendous impact
on drugs’ PK and pharmacodynamic (PD).

Factors affecting site-specific drugs concentration over
time include absorption, distribution, metabolism and
excretion. These processes differ in pediatric population
compared with adults altering the PK profile of a drug.
Therefore, basic knowledge of these steps can be useful to
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ensure effective therapy in pediatric populations (1-5).

Absorption

Few PK data from clinical studies performed in the pediatric
population limits the knowledge regarding the mechanisms
of absorption, however due to the specific population
evaluated in this context (critically ill pediatric patients
undergoing extracorporeal membrane oxygenation), we will
skip this part, because we will only evaluate intravenously
administered drugs where absorption is considered
complete (100%).
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Distribution

Developmental changes in body composition affect
the physiologic spaces where a drug can be distributed.
The distribution of a drug can affect both its efficacy
and duration (6). The distribution is dependent mainly
on body composition that changes with age. Lipophilic
drugs have a larger volume of distribution (Vd) in infants
compared with toddler (>12-23 months) and preschool
children (2-5 years) due to their higher levels of fat (7).
Hydrophilic drugs also have a larger Vd in infants, toddler,
and preschool children compared with adults. This because
extravascular water decreases during development (8). As a
consequence of higher volumes of distribution in infants,
higher doses per kilogram body weight must be given
to infants compared with adults to achieve comparable
plasma and tissue concentrations (9,10). Changes in the
composition and amount of circulating plasma proteins can
also affect the distribution of highly protein-bound drugs. A
reduction in the quantity of albumin in neonates and young
infants increase the free fraction of drugs influencing the

availability (11).

Metabolism

Liver enzyme and microsomal proteins increase
progressively from an estimated 26 mg/g in newborns to
a maximum of 40 mg/g in adult (12). Thus, drugs that are
highly metabolized in the liver are given at lower mg/kg
dose in neonates compared with toddler and preschool
children. However, infants and toddlers may have a higher
hepatic clearance (Cl) of drugs since hepatic blood flow is
increased compared with adults, owing to the larger ratio
of liver to total body mass in this population (13). This
impacts dose adjustment and mg/kg dose scaling is often not
adequate. Hepatic metabolism via cytochrome P450 (CYP)
and uridine diphosphate glucuronosyltransferase (UGT) are
markedly different in the neonatal period compared with
the pediatric and adult population (14). The expression of
phase I enzymes such as the P-450 cytochromes (CYPs)
changes markedly during child development. Different
patterns of isoform-specific expression of CYPs have
been observed postnatally (15). Within hours after birth,
CYP2E1 activity develops and CYP2D6 becomes detectable
early after. CYP3A4 and CYP2C appear start their activity
during the first week of life, whereas CYP1A2 system is
the last hepatic CYP and starts working at 1 or 3 months
of life (15-17). For instance, intravenously administered
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midazolam is cleared from the plasma by the CYP3A4 and
CYP3AS enzymes and the grade of this activity increases
progressively from 1.2 to 9 mL per minute per kg of body
weight during the first three months of life (18).

The ontogeny of conjugation reactions (isoforms
of glucuronosyltransferase-UGT) instead is not well
established like the one involving the phase I enzymes.
The glucuronidation of morphine (19) can be detected in
premature infants from 24 weeks of gestational age and its
Cl can be positively correlated with the post-conceptional
age. Morphine Cl quadruples between 24 and 40 weeks
post-conceptual age, thereby necessitating a proportional
increase in the dose of morphine to maintain an effective
analgesia (20).

Renal elimination

Kidneys perform the elimination of many drugs and
their metabolites. The glomerular filtration rate (GFR) is
2-4 mL/min/1.73 m’ in a full-term newborn and doubles
after 1 week of age, reaching the adult levels at the end
of the first year of life. The renal Cl of unchanged drug
is generally lower in neonates owing to the immaturity
of their renal excretion system. Anyway, a similar or a
greater rate of renal Cl has been observed in infants and
toddlers compared with adults. This is due to the fact that
the kidneys are several-fold greater in preschool children
compared with adults (21). Creatinine Cl is often used to
estimate the GFR in children and a reduction in the drug
dose is advised if creatinine Cl is less than the normal GFR.
Urinary pH can also impact on the reabsorption of weak
acid or basis which can influence the excretion of drugs and
their metabolites. Infant pH is lower than adult values and
this aspect may also increase the reabsorption of the weakly
acidic drugs (22-24).

PK changes during extracorporeal membrane
oxygenation (ECMO)

Neonatal and pediatric patients on ECMO are daily treated
with many different drugs (1,25). These patients receive
heparin to avoid clotting, sedatives and opioids for sedation,
antibiotics, antivirals or antifungals to treat infections.
ECMO can alter the drugs PK within two main mechanisms:
drugs to circuit absorption; increase in Vd with or without
changes in the drug Cl. The interaction between the drug
and the ECMO circuit has been studied primarily in ex
vivo experiments in which drug is administered to isolated
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Table 1 Changes of PK for different drugs in ECMO
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Drugs ECMO Comments
Analgesics
Fentanyl 1vd; |Cl High circuit sequestration
Morphine tvd; |Cl Less circuit sequestration than fentanyl
Sedatives
Midazolam tvd; |Cl High circuit sequestration
Propofol 1Vd; Cl unknown High circuit sequestration (ex vivo), no data in children

Clonidine tvd; 1Cl

Dexmedetomidine 1Vd; Cl unknown
Antibiotics, antifungals, antivirals

Cefotaxime/cefuroxime 1Vd; Cl unchanged

Gentamicin tvd; |Cl
Vancomycin tvd; |Cl
Meropenem Unknown
Oseltamivir Unchanged
Fluconazole 1Vd; Cl unchanged
Caspofungin tvd; 1Cl
Voriconazole tvd; |Cl

High circuit sequestration

High circuit sequestration

Standard dosing

TDM recommended

TDM recommended

Minimal sequestration, required PK/PD monitoring (MIC)
Minimal sequestration, increase dosage (low oral bioavailability)
Increase dosage and monitor PK/PD (MIC)

Increase dosage and monitor PK/PD (MIC)

High circuit sequestration, TDM recommended

1, increase; |, decrease; Vd, volume of distribution; Cl, clearance; TDM, therapeutic drug monitoring; MIC, minimum inhibitory
concentration; PK/PD, pharmacokinetic/pharmacodynamic; ECMO, extracorporeal membrane oxygenation.

ECMO circuits. Since no patient is connected to the circuit,
any changes in the drug concentration over time is due to the
circuit absorption and to the drug degradation (Zable I).

The whole circuit composed by polyvinylchloride (PVC)
tubing and a membrane oxygenator, provides a large surface
area not only for binding drugs but also for releasing
drugs once the intermittent or continuous administration
is stopped. Generally, the mechanism of sequestration
to the circuit is due to the drugs’ chemical property, in
particular to the drugs’ lipophilicity (26,27). The process of
absorption is mediated by the electrostatic and hydrophobic
interactions. The electrostatic interactions tend to dominate
when the surface coatings are applied to the ECMO circuit
components, while the hydrophobic interactions tend to
dominate when hydrophobic drugs adhere to hydrophobic
alkyl groups on polymers present on PVC tubing and
membrane oxygenator without coating (1,27).

Surface coatings are increasingly applied to the ECMO
circuit components to minimize the inflammatory response
triggered when blood comes into contact with a foreign
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material (28,29), but coating also can change the nature
of interaction between the surfaces of the circuit and the
drugs. Absorption depends also on the number of binding
sites on the surfaces and on the age of the circuits (older
circuits seems to show higher losses), however conflicting
data exist as to whether binding is saturable and about age-
dependent saturation effect (30).

Ex vivo studies shows how the drugs sequestration into
the ECMO circuit may alter their PK and PD. Drugs
absorption has been tested for several drugs (31-34).
The group of Wildschut ez 4/. (25) demonstrated that the
drug absorption is positively correlated with the grade of
lipophilicity. Higher octanol/water partition coefficient
(logP) values results in an increased drug loss (25).
Compounds with a high logP are likely very soluble and
may have high absorption in the ECMO circuit. Commonly
used medication such as fentanyl, midazolam, propofol,
dexmedetomidine and voriconazole have high logP value
therefore dosages must be increased to reach the desired
effect (31-34). Propofol, lorazepam and midazolam also
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showed a significant sequestration in ex vivo studies when
using the newer oxygenators (polymethylpentene hollow-
fibers) and PVC tubing (35-38). An ex vivo study of fentanyl
(logP 4, protein binding 80%) in an ECMO circuit using a
silicone membrane oxygenator showed >99% fentanyl loss
in 180 min (25). The same experiments repeated in a circuit
with a hollow-fiber polypropylene oxygenator showed
a fentanyl loss of 66% at 180 min (25). Thus, lipophilic
drugs will have a large Vd leading to lower circulating
concentrations of drugs and potentially suboptimal
pharmacologic therapy.

A second important aspect to explain the increase
in Vd in pediatric patients is the hemodilution effect.
Hemodilution has a tremendous impact on drugs whose
distribution is limited to the plasma compartment (low Vd).
Hemodilution effect is inversely related to age. In a neonate,
the circuit priming can be 2-3 times the patient’s blood
volume, whereas in a school age child (30 kg) it can be
20% of the child’s blood volume (39). All these physiologic
features should take into account when prescribing drugs
such as sedation and antibiotics, because doses could be
increased to maintain adequate serum concentrations.

(Veno-venous ECMO) is generally performed to
manage cases of respiratory failure due to infectious
agents (bacterial, viral, etc.), both the infectious state
and the use ECMO can contribute to the increase in the
patient’s Vd. Both situations create an inflammatory state,
inducing edema and often fluid overload, furthermore low
saturation and hypoxia encountered before the beginning of
VV-ECMO may contribute to reduce the regional kidney
and hepatic blood affecting the drugs’ CI and metabolism.
The association of renal replacement therapy in ECMO to
manage fluid overload (1,2) may complicate this physiology
while on ECMO complicating the PK changes.

Translating the results of ex vivo studies into clinical
practice may be counter-productive. There is a large
discordance between the drug absorption rates due to
circuit sequestration in ex vivo tests and the reduced
plasma concentration of drugs due to the increased Vd
observed in the PK clinical studies in children on ECMO
(1,2,40). Actually, we don’t know if this is due to the rapid
distribution of the drug in the adipose tissues or if the
continuous infusion rates are higher than absorption rates
in ECMO circuit.

In conclusion, circuit sequestration impacts drugs
availability. The increase in the Vd in pediatric patients is
mainly due by the priming fluid composition and volume
especially in infancy (1-3). The old silicone membrane
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oxygenator had a higher capacity of drug absorption
compared to the newer ones in polymethylpentene. Most
PK studies were performed with silicone oxygenators
and tubing, thus the extrapolation of these data to the
newer oxygenators and PVC tubing is not accurate. The
ex vivo studies show a rapid drug absorption after the
injection indicating that high lipophilic drugs should not
administered directly into ECMO circuit. The relationship
between logP values and the sequestration rate will support
clinicians to predict the absorption of different drugs. These
PK/PD considerations will help to understand why some
drugs are more effective than other when administered in
ECMO (e.g., morphine analgesia vs. fentanyl analgesia)
or the necessity to administer a higher loading dose of
sedatives or analgesics when initiating ECMO or the
need to decrease the frequency of renally or hepatically
excreted drugs if altered Cl is suspected (3). In any case,
the therapeutic drug monitoring (TDM) is the best option
to guide antibiotics dosing and other drugs with narrow
therapeutic window. The association of the minimum
inhibitory concentration (MIC) of antibiotics and the TDM
will support clinicians to better control PK/PD effects while
on ECMO.

Sedative and analgesic drugs

Actually, few data exist about sedation and analgesia in
pediatric patients undergoing ECMO. Higher requirements
of sedative drugs have been reported for these patients
(41-44). Midazolam, fentanyl, and morphine are the drugs
most commonly used and studied in the ECMO population.

Midazolam

Midazolam is a lipophilic drug (logP 3.9) with high protein
binding (97%). Midazolam is metabolized in the liver
by CYP3A4 and CYP3AS5 to a hydroxylated metabolite
(1-OH-midazolam) with subsequent metabolism to 1-OH-
midazolam-glucuronide by UGT. Both metabolites are
pharmacologically active when 1-OH-midazolam is nearly
equipotent to the parent drug.

Actually, we have not any PK study on midazolam
in older children supported with ECMO. PK studies in
neonates and young infants on ECMO show a 3-fold to
4-fold increase in Vd after the initiation of ECMO for
midazolam. This increase can be attributed mainly to the
hemodilution and sequestration effect of midazolam by

the ECMO circuit. Mulla et 4/. (45) described a reduced

7 Thorac Dis 2018;10(Suppl 5):S642-5652



S646

Cl for midazolam, resulting in accumulation of midazolam
48 hours after initiation of ECMO in term neonates. In the
study by Ahsman er 4/. (40), midazolam Cl in term neonates
increased overtime, possibly reflecting maturation of the
CYP metabolizing enzymes and therefore the hepatic Cl. In
contrast, renal Cl of the glucuronidation active metabolite
of hydroxyl-midazolam was decreased (40).

Reduced Cl during ECMO greatly increases risk of
adverse effects and efforts should be made to reduce
midazolam infusions when possible based on clear treatment
protocols.

Fentanyl

Fentanyl is a lipophilic drug (logP 4) with a high hepatic
extraction ratio. Fentanyl is highly absorbed by the ECMO
circuit (25). Koren et al. (46) reported high fentanyl
sequestration in ECMO circuits with a subsequent need to
increase fentanyl doses. High fentanyl infusion rates have
been reported as also in other studies (41,47), indicating
altered PK and PD, but conclusive PK results in neonates
and children undergoing ECMO are still lacking.

The high adsorption rate of fentanyl in ECMO circuits
may necessitate higher doses. Changes in the ECMO
circuits with reduced capacity to adsorb drugs probably
will reduce the fentanyl needs. A 48-72 hours rotation
of opioids may reduce the chances to develop opioid
withdrawal symptoms.

Morphine

Morphine has a low protein binding and is metabolized
by the liver to active metabolites morphine-6-glucuronide
by the enzyme UGT2B7 and morphine-3-glucuronide by
UGT2B7 and the enzyme-family UGT1A.

Morphine is commonly used in neonatal intensive
care both for analgesia and sedation. In 1994, Dagan
et al. (43) showed a decrease in morphine ClI in neonatal
ECMO runs, with a concomitant 2-fold increase after the
ECMO withdrawal. Geiduschek ez 4l. (48) found a similar
change of the Cl of morphine in 11 neonates undergoing
ECMO. Approximately half of the patients showed an
increased Cl over time, probably due to the developmental
drug maturation of the liver enzymes activity. However,
Geiduschek ez 4/. did not find any significant decrease of
morphine levels directly after the ECMO withdrawal. These
investigators concluded therefore that PK of morphine was
not significantly altered during ECMO.
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In 2006, Peters et al. reported a 2-fold increase of Vd
for morphine in neonatal ECMO runs compared with
postoperative patients not treated with ECMO. Furthermore,
CI was decreased at the start of ECMO but increased over
time, with normal Cl for age at day 14. The CI of morphine-
3-glucoronide and morphine-6-glucoronide is related to
creatinine Cl (49,50). The increased Vd found in ECMO
patients is partly caused by dilution. Morphine sequestration
is substantially less compared with more lipophilic drugs such
as fentanyl and midazolam, explaining in part the reduced
effect on Vd. Altered Cl may reflect severity of disease more
than specific ECMO-related changes (51).

Propofol

Propofol is a highly protein-bound (95-99%) and highly
lipophilic drug (logP 3.8). It is mainly metabolized in the
liver by glucuronidation at the level of C,;-hydroxyl end.
Hydroxylation of the benzene ring to 4-hydroxy propofol
may also occur via CYP2B6 and CYP2C9. In children,
propofol is not used for long-term sedation because of the
possible occurrence of propofol infusion syndrome (52,53).

There are no in vivo data on propofol during ECMO in
pediatric population. In vitro studies show high adsorption
rates by ECMO systems (54). This situation most likely
results in increased Vd when used in ECMO patients.

In pediatric ECMO patients, higher doses of propofol
bolus injections are probably caused by the increased Vd
caused by hemodilution and drug adsorption to the ECMO
circuit components. The concern for propofol infusion
syndrome (55) make this drug less studied in pediatrics.

Dexmedetomidine and clonidine

Currently there are no published clinical studies of
dexmedetomidine in ECMO. In an ex vivo study, Wagner ez
al. (36) reported that the loss of dexmedetomidine was due
to the mechanism of circuit sequestration. Instead, as far as
concerned clonidine, one clinical study was published by the
group of Kleiber et 4. (56) evaluated the use of clonidine for
sedation in neonates and children undergoing VV-ECMO
and continuous renal replacement therapy. They found an
increased in VD and an increase in the Cl of the drug.

Antimicrobial drugs

Antibiotic use in ECMO patients is high, with a reported
71% use of antibiotic prophylaxis and 40% prolonged
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antibiotic use during ECMO (1). Infection rates in the
pediatric ECMO population vary between 9% and 14%
(57,58). Nosocomial or ongoing infections remain a
significant problem and are associated with an increased
ECMO mortality (58).

PK data on antibiotics on ECMO are limited, only
vancomycin, gentamicin, and cefotaxime have been studied
in detail. However, sequestration of antimicrobial drugs
by the ECMO circuit is less pronounced compared with
sedative drugs. Most antibiotics are excreted via the kidney.
Addition of hemofiltration potentially increases Cl for drugs
with a high unbound fraction.

Efficacy of some antibiotics leans on the peak
concentration. This can be reduced when the Vd is
increased. The risk of adverse events related to high levels
may be increased because of the reduced CI. For the
antibiotics where the efficacy leans on the time greater than
the minimum inhibitory concentration (MIC), PK/PD may
be influenced by differences of both Cl and Vd.

Antibiotic dosing regimens in pediatric ECMO patients
should take into account ECMO-related PK changes,
different PK models should be applied especially when
ECMO is associated with other extracorporeal therapy such
as continuous renal replacement therapy which is often used
in children to manage fluid overload.

Gentamicin

Gentamicin is an aminoglycoside antibiotic with high water
solubility (logP -3) and low protein binding (0-30%). It is
mainly eliminated unchanged via the kidneys.

Five studies examined gentamicin in infants on ECMO.
All found an increased Vd, ranging from 0.51 (59) to
0.748 L/kg (60-63) compared with 0.45 L/kg in post-ECMO
patients and critically non-ECMO patients. Gentamicin Cl
was decreased while on ECMO compared with the post-
ECMO period (62,63). It is unclear whether this decrease
is because of ECMO itself or because of improvement in
the clinical condition. When compared with septic full-
term newborns, the Cl of gentamicin seems to be unaffected
or slightly decreased (64). All studies showed an increased
elimination half-life of 10 hours compared with 5-6 hours
patients not receiving ECMO (64).

Different dosing regimens were used in the studies.
None reflect the current dose recommendations.

The increased Vd reflects the findings in infants on
ECMO and can mostly due to the dilution effect induced
by the circuit priming and transfusions. The possible
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decrease in peak concentrations with prolonged elimination
necessitates the use of TDM for these patients, especially
during renal replacement therapy, in which serum creatinine
does not accurately reflect renal function. The kinetically
guided maintenance dosing of gentamicin based on plasma
concentration after the first dose should be optimized
despite high inter-individual PK parameter variability,
especially in neonates treated for perinatal asphyxia with
therapeutic hypothermia and multiorgan dysfunction
syndrome (65).

Vancomycin

Vancomycin is a glycopeptide with a high-water solubility
(logP -3.1) and moderate protein binding (55%). This drug
exerts a high renal Cl by glomerular filtration.

Vd is either increased or unaffected by ECMO. Cl
was decreased, but primarily correlated to renal function
(31,66-68). A decrease in renal perfusion likely results in a
decreased vancomycin CL.

Thus, vancomycin pediatric dosing intervals should be
based on age and renal function. TDM monitoring should
be used to adjust dosing especially when vancomycin is used
in continuous infusion.

Cepbalosporins

Cephalosporins such as cefotaxime, cefuroxime, cefazolin
are commonly used in children, especially when supported
with ECMO. PK of cefotaxime and cefuroxime during
ECMO is altered but plasma levels are more than the MIC
using normal dosing regimens (69,70). Cefotaxime Cl was
found to be increased during ECMO compared with the
pre-ECMO and post-ECMO period, possibly reflecting
improved hepatic or renal perfusion during ECMO or CI
via hemofiltration (69). Because of the large therapeutic
window of cefotaxime, the chance of reaching toxic effects
is small. Thus, both cefotaxime and cefazolin do not need
dose adjustments in children supported with ECMO.

Meropenem

Pediatric data regarding the PK of meropenem in ECMO
are limited to case reports. These small experiences do
not show an increase in Vd but report an increase in
Cl. Therefore, the recommended dose for meropenem
(40 mg/kg bolus followed by a 200 mg/kg/die in continuous
infusion) should be higher than the standard one (40 mg/kg
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every 8 hours) when the patient is on ECMO. The use of
TDM coupled to MIC will allow clinicians to titrate the
best dose for each patient (71-73).

Oseltamivir

During the HIN1 pandemia ECMO was successfully used
both in children and adults with survival rates of 70%
(74-76). Oseltamivir is commonly used to treat HIN1
influenza. A case report describing three patients undergoing
ECMO for respiratory failure due to HIN1 showed that
an adequate oseltamivir plasma level was achieved in two
of three patients. In particular, a 2-fold dose increase of
4 mg/kg/die showed a parallel 2-fold increase in oseltamivir
plasma level. It seems that the ECMO support does not
impact oseltamivir levels in this report. Only one patient
with decreased gastric motility did not achieved adequate
plasma concentrations (77,78).

Fluconazole

Watt et al. (79) evaluated fluconazole with a single-center,
open-label PK study and safety trial of prophylactic
and treatment dosages (25 mg/kg once per week and
12 mg/kg/daily respectively) in infants receiving ECMO.

They found higher Vd and similar CI of fluconazole for
those on ECMO compared to historical control. Percentage
of time above MIC was achieved for 78% of infants in
prophylaxis while only 11% achieved the target plasma
level required for treatment of invasive fungal infections.
Minimal circuit sequestration of fluconazole was reported.
Thus, TDM is recommended to manage severe invasive
fungal infections.

Voriconazole

Due to its lipophilicity voriconazole has a high Vd,
therefore a higher dose is recommended in children. These
data come from case reports (14 mg/kg every 12 hours to
achieve a target plasma concentration >1 mg/L), therefore
TDM is recommended in severely ill children to achieve
adequate plasma concentration (80,81).

Caspofungin

We have only one case report evaluating the use of
caspofungin in pediatric ECMO. It seems that despite
using a high dose of caspofungin, the patient never reached
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adequate plasma concentrations to manage the fungal
infection because this drug reported high Cl while on
ECMO. TDM is recommended when available (82).

Micafungin

A recent case series on micafungin in infants on ECMO
showed 20-90% increase in Vd with high normal Cl. Based
on the data collected in 12 infants the authors recommend
a daily dose of 2.5 or 5 mg/kg/24 hours for prophylaxis of
treatment respectively (83).

Conclusions

Defined and certain pediatric dose regimens are still lacking
for many drugs especially in children undergoing ECMO.
Our understanding of PK changes is still not adequate to
establish a PK predictive model. The association of routine
samplings associated to a PK analysis using the NONMEM
methodology in combination with validated PD end points
[the COMFORT behavioral scale (84) or face, legs, arms,
cry, consolability (FLACC) scale (85)] will permit a better
understanding of drug therapy in these special patients.

Overall, Vd changes occur rapidly at start of ECMO
as a result of hemodilution and adsorption of drugs by
the ECMO system. Initial changes in Vd may necessitate
higher doses to achieve adequate plasma concentrations. If
Vd is increased and stays unchanged, steady state levels are
affected only by the dose rate and Cl rate.

In conclusion, the collaboration among researchers and
the creation of a consortium among centers will allow to get
more robust data in this special population. Multicentric
open-label descriptive PK pediatric studies like the one
performed in Australia and New Zealand by Shekar ez al. (86)
for adult patients on ECMO will be able to acquire data on
drugs were TDM is not available at bedside.
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