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Abstract – Background: Milrinone is commonly prescribed to critically ill patients who need extracorporeal life
support such as extracorporeal membrane oxygenation (ECMO) and continuous renal replacement therapy (CRRT).
Currently, the effect of ECMO and CRRT on the disposition of milrinone is unknown. Methods: Ex vivo ECMO
and CRRT circuits were primed with human blood and then dosed with milrinone to study drug extraction by the
circuits. Milrinone percent recovery over time was calculated to determine circuit component interaction with
milrinone. Results: Milrinone did not exhibit measurable interactions with the ECMO circuit, however, CRRT cleared
99% of milrinone from the experimental circuit within the first 2 hours. Conclusion: Milrinone dosing adjustments are
likely required in patients who are supported with CRRT while dosing adjustments for ECMO based on these ex-vivo
results are likely unnecessary. These results will help improve the safety and efficacy of milrinone in patients requiring
ECMO and CRRT. Due to the limitations of ex-vivo experiments, future studies of milrinone exposure with ECLS
should include patient circuit interactions as well as the physiology of critical illness.

Key words: Milrinone, Extracorporeal life support (ECLS), Extracorporeal membrane oxygenation (ECMO),
Continuous renal replacement therapy (CRRT).

Introduction

Patients undergoing cardiopulmonary bypass (CPB) are at
risk of low cardiac output syndrome (LCOS). LCOS and heart
failure are conditions that frequently require support with extra-
corporeal life-support (ECLS) such as extracorporeal membrane
oxygenation (ECMO) and continuous renal replacement
therapy (CRRT) [1, 2]. Milrinone is frequently used in critically
ill patients supported on ECLS and has been shown to reduce
the risk of LCOS in children with heart failure or those who
have undergone CPB [3–10].

ECLS is an important life-saving technology, however,
patients supported with ECMO and/or CRRT are at high risk
of mortality [1, 11–13]. The increased mortality risk may be
in part due to altered drug disposition in patients on ECLS
[14, 15]. ECLS can alter drug disposition in several ways: 1)
adsorption of the drug to ECLS circuit components; 2) hemofil-
ter clearance of the drug in CRRT; 3) exogenous fluids used in
priming the circuit increase the volume of distribution [16].

Additionally, other factors such as edema, inflammation, and
altered protein binding can affect drug disposition in the popu-
lation of critically ill patients supported on ECLS. The degree
of drug extraction by ECLS depends on the circuit components
as well as drug physicochemical properties (e.g., protein
binding, molecular weight, lipophilicity). Hydrophilic drugs
with low protein binding are likely to be cleared by a hemofil-
ter, while lipophilic and highly protein-bound drugs more
frequently adsorb to circuit components [17, 18].

Milrinone is a type 3 phosphodiesterase inhibitor that pro-
vides inotropic, lusitropic, and vasodilatory effects, making it
an important agent in treating patients with heart failure and
LCOS. It increases cyclic adenosine monophosphate levels
which in turn increases intracellular calcium concentrations. Cal-
cium can then be used by troponin I and phospholamban which
impact inotropy and lusitropy, respectively [19–21]. In adults,
plasma milrinone concentrations ranging from 100 to 300 ng/
mL are associated with therapeutic effects [22, 23]. Toxicities
like systemic hypotension from excessive vasodilation, arrhyth-
mias, and thrombocytopenias are associated with higher concen-
trations (>500 ng/mL) [23, 24]. Since little is known about
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milrinone disposition in ECLS, patients are at risk for either
treatment failure from subtherapeutic dosing or toxicity from
excessive exposure. Therefore, there is an urgent need to under-
stand how milrinone interacts with ECLS circuits.

The interactions between ECLS circuits and individual
drugs have been studied in ex vivo experiments where a
blood-primed ECLS circuit is dosed with a drug and concentra-
tions are measured over time [16, 25–29]. The extent of drug
adsorption to the circuit components, impact of surface coat-
ings, and drug clearance by the hemofilter can be assessed by
this method. We performed ex vivo CRRT and ECMO experi-
ments in this study to quantify the interaction of milrinone with
ECLS to determine the degree of extraction and inform optimal
dosing. Since milrinone is mildly protein-bound, we hypothe-
size that it will likely be readily filtered by CRRT and adsorb
minimally to ECMO circuits.

Materials and methods

We evaluated the extraction of milrinone from blood-
primed ECMO and CRRT circuits. ECMO and CRRT circuits
were each set up in a closed loop and primed with a blood
solution using previously published methods [16, 30, 31].
Circuits were then dosed with milrinone to achieve therapeutic
concentrations (200 ng/mL) [22, 23], and concentrations were
measured over time to quantify the extent of milrinone
extraction by the circuit. A control sample containing the same
prime solution was also dosed to achieve similar concentrations
(200 ng/mL) that were measured over time to understand
milrinone degradation [19, 20].

Extracorporeal membrane oxygenation (ECMO)

setup

ECMO ex-vivo experiments were conducted as previously
reported [31]. In short, ECMO circuits (n = 3) were set up as
illustrated in Figure 1A and included: a reservoir (Viaflex
1000 mL, Baxter, Deerfield, IL); a centrifugal pump (Rotaflow
Pump, Maquet); a hollow-fiber oxygenator (Quadrox-iD,
Maquet, Hirrlingen, Germany); and tubing (Sorin Smart
Perfusion Pack, LivaNova, London, UK) (Table 1). Circuits
were primed with a mixture of Plasma-Lyte A crystalloid
(~200–300 mL; Baxter Healthcare, Deerfield, IL), 1 unit of
thawed human plasma frozen within 24 hours after phlebotomy
(250-300 mL), 2 units of human red blood cells (adenine saline
added leukocyte reduced [~600 mL]), tromethamine (2 g), hep-
arin sulfate (500 units), sodium bicarbonate (7 mEq), calcium
gluconate (650 mg), and human serum albumin (12.5 g) for a
total priming fluid volume of about 1300 mL. To minimize
the strain on hospital blood bank supply, expired blood products
from the American Red Cross were used to prime the circuits. In
order to maintain the physiologic pH (7.2–7.5), CO2 and
tromethamine were added to the priming solution and as
necessary during the experiment. ECMO circuit flow was
maintained at 1.0 L/min (HT110 with H8XL flow sensor,
Transonic, Davis, CA). A Quadrox-iD integrated heat exchanger
was connected to an ECMO water heater (Cincinnati Sub-Zero,
Cincinnati, OH) to maintain the temperature of the priming solu-
tion at 37 �C. The haemoglobin of this solution was 10 g/dL.

Continuous renal replacement therapy (CRRT)

setup

Three CRRT ex-vivo experiments were run using the
PrisMax system (Baxter Healthcare, Deerfield, IL) with
HF1000 filters as previously reported [31]. In short, the
HF1000 filter set was set up in a closed loop by connecting
it to a reservoir (EXACTAMIX EVA, Baxter Healthcare).
The system was primed with 0.4 units of fresh frozen plasma
(125 mL), 1 unit of packed red blood cells (300 mL),
Plasma-Lyte A crystalloid (150 mL), tromethamine (1.5 g),
heparin sulfate (350 units), sodium bicarbonate (7 mEq),
calcium gluconate (180 mg), and human serum albumin
(6.25 g) for a total priming fluid volume of ~ 600 mL. To main-
tain physiologic pH additional tromethamine was added as
needed. The blood mixture temperature was kept at 37 �C by
a TherMax blood warmer. At our institution, continuous ven-
ovenous hemodiafiltration (CVVHDF) is the modality used
for critically ill patients, thus this was the mode selected for
these experiments. The following prescription was used: blood
flow rate (BFR) 9000 mL/h, dialysis solution flow rate (DIA)
1000 mL/h, pre-blood pump fluid (PBP) 700 mL/h, total
replacement solution flow rate (REP) 300 mL/h delivered after
filtration, and patient fluid removal flow rate net 0 mL/h
(Table 1), for a total effluent rate of 2000 mL/h. PrismaSATE
4/2.5 Dialysis Solution (Baxter Healthcare, Deerfield, IL) was
used for dialysis, a pre-blood pump, and all replacement fluids.

Control setup

To determine drug degradation in the blood mixture
throughout the experiment, three control experiments were
included. For each control, 50 mL of blood priming solution
was drawn from the ECMO circuits before drug dosing and
placed into polypropylene centrifuge tubes (229426, CELL-
TREAT, Pepperell, MA). These samples were dosed to achieve
similar concentrations as the circuits and incubated in a water
bath heated to 37 �C for the duration of the experiment.

Drug administration and sample collection

Milrinone was administered to the ECMO circuits via a
three-way stopcock downstream to the sampling port on the
arterial limb (Figure 1A). One dose of milrinone was adminis-
tered to each circuit at time zero and blood samples were
collected at 1, 5, 15, 30, 60, 120, 180, 240, and 360 min after
drug administration.

Milrinone was administered to CRRT circuits via an access
line downstream of the reservoir (Figure 1B), blood was
sampled from the post-filter sampling port, and effluent was
sampled from the post-filter effluent sampling port. Milrinone
was administered at time zero and blood and effluent samples
were collected at 1, 5, 15, 30, 60, 120, 180, 240, and
360 min. Blood samples were centrifuged at 3000g and 4 �C
for 10 minutes immediately after collection. Plasma and effluent
samples were then frozen in cryovials (Fisher Scientific,
Pittsburgh, PA) at �20 �C for < 6 h and stored at �80 �C until
analysis.
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Control samples were dosed with milrinone at time =
�5 min, gently rotated to ensure adequate mixing, and then
placed in a water bath for the duration of the experiment. At
each sample time point, the tube was removed from the water
bath, gently inverted five times, and the sample was collected.

Milrinone assay

Calibrators and quality control samples were prepared using
standard reference materials. Milrinone and the internal stan-
dard (milrinone-d3) were obtained from Cayman Chemical
(Cat# 13357 and 25429, respectively). Calibration standards
were prepared in Mass Spect Gold Human Plasma (Cat#:
MSG7000; Golden West Diagnostics) and were used to gener-
ate an external 7-point calibration curve (2, 6, 13.5, 30, 75, 300,
and 600 ng/mL) using linear regression (1/x weighting) to plot
the peak area ratio versus concentration. The calibration curves
were linear (R2 � 0.99) over the analytically measurable range
(AMR) of 2–600ng/mL. Within-run precision of quality control
samples (QCs, n = 3) was determined at 3 different concentra-
tions in plasma (Low QC: 4.5 ng/mL, Mid QC: 45 ng/mL, High
QC: 450 ng/mL) were observed at 6.3%, 14.2%, and 7.3%,
respectively. Quantitative determination of milrinone in plasma
and effluent samples was determined by multiple reaction mon-
itoring (MRM) LC-MS/MS (Agilent Infinity II 1290 – Sciex
QTrap 6500+). MRM was performed in positive electrospray
ionization mode by monitoring the following transition ions:
milrinone (quantifier: 212.05 m/z > 142.0 m/z; qualifier:
212.05 m/z > 104.0 m/z; milrinone-d3 (IS): 215.07 m/z >
142.1 m/z).

Milrinone recovery over time

Due to slight differences in initial concentrations for circuit
and control experiments, concentrations were normalized using
drug percent recovery using the following equation:

Recovery %ð Þ ¼ Ct

Cref
� 100 ð1Þ

where Ct is the concentration at time t and Cref is the initial
concentration of milrinone at time 1 min.

Saturation coefficient

The saturation coefficient and transmembrane clearance
were calculated for the CRRT experiments using paired plasma
and effluent samples with the following equations:

SaðHDFÞ ¼ Ceff

Cp
ð2Þ

Qeff ¼ QPBP þ QREP þ QPFR þ QDIA ð3Þ

CLCVVHDF ¼ Qeff � SaðHDFÞ ð4Þ
where Sa(HDF) is the saturation coefficient for hemodiafiltra-
tion and Ceff and CP are the effluent and plasma milrinone
concentrations, respectively. Qeff, QPBP, QREP, QPFR and
QDIA are the effluent, pre-blood pump, replacement fluid,
patient fluid removal, and dialysate volumetric flow rates,
respectively. CLCVVHDF is the transmembrane clearance.

Table 1. ECMO and CRRT circuit components and parameters.

ECMO milrinone circuits Oxygenator Pump Tubingc Hemofilter Reservoir # of Doses

Run 1–3 Quadrox iD
Adulta Biolineb

Rotaflow
Biolineb

Sorin
Smart-Xd

– Viaflex 1

CRRT milrinone circuits System Hemofilter Temp Control Reservoir

Baxter PrisMax HF1000e TherMax bagf EXACTAMIX EVAg

PBP (mL/h) BFR (mL/min) PFR (mL/h) DIA (mL/h) REP (mL/h)

Run 1–3 700 150 0 1000 300

aPolymethylpentene fibers; bBioline coating: covalently bonded recombinant human albumin and heparin; cPolyvinyl chloride; dSmart-X
coating: tribloc copolymer (polycaprolactone-polydimethylsiloxane-polycaprolactone) ePolyarylEtherSulfone fibres, plasticized polyvinyl
chloride tubing; fEthylene vinyl acetate; gPolyurethane. PBP: pre-blood pump flow rate; BFR: blood flow rate; PFR: patient fluid removal flow
rate; DIA: dialysate volumetric flow rate; REP: replacement fluid flow rate.

Figure 1. Schematic of ECMO and CRRT ex vivo circuit configurations: A. ECMO circuit configuration including oxygenator, reservoir, and
pump. B. CRRT circuit configuration including reservoir and PrisMax (pump, hemofilter, thermax and fluids). PBP = pre-blood pump,
EFF = effluent, DIA = dialysate, REP = replacement fluid.
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Milrinone circuit clearance

Milrinone ex vivo clearance from the CRRT circuit was
calculated using the equation:

CL ¼ Dose

AUC
ð5Þ

where the dose is 0.1 mg, the amount of milrinone is given to
the circuit, and AUC is the area under the curve for the mea-
sured milrinone concentrations over time in ex vivo CRRT
circuits. AUC was calculated using R Version 4.2 using
MESS and tidyverse.

Statistics

We compared milrinone recovery between ECLS circuits
and controls at time = 360 minutes using a two-sample t-test
with significance defined as p < 0.05. The lower limit of quan-
titation (LLOQ) for this assay was 2 ng/mL. Thus, a value of
2 ng/mL was used in our calculations for samples that returned
as <LLOQ.

Results

Milrinone in ECMO circuits

Milrinone was minimally extracted by the ECMO
circuit (Figure 2). The mean (standard deviation) recovery of
milrinone in the ECMO circuit at t = 360 min was 100%
(10.1). Recovery in the ECMO circuit was not significantly dif-
ferent compared to mean (standard deviation, SD) recovery in
the control (103% [4.5]) at t = 360 min (p = 0.7). Control
and ECMO milrinone plasma concentration measurements are
reported in Supplementary Tables 1 and 2.

Milrinone in CRRT circuits

Milrinone was rapidly extracted by the CRRT circuit
(Figure 3) with milrinone concentrations below the lower limit
of quantitation by 3 h. The mean (SD) recovery of milrinone in
the CRRT circuit at t = 360 min was 0.73% (0.09). Recovery in
the CRRT circuit was significantly different compared to
mean (standard deviation) recovery in the control (103%
[4.5]) at t = 360 min (p � 0.001).

Because milrinone concentrations in plasma and hemofiltra-
tion were below the lower limit of quantitation after 2 h, the
sieving coefficient was calculated using all time points up to
2 hours. The mean (SD) sieving coefficient across all CRRT
circuits was 0.71 (0.23). This resulted in a mean (SD) milrinone
transmembrane clearance of 119 mL/min (39.3). Control and
CRRT milrinone plasma and effluent concentration measure-
ments are reported in Supplementary Tables 1 and 3.

Milrinone CRRT circuit clearance

Milrinone ex vivo AUC from minute 1 to hour 6, and clear-
ance from the CRRT circuit by run is reported in Table 2 and
Supplementary Table 2. The average clearance is 1350 mL/h
(9.45 L/h/70 kg).

Discussion

In this study, we performed ex vivo ECLS experiments
with milrinone to assess its interaction with ECMO and CRRT
circuits. Milrinone recovery was not significantly different in
ECMO experiments compared to the control (Figure 2) which
suggests no adsorption to ECMO circuit components. Both
the control and ECMO experiments showed steady concentra-
tions of milrinone with no degradation over time. This contrasts
with the CRRT experiments where milrinone was rapidly
cleared.

To our knowledge, this is the first evaluation of milrinone
interactions with ECMO circuits. Our ECMO experiments
showed essentially no interaction of milrinone with the ECMO
circuit with 100% recovery of milrinone over the 6-hour exper-
iments. Prior studies with other drugs and ECMO showed
adsorption to circuit components was more likely with highly
lipophilic and protein-bound drugs [26, 32–37]. Milrinone is

Figure 2. Plasma percent recovery from control and ECMO
experiments for milrinone. Error bars represent one standard
deviation for n = 3 for control and n = 3 for ECMO experiments.

Figure 3. Plasma percent recovery from CRRT circuit experiments
with milrinone. Error bars represent one standard deviation for n = 3
for control and n = 3 for CRRT (plasma).
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only slightly lipophilic (LogP 0.3–1) and moderately protein
bound (70%) [19]. Therefore, these results are concordant with
our hypothesis that the physicochemical properties of milrinone
would result in minimal circuit-drug adsorption.

In contrast, milrinone was rapidly cleared by CRRT with
concentrations below the lower limit of quantitation by 3 h.
In a CRRT system, drugs can be extracted via adsorption to
circuit components and/or clearance across the dialysis mem-
brane. For milrinone, the sieving coefficient of 0.7 suggests that
most of this loss was due to transmembrane clearance. While
additional extraction via adsorption is possible, it is less likely
given our findings in the ECMO system. Published pediatric
PK literature reports milrinone clearance ranging from 2.91–
17.6 L/h/70 kg [5, 38, 39]. The average clearance of milrinone
calculated from these three ex vivo circuits was 9.45 L/h/70 kg
and falls within the lower end of the reported range.

These results provide additional insight regarding two pub-
lished studies describing milrinone exposure in a small cohort
of adults (n = 6) [40] and children (n = 3) [38] supported with
CRRT. Both studies reported that milrinone clearance was
lower in individuals on CRRT compared to those with normal
renal function, this is expected as milrinone is renally cleared
and total clearance depends on both clearance by CRRT and
native renal function. Additionally, clearance due to continuous
venovenous hemofiltration estimated in the adult study was
lower than the clearance determined through this work. This
suggests that the CVVHDF modality results in greater drug
clearance than the CVVH modality. These observations con-
firm that native renal function and CRRT modality, as well
as filter type and dialysis prescription, should be incorporated
when dosing milrinone in patients on CRRT [29, 30].

There are limitations to this work. Milrinone is frequently
used as an infusion in patients in the intensive care unit (ICU)
and this study only included a single bolus dose. Infusion dosing
can have an impact on ECLS by saturating adsorption sites.
Given that minimal adsorption was observed, this is unlikely
to have a substantial impact on our results. Additionally, these
experiments were carried out with only one type of ECMO
and CRRT circuit components, hemofilters, and surface coatings
making it difficult to generalize to circuits using different mate-
rials. Another limitation of this study is that milrinone CRRT cir-
cuits were all run at the same flow rates that are comparable to
flow rates used clinically but do not encompass the heterogene-
ity seen in clinical practice. Based on our results, flow rates that
reflect more aggressive dialysis will increase drug clearance by
CRRT [31]. Finally, optimal milrinone dosing on ECLS cannot
be confirmed using ex vivo experiments in isolation as these
studies fail to account for patient factors such as organ function,
edema, variations in plasma proteins, and patient-circuit factors
like increased volume of distribution.

Nevertheless, these results demonstrate that optimal dosing
of milrinone in patients on CRRT must account for clearance
by the CRRT circuit as well as residual renal function. Future
studies that consider important patient pathophysiology are
needed to better predict milrinone exposure. We have developed
an approach that uses physiologically based pharmacokinetic
(PBPK) modelling to translate results from ex vivo experiments
into optimal dosing recommendations [41]. PBPK models are
structured in a physiologically relevant manner with virtual
organ compartments connected by blood flow. Each virtual
“organ” is parameterized with mass-balance differential
equations characterizing the disposition of the drug within the
compartment. In order to model drug exposure in patients on
ECLS, an ECLS “organ” can be linked to the PBPK model
and parameterized using data from ex vivo studies [32–38].
Model predictions can then be evaluated by comparing with
observed data from patients on ECLS and the drug of interest.

Conclusion

Milrinone is rapidly cleared by CRRT circuits and may
require altered dosing in critically ill patients being supported
by this therapy. Clinical studies that incorporate patient
pathophysiology are needed to inform optimal drug dosing.
By contrast, milrinone is not measurably adsorbed to compo-
nents of an ECMO circuit, thus dosing adjustments to account
for adsorption to the ECMO circuit are likely unnecessary.
These results will inform clinical studies of optimal dosing in
patients requiring ECMO and CRRT and improve the safety
and efficacy of milrinone in these vulnerable populations.
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