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Abstract

Introduction: Hypotension is an adverse event that may be related to systemic exposure of mil-
rinone; however, the true exposure-safety relationship is unknown. Methods: Using the
Pediatric Trials Network multicentre repository, we identified children <17 years treated with
milrinone. Hypotension was defined according to age, using the Pediatric Advanced Life
Support guidelines. Clinically significant hypotension was defined as hypotension with con-
comitant lactate >3 mg/dl. A prior population pharmacokinetic model was used to simulate
milrinone exposures to evaluate exposure-safety relationships. Results: We included 399 chil-
dren with a median (quarter 1, quarter 3) age of 1 year (0,5) who received 428 intravenous doses
of milrinone (median infusion rate 0.31 mcg/kg/min [0.29,0.5]). Median maximum plasma mil-
rinone concentration was 110.7 ng/ml (48.4,206.2). Median lowest systolic and diastolic blood
pressures were 74 mmHg (60,85) and 35 mmHg (25,42), respectively. At least 1 episode of
hypotension occurred in 178 (45%) subjects; clinically significant hypotension occurred in
10 (2%). The maximum simulated milrinone plasma concentrations were higher in subjects
with clinically significant hypotension (251 ng/ml [129,329]) versus with hypotension alone
(86 ng/ml [44, 173]) versus without hypotension (122 ng/ml [57, 208], p = 0.002); however,
this relationship was not retained on multivariable analysis (odds ratio 1.01; 95% confidence
interval 0.998, 1.01). Conclusions: We successfully leveraged a population pharmacokinetic
model and electronic health record data to evaluate the relationship between simulated plasma
concentration of milrinone and systemic hypotension occurrence, respectively, supporting the
broader applicability of our novel, efficient, and cost-effective study design for examining drug
exposure-response and —safety relationships.

Milrinone is a phosphodiesterase III inhibitor that induces pulmonary and systemic vasodila-
tion and improves diastolic heart function without increasing myocardial oxygen consump-
tion.! Milrinone is often used in adults and children with decompensated heart failure, but
is only approved by the United States Food and Drug Administration for use in adults.”
Despite lack of approval in children and limited safety data, milrinone is often used
off-label for pulmonary hypertension, decompensated heart failure, and shock with
vasoconstriction.”

Previously published adult literature regarding milrinone commonly cite plasma concentra-
tions >500 ng/ml to be associated with adverse events. These rare adverse events include hypo-
tension, arrhythmia, and thrombocytopenia.® Studies characterising the pharmacokinetics of
milrinone have been performed in neonates and children; however, these studies were not
intended, nor large enough, to detect dosing and exposure relationships to rare adverse
events.">~1® Hypotension is a rare adverse event that may be related to systemic exposure
of milrinone, but the true exposure-safety relationship in children is unknown. This knowledge
gap is primarily due to difficulties measuring systemic exposures and the need for sufficiently
large patient cohorts to detect these rare adverse events.

An alternate approach to large drug trials that is both feasible and cost effective is utilising
previously developed population pharmacokinetic models to predict individual drug exposures
in a cohort extracted from the electronic health record. Electronic health record data have been
previously used to characterise dose-safety relationships of drugs in children, but exposure
assessments remain limited predominantly to medications undergoing routine therapeutic drug
monitoring with invasive plasma concentration measurement.!”

In this study, we leverage the available dosing and clinical data from a multicentre electronic
health record-derived repository and a paediatric population pharmacokinetic model developed
from opportunistically collected pharmacokinetic data to predict exposures in children treated
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with milrinone.’ We then use these predicted exposures to charac-
terise their relationship with safety data and systemic hypotension,
which were collected in the electronic health record.

This study was approved by the Duke Institutional Review Board
with a waiver of informed consent. From a previously developed
multicentre electronic health record-informed real-world data
registry,'® we identified all children 17 years of age or younger
treated with intravenous infusion doses of milrinone. The reposi-
tory was created from nine sites around the United States with
386,159 inpatient encounters from 264,709 children using the
Patient-Centered Clinical Research Network data model. We
defined an encounter as a course of uninterrupted milrinone infu-
sion. The period of observation was time from the start of milri-
none infusion through its discontinuation, pause, or
interruption, plus a follow-up period, ending at the initiation of
a milrinone subsequent administration, up to 24 hours. We also
recorded any bolus doses of milrinone received during an encoun-
ter. For subsequent analysis, only the first encounter was retained
for each admission. We extracted demographic data, including ges-
tational age, postnatal age, gender, weight, height, and the closest
serum creatinine value, measured before the time of milrinone
administration from the electronic health record for each subject.
If multiple assessments of weight and height were collected during
an admission, the result closest to the encounter start time was
used. Baseline values were defined as the last value prior to the start
of the observation period, no more than 12 hours prior. For each
dose, we extracted the infusion rate (mcg/kg/min), duration of
infusion (min), total dose (mcg/kg), and the time and date of infu-
sion. Milrinone dosing information for all encounters was
harmonised to mcg/kg/min for infusions and mcg/kg for bolus
doses. Subjects with missing dosing parameters, weight, demo-
graphics, or those without an available baseline serum creatinine
value before dosing with milrinone were excluded from the analy-
sis, and we did not impute any clinical data. We estimated creati-
nine clearance using the modified Schwartz equation."®

We collected all systolic and diastolic blood pressure measure-
ments (in mmHg) during milrinone infusion and up to the first
four hours of the follow-up period, as well as date and time of
assessment. Dates and times of blood pressure measurement
recorded in the electronic health record were also extracted and
used as the time points for exposure simulation. A blood pressure
measurement immediately prior to milrinone administration was
used as a baseline to compare subsequent changes in blood pres-
sure. Hypotension was defined according to age, using the
Pediatric Advanced Life Support guidelines.?’ We defined minimal
systolic and diastolic blood pressure as the lowest values recorded
during the observation period. We defined clinically significant
hypotension as hypotension (as defined above) that occurred
within the same time point as a serum lactate of >3 mg/dL
Patients who did not have a lactate value drawn during the obser-
vation period had the closest lab value drawn to the time observed
used instead.

A previously developed population pharmacokinetic model for
milrinone in children under 21 years of age® was used to simulate
exposures in the subjects extracted from the electronic health
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record. The prior study was a multi-centre study that included
74 patients with 111 opportunistically collected plasma samples.
The model equations are provided in the Supplementary Methods.

For the purpose of simulation, fixed- and random-effect param-
eters were fixed to the final model estimates. Predicted milrinone
plasma concentrations at each assessment of blood pressure were
chosen to represent drug exposure. Individual simulated concen-
trations incorporated both the effects of clinical characteristics
included as covariates in the pharmacokinetic model and the effect
of remaining interindividual variability. A sensitivity analysis was
also performed wherein population predictions that ignore
remaining interindividual variability were used. We chose plasma
concentrations at time of blood pressure measurement as exposure
targets because prior studies have suggested safe plasma concentra-
tions of 100-300 ng/ml in children after cardiac surgery and mean
plasma concentrations >500 ng/ml to be associated with adverse
events in adults.*!! All exposure simulations were performed using
NONMEM (version 7.4.3, ICON Development Solutions, Ellicott
City, MD) with run management performed using Pirana
(version 2.3.8).2!

Standard summary statistics, including counts (percentages),
medians (quartile 1, quartile 3), and graphing techniques, were
used to characterise all study variables. When applicable, chi-
square, Fisher’s exact, and Wilcoxon rank sum tests were used
to compare categorical and continuous variable distributions
between groups. We stratified unadjusted analyses by age, time
after dose, and clinically relevant variables, including level of res-
piratory support received at the time of drug administration and
plasma lactate concentrations as surrogate markers for inadequate
tissue oxygen delivery at the time of milrinone dosing. We per-
formed linear and logistic regressions to evaluate subject-level rela-
tionships between exposure measurements and systolic or diastolic
blood pressure, change in systolic or diastolic blood pressure, or
hypotension, adjusting for subject postnatal age, weight, height,
and sex. We performed all statistical analyses using Stata 15.1
(College Station, TX, USA) and defined statistical significance as
a p-value < 0.05.

We included 399 children with a median (interquartile values
[IQV]) postnatal age of 1 year (0, 5) who received 428 intravenous
doses of milrinone. The median infusion rate of milrinone was
0.31 mcg/kg/min (0.29, 0.49) (Table 1). The median duration of
infusion was 67.7 hours (24.8, 139.8). The median simulated indi-
vidual plasma concentration of all milrinone concentrations was
80.3 ng/ml (35.8, 148.6) at a median of 10.5 hours (4.8, 17.3) after
the first dose. The median value of the highest plasma concentra-
tion of milrinone achieved was 110.7 ng/ml (48.4, 206.2). There
were 52/399 (13%) and 16/399 (4%) subjects with simulated maxi-
mum plasma concentrations greater than 300 ng/ml and 500 ng/
ml, respectively. The maximum simulated plasma concentrations
were statistically higher as infusion rate increased (Table 1,
p <0.001). Median serum creatinine was 0.41 mg/dl (0.29, 0.59),
and median estimated creatinine clearance was 107 ml/min/
1.73 m2 (50, 145). Only 6/399 (2%) subjects met the Food and
Drug Administration definition of severe renal impairment and
had an estimated creatinine clearance of less than 30 ml/
min/1.73 m2.


https://doi.org/10.1017/S1047951121003103

784

Table 1. Demographic data and drug dosing of subjects exposed to milrinone.

S. J. Commander et al.

Table 2. Blood pressure data of subjects exposed to milrinone

Median (IQV) or N (%) N =399 Median (IQV) or N (%) N =399
Age, years 1.0 (0.0, 5.0) Baseline systolic blood pressure in mmHg 94 (77, 105)
Postmenstrual age, weeks 92 (40, 300) Baseline diastolic blood pressure in mmHg 55 (46, 72)
Weight, kg 8 (4, 17) Baseline plasma lactate concentration in mg/dl 1.8 (1.3,2.7)
Female sex 212 (53%) Systolic blood pressure shift from normal baseline:

Milrinone infusion rate in mcg/kg/min 0.31 (0.29, 0.49)

Remain normal 214 (54%)

Milrinone duration of infusion in hr 67.7 (24.8, 139.8)

To systemic hypotension 177 (44%)

Number of doses per subject* 1.1(1,2)

Unknown/missing 7 (2%)

Simulated plasma concentration (all time points), 80.3 (35.8, 148.6)

ng/ml

Maximum simulated concentration based upon infusion rate in ng/mlt

<0.25 mcg/kg/min 76.5 (27.8, 92.9)

0.25-0.49 mcg/kg/min 109.7 (46.6, 185.3)

0.5-0.74 mcg/kg/min 166.9 (79.8, 299.5)

275.1 (124.0, 738.2)

>0.75 mcg/kg/min

*Doses per subject include bolus doses or adjustments of infusion rates.
tp < 0.001.
IQV = interquartile value.

Median baseline (IQV) systolic and diastolic blood pressures
were 94 mmHg (77, 105) and 55 mmHg (46, 62), and 3/399
(0.75%) subjects met the definition of hypotension at the time
of milrinone initiation (Table 2). The median (IQV) of the lowest
systolic and diastolic blood pressures recorded for each subject
over the study period were 74 mmHg (60, 85) and 35 mmHg
(25, 42), respectively. The median (IQV) change in systolic blood
pressure was 0 (—9, 9) and median change in diastolic blood pres-
sure was —2 (—12, 7). At least one episode of hypotension occurred
in 178/399 (45%) subjects. Unadjusted scatter plots did not show a
significant association between simulated plasma concentrations
of milrinone and systolic or diastolic blood pressure (Fig 1).
Plots were similar when repeated in a subset of infants (<1 year
of age) (Fig 2). All results were similar when plotting population
instead of individual predictions (data not shown). Eight percent
of hypotensive subjects received a bolus dose within 24 hours of
infusion initiation vs. 6% of subjects who did not have hypotension
(p =0.424). The median duration infusion [IQV] was not sta-
tistically different between subjects who became hypotensive
(70.48 hours [18.68, 42.60]) versus those who did not (58.05 hours
[28.48,133.98], p = 0.99). Similarly, the rate of infusion did not sig-
nificantly differ between subjects who became hypotensive (0.31
[0.30, 0.50]) versus those who did not (0.30 mcg/kg/min [0.29,
0.45], p=0.11).

A mixed linear regression with random intercept model was
run and did not reveal an association between milrinone concen-
tration and systolic blood pressure (slope coefficient 0.0014, 95%
confidence interval [CL; —0.002, 0.005], p =0.4), but did reveal a
small inverse association with diastolic blood pressure (slope coef-
ficient —0.0063, 95% CI [—0.0096, —0.0031], p > 0.001). When the
model was run to examine an association with milrinone concen-
tration and change in systolic and diastolic blood pressure, both
had a small, but statistically significant inverse relationship (sys-
tolic: slope coefficient —0.008, 95% CI [—0.015, —0.001]) (diastolic:
slope coefficient —0.015, 95% CI [—0.024, —0.007). Predicted mil-
rinone plasma concentrations did not differ between times of
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hypotension relative to those without hypotension (Fig 3). We also
did not observe a significant difference in measured systolic or dia-
stolic blood pressure when predicted milrinone plasma concentra-
tion was above the therapeutic threshold of 300 ng/ml (Fig 4). We
did not observe higher maximum plasma concentrations of milri-
none in subjects without hypotension at baseline who became
hypotensive (median 92 ng/ml IQV [47, 186]) compared to those
who maintained normal blood pressure throughout (122 ng/ml
[57, 207]), p=0.16). Similarly, the proportion of subjects with
hypotension did not differ between those whose simulated milri-
none concentrations exceeded the toxicity threshold of 500 ng/ml
and those whose did not (7/16 [44%] vs. 171/383 [45%], p = 0.99).
There were no incidences of clinically significant hypotension in
patients whose simulated milrinone concentration exceeded the
toxicity threshold of 500 ng/ml. In multivariable regression
adjusted for postnatal age, the highest simulated milrinone plasma
concentration was not associated with the occurrence of hypoten-
sion (odds ratio [OR] 0.9994, 95% CI [0.9980, 1.0008]), nor was
there an association between plasma concentration and progres-
sion of normotension to hypotension (OR 0.9995, 95% CI
[0.9981, 1.0009]).

Finally, we compared milrinone exposures between children
with episodes of clinically significant hypotension. This combina-
tion of findings occurred in only 10/399 (2%) subjects; however,
the highest simulated milrinone plasma concentrations were gen-
erally higher (median 251 ng/ml, IQV [129, 329]) in subjects with
clinically significant hypotension compared to subjects with hypo-
tension without concomitant lactate elevation (86 ng/ml [44, 173])
and subjects who did not suffer an episode of hypotension (122 ng/
ml [57, 208], p =0.002). Nevertheless, the relationship of higher
plasma concentrations seen with clinically significant hypotension
versus hypotension alone versus no hypotension was not retained
in the multivariable analysis (OR 1.01 [95% CI; 0.998, 1.01]).

We evaluated the relationship between predicted milrinone expo-
sures and hypotension in children by combining data from an elec-
tronic health record-derived inpatient data repository with
predicted exposures using a previously developed population phar-
macokinetic model. We simulated milrinone concentrations
within a similar range of values previously reported in this popu-
lation.” While we did not find a significant relationship between
simulated exposures of milrinone and hypotension, we successfully
evaluated the feasibility of this alternate design to characterize
exposure-safety relationships. This novel study design is cost-
effective, efficient, and minimizes risk by applying models to
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Figure 1. Association between simulated milrinone plasma concentration and systolic and diastolic blood pressure. (a) All simulated milrinone plasma concentrations versus
concomitant systolic blood pressure; (b) all simulated milrinone plasma concentrations versus concomitant diastolic blood pressure; (c) all simulated milrinone plasma con-
centrations versus concomitant absolute change in systolic blood pressure from baseline; (d) all simulated milrinone plasma concentrations versus concomitant absolute change
in diastolic blood pressure from baseline. Milrinone plasma concentrations cut-offs previously associated with efficacy are shown with horizontal red dashed lines.

existing data and reducing the need for prospective plasma sam-
pling and supplementing post-market surveillance studies in
children.

Systemic hypotension is a clinically significant and well-
described adverse event associated with milrinone administration
in adults and children.!>?223 The largest prospective pediatric trial
of milrinone conducted to date enrolled 238 children 0-6 years of
age receiving milrinone demonstrated systolic blood pressure
decreased by almost 10% within the first 4-8 hours of milrinone
infusion at both low and high doses.!* However, only 2.6% and
1.3% of the children in the high-dose (0.75 mcg/kg/min) and
low-dose (0.25 mcg/kg/min) arms, respectively, suffered clinically
significant hypotension. This estimate is similar to the prevalence
we observed in our cohort, where 9/399 (2%) of children had at
least one systolic blood pressure consistent with clinically signifi-
cant hypotension. Within the context of the clinical trial, clinically
significant hypotension was defined based on a combination of
blood pressure measurement and need for intervention. This is
much different than capturing all recorded systolic blood pressure
measurements as was done in our electronic health record-derived
data repository. Under the latter circumstances, erroneous mea-
surements, chronically low blood pressures, or intermittent and
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self-resolved episodes of hypotension related to other patient inter-
ventions (e.g., repositioning of critically ill patients or administra-
tion of bolus doses of sedation) are all captured. The repository also
did not capture all variables needed to define interventions to raise
blood pressure, such as intravenous fluid bolus or inotropic medi-
cation administration, nor indications for any of these interven-
tions. This could lead to fewer recorded episodes of
hypotension, elevated plasma lactate, and clinically significant
hypotension. Future analysis could be performed to identify hypo-
tensive episodes associated with interventions to raise blood pres-
sure, to help identify instances of clinically significant hypotension.

Prior studies have characterised a concentration range associ-
ated with efficacy (100-300 ng/ml) and showed that greater expo-
sure did not confer further benefit.'*?* Our study did not observe a
significant difference in measured systolic or diastolic blood pres-
sure when predicted milrinone plasma concentration was above
the therapeutic threshold of 300 ng/ml. In the absence of a com-
prehensive study evaluating the exposure-safety relationship of
milrinone in children, targeting plasma concentrations in the
100-300 ng/ml range may be reasonable.!>?* Although not the
aim of our study, our data do not suggest that more aggressive
monitoring of plasma exposures through therapeutic drug
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monitoring or other methods would result in improved safety of
milrinone in children as multivariable regression did not retain
significance when examining the highest dose of milrinone on
clinically significant hypotension (OR 1.01; 95% CI 0.99,
1.02; p = 0.06).

In adult populations, plasma concentrations >500 ng/ml have
been associated with increased risk of adverse events, including
systemic hypotension.'* Nevertheless, particularly in populations
with cardiac dysfunction, the interplay between milrinone thera-
peutic effect, adverse effects, and underlying systemic and cardio-
vascular physiology, including fluid status and preload, are
complex.!"2*2627 Since milrinone is both a positive inotrope and
systemic vasodilator, it may improve cardiac output and sub-
sequent blood pressure in subjects with abnormally high systemic
vascular resistance or abnormal myocardial contractility.?8%° As a
result, large interpatient variability in milrinone exposure, includ-
ing plasma concentrations greater than 500 ng/ml, has been found
in paediatric pharmacokinetic trials without a demonstrable effect
on safety profiles.'>?* Our study confirms these findings, with a
similar proportion of hypotension observed among the 16/399
(4%) subjects with predicted milrinone concentrations above the
500 ng/ml threshold compared to those who did not meet this
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threshold, and no episodes of clinically significant hypotension in
the 16 subjects with concentrations >500 ng/ml.

Studying drug safety based on real-word data, as is done in the con-
text of post-marketing surveillance systems, is a worthwhile
endeavour that can yield meaningful data, in addition to the data
collected within a clinical trial.*! Nonetheless, given the potential
generalisability of our approach to other drugs, it is important to
highlight some overall limitations. First, despite the obvious
differences in data collection and analysis strategies, neither our
analysis nor any previously conducted paediatric trials were able
to definitely characterise the relationship between milrinone expo-
sure and the occurrence of systemic hypotension. Furthermore,
clinically significant hypotension could be defined in another
way, without lactate elevation as a strict criterion, which would
increase the occurrence of this variable. Second, current methods
of extracting data from electronic health records are mostly
restricted to objective data points captured in individual fields.
More complex safety events would be difficult to capture, since
they would require a more comprehensive analysis of multiple
complex electronic health record data points. Third, while expo-
sure simulation is a cost-effective and feasible approach to explore
rare adverse events, it is not as robust as actual concentration mea-
surements in a clinical trial with a population pharmacokinetic
model exactly tailored to the collected data. Finally, the high inter-
individual variability in population pharmacokinetic models could
affect our ability to identify relationships that do exist between
exposure and adverse events. To address this limitation, we did
repeat predicted exposure-safety relationship assessment using
population rather than individual predictions, which do not incor-
porate interindividual variability into the simulation, which were
not statistically different.

In conclusion, we successfully leveraged a population pharmacoki-
netic model and electronic health record data to evaluate the rela-
tionship between simulated plasma concentration of milrinone
and the occurrence of systemic hypotension, respectively.
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Despite several limitations mentioned above, these findings are
consistent with prospectively collected data from prior studies
and support the broader applicability of our novel, efficient, and
cost-effective study design for the examination of drug expo-
sure-response and —safety relationships.

To view supplementary material for this article,
please visit https://doi.org/10.1017/51047951121003103
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