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AIM(S)
Little is known about the pharmacokinetic (PK) properties of g
entamicin in newborns undergoing controlled hypothermia after
suffering from hypoxic�ischaemic encephalopathy due to perinatal asphyxia. This study prospectively evaluates and describes
the population PK of gentamicin in these patients.

METHODS
Demographic, clinical and laboratory data of patients included in a multicentre prospective observational cohort study
(the ‘PharmaCool Study’) were collected. A non-linear mixed-effects regression analysis (NONMEM®) was performed to describe
the population PK of gentamicin. The most optimal dosing regimen was evaluated based on simulations of the final model.

RESULTS
A total of 47 patients receiving gentamicin were included in the analysis. The PK were best described by an allometric two
compartment model with gestational age (GA) as a covariate on clearance (CL). During hypothermia the CL of a typical patient
(3 kg, GA 40 weeks, 2 days post-natal age (PNA)) was 0.06 l kg�1 h�1 (inter-individual variability (IIV) 26.6%) and volume of
distribution of the central compartment (Vc) was 0.46 l kg�1 (IIV 40.8%). CL was constant during hypothermia and rewarming,
but increased by 29% after reaching normothermia (>96 h PNA).

CONCLUSIONS
This study describes the PK of gentamicin in neonates undergoing controlled hypothermia. The 29% higher CL in the
normothermic phase compared with the preceding phases suggests a delay in normalization of CL after rewarming has occurred.
Based on simulations we recommend an empiric dose of 5 mg kg�1 every 36 h or every 24 h for patients with GA 36–40 weeks and
GA 42 weeks, respectively.
© 2016 The British Pharmacological Society DOI:10.1111/bcp.12883
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WHAT IS ALREADY KNOWN ABOUT THIS SUBJECT

• Little is known of the pharmacokinetic (PK) properties of gentamicin in neonates receiving controlled hypothermia. Only a few
retrospective studies have been performed to evaluate these properties. For example, conflicting data exist with regard to the
changes in clearance (CL) of gentamicin in this population.

WHAT THIS STUDY ADDS
• A description of the PK properties of gentamicin in this patient population based on prospectively gathered data was obtained.
• We found a 29% higher CL during normothermia compared with the hypothermic and rewarming periods.
• We suggest a new dosing regimen with which adequate peak and trough levels will be acquired.
Introduction

Since 2008 controlled hypothermia is the standard of care
in The Netherlands for term newborns suffering from
hypoxic�ischaemic encephalopathy (HIE) due to perinatal
asphyxia. Approximately 170 asphyxiated term infants are
admitted annually to one of the 10 Dutch Neonatal Inten-
sive Care Units (NICU) for this treatment [1]. The amino-
glycoside gentamicin is frequently prescribed in neonates
with unexplained perinatal asphyxia as infection cannot
reliably be ruled out. However, it is largely unknown
whether hypothermia affects its pharmacokinetic (PK)
properties. Although a meta-analysis of several randomized
controlled trials studying the therapeutic effect of con-
trolled hypothermia in comparison with standard NICU
care showed no statistically significant difference in the
incidence of renal impairment [2], animal studies demon-
strated that systemic mild hypothermia may reduce the
glomerular filtration rate (GFR) in the immature kidney
[3]. Consequently, gentamicin clearance (Cl) could be im-
paired by hypothermia as this drug is mainly eliminated
by glomerular filtration. This can possibly result in amino-
glycoside toxicity [4].

In humans, only few studies have investigated the PK
characteristics of gentamicin in hypothermic neonates.
Liu et al. [5] reported no difference in the trough gentami-
cin concentrations between cooled and normothermic
neonates suffering HIE. Two other studies [6, 7], however,
found a reduced CL of gentamicin when comparing genta-
micin concentrations of cooled asphyxiated newborns with
either historical normothermic controls or previously
reported values in non-asphyxiated normothermic term
neonates.

The weaknesses of these three human studies are their
retrospective design, the fact that they studied merely
trough or peak concentrations of gentamicin, and that
they only evaluated the hypothermic phase of controlled
hypothermia without taking into account the dynamic
changes in PK characteristics of gentamicin during
rewarming.

The present study is the first prospectively designed
observational cohort study in neonates treated with
controlled hypothermia for HIE aiming to evaluate and
describe the population PK of gentamicin. Based on the
derived PK properties rational gentamicin dosing regimens
reaching adequate peak and trough plasma concentrations
are designed for this population.
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Methods

Patients
The ‘PharmaCool Study’ [8] is a multicentre prospective
observational cohort study conducted in 10 Dutch and two
Belgian NICUs between November 2010 and October 2014.
All NICUs had extensive clinical experience in the treatment
of asphyxiated newborns with controlled hypothermia. The
study was designed to evaluate the effects of hypothermia
on the PK properties of analgesic, antiepileptic, sedative and
antibiotic drugs.

Term newborns (>37 weeks gestational age (GA)) fulfilling
the criteria of perinatal asphyxia were cooled within 6 h after
birth to a core body temperature of 33.5°C for 72 h according
to national protocol [8]. Thereafter the infants were rewarmed
to normothermia (36.5°C) over a time period of 8 h. All new-
borns undergoing controlled hypothermia were deemed eligible
for inclusion. Exclusion criteria were the presence of congenital
hepatic or renal pathology, no central venous or arterial line in
situ for non-invasive blood sampling procedures or no parental
informed consent.

The study protocol was approved by the Institutional
Review Board of each participating centre.
Data and sample collection
The following demographic, clinical, and laboratory data
were collected: GA, birth weight (BW), gender, cause of the
perinatal asphyxia, extent and duration of invasive resuscita-
tion, need for ventilator and/or inotropic support, Thompson
score at the start of cooling, use of co-medication, daily urine
output, serum creatinine, urea, aspartate aminotransferase
(ASAT) and alanine aminotransferase (ALAT). Gentamicin
was prescribed as 4 mg kg�1 once daily according to the
Dutch Paediatric Formulary [9] with dosage adjustments
based on therapeutic drug monitoring (TDM). The date, dose,
start and end time of infusion and all sampling times were
recorded in the case report form (CRF). As most infants were
outborn in peripheral hospitals the timing and amount of
the initial gentamicin dose were largely unknown.

Although the timing of the daily dosing regimen could
vary between individuals, blood samples (0.2 ml) for PK anal-
ysis of gentamicin were collected at fixed time points after
birth: day 2 (hypothermia) 07.30, 09.00, 11.00, 13.00, 15.00
and 19.00 h, day 3 (hypothermia) 07.00, 13.00 and 19.00 h
and day 5 (normothermia) 07.30, 09.00, 11.00, 13.00, 15.00
and 19.00 h.



Gentamicin pharmacokinetics in neonates undergoing controlled hypothermia
The gentamicin concentration was analyzed in the PK
samples as previously described [10]. In short, ion-pair
reversed phase chromatography coupled with electrospray
ionization tandem mass spectrometry was used to quantify
the sum of the major gentamicin components (gentamicin
C, C1a, andC2) with a concentration range of 1.0–100mg l�1.
At the lowest limit of quantitation (LLOQ) accuracy was
119% and imprecision was less than 19%. The accuracies of
the middle level of quantification (MLQ) and upper limit of
quantification (ULOQ) were 98% and 99%, respectively.
Imprecision at these levels was <4.5% and <5.5%, respec-
tively. Only 25 μl of plasma was needed for analysis.

Pharmacokinetic modelling
Data were analyzed using the first order conditional estimation
(FOCE) method with interaction option in the non-linear
mixed-effectsmodelling software NONMEM version 7.2 (Globomax
LLC, Hanover, MD, USA). Tools like R (https://www.r-project.org/,
open-source, S-based statistical software, version 0.98.945), XPose
[11], and PsN [12] were used to visualize and evaluate the models.
The model building process was performed in a stepwise fashion.

Structural model
The concentration data were log-transformed and one, two
and three compartment models were fitted to the data. PK pa-
rameters were estimated as CL, volume of distribution of the
central and peripheral compartment (Vc and Vp, respec-
tively), and inter-compartmental clearance (Q). For all param-
eters inter-individual variability (IIV) and covariance were
tested assuming a log-normal distribution [13]. To account
for variability in PK parameters due to the varying sizes of
individual children BWwas included in all model parameters
using an allometric power model in which the parameter
values were standardized to a body weight of 70 kg:

P ¼ θ1� BW=70ð ÞPWR (equation 1)

where θ1 is the typical value of the parameter P and PWR is
the allometric scaling parameter, which was fixed at values of
0.75 and 1.0 for CL and V, respectively [14]. However, PWR
was also estimated to evaluate if this would result in a better
fit. Residual variability was estimated using additive and
proportional error models. To account for the lacking data
on the initial gentamicin dose a standard dose of 4 mg kg�1

with variable bioavailability was assumed to extrapolate the
pre-study time profile concentrations. The likelihood ratio
test was used to evaluate statistical significance between
nested models where a reduction in the OFV ≥ 3.9 points
was considered as statistically significant (P < 0.05 based on
χ2 distribution, d.f. = 1). Also, goodness-of-fit (GOF) plots
(population or individual predictions vs. observations,
individual conditional weighted residuals (CWRES) vs. indi-
vidual predictions and CREWS vs. time), the total number of
parameters, visual improvement of individual plots, correla-
tion matrix, confidence intervals of parameter estimates, ill-
conditioning, and η- and ε-shrinkage were assessed [13, 15].
The ill-conditioning was assessed by the ratio of the largest
and smallest eigenvalue of the covariance matrix of the
estimate from the NONMEM output. A ratio > 1000 indicates
ill-conditioning of the model and is often due to over-
parameterization.

Covariate model
Continuous covariates were tested separately in the model,
using a power function equation:

P ¼ θ1� COV=COVmedianð Þθ2 (equation 2)

where θ1 is the typical value of the parameter P in a patient
with the median covariate value (COV) and θ2 is the
fractional change in P with each unit of deviation from the
median COV. Continuous covariates tested were post-natal
age (PNA), post-menstrual age (PMA), GA, body temperature,
ASAT, ALAT, serum creatinine, urea, and daily urine output.
PMA was calculated by adding GA (in days) to PNA (in days).
Categorical covariates were implemented in the model
according to the following equation:

P ¼ θ1� θ2ð ÞCOV (equation 3)

where θ1 is the typical value of the parameter P and θ2 is the
fractional difference in P between categories. For categorical
dichotomous data (gender, cooling: on/off, multi-organ failure
(MOF): yes/no and inotropic co-medication: yes/no) the value
of the covariate was set to 0 for the reference classification and
1 for the other classification. MOF was considered to be present
if a patient had renal- or liver function failure, which were
defined as described by Shah et al. [16]

Also, CL per study day was assessed by:

CL ¼ θ1� θ2ð ÞSD2� θ3ð ÞSD3 � θ4ð ÞSD4� θ5ð ÞSD5 (equation 4)

where θ1 is the typical value of CL at study day (SD) 1 (0–24h
PNA) and θ2, θ3 and θ4 are the fractional differences in CL per
study days SD2 (24–48 h PNA), SD3 (48–72 h PNA), SD4
(72–96 h PNA) and SD5 (>96 h PNA), respectively.

As the study subjects were newborns with a continuous
development of organ function in time, maturation models
were applied to evaluate the effect of maturation on the param-
eter estimates. Sigmoid Emax functions and sigmoid hyperbolic
functions, an extension to the sigmoid Emax model that allows
it to take an asymmetric shape, were tested [17, 18].

In a stepwise fashion the significance of covariates was
tested [13]. In the forward inclusion a P value of <0.05 was
applied (a decrease in the objective function value (OFV) of
at least 3.8 points for one degree of freedom), while a more
stringent P value of<0.001 was used in the backward deletion
(a decrease in the OFV of at least 10.83 points for one degree of
freedom).

Model evaluation and simulation
To evaluate parameter precision and model stability a non-
stratified non-parametric bootstrap analysis was performed
using the PsN Toolkit [12] in which the model-building
dataset was resampled a 1000 times to produce a new dataset
the size of the original but with a different combination of
individuals. The parameter estimates obtained with the
bootstrap (median values and 95% CI) were compared to
the parameter estimates of the final PK model.
Br J Clin Pharmacol (2016) 81 1067–1077 1069
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The normalized prediction distribution error (NPDE) method
was used to evaluate the predictive properties of themodel. To do
so, the dataset was simulated 2000 times in NONMEM using
Monte-Carlo simulations in which the random effects were
included. If the model adequately describes the simulated data,
the NPDE is expected to follow aN(0,1) distribution. A histogram
and QQ plot of the NPDE distribution and NPDE vs. individual
predicted concentrations and vs. time were used to evaluate the
final model [19].

To examine the most optimal dosing regimen during con-
trolled hypothermia Monte Carlo simulations (n = 5000)
using the final model were performed in NONMEM on a selec-
tion of patients from the original database with varying GA
andBW inwhichdifferent dosage regimens (i.e. 4 or 5mg kg�1

every 24, 36 or 48 h for a 7 day period) were evaluated. The
median concentration in mg l�1 with interquartile range
(IQR) of the trough and peak concentrations were computed.
Trough concentrations of <1mg l�1 and peak concentrations
of 8–10 mg l�1 were chosen as reference values and based on
the results the best dosing regimen was selected [20, 21].
Then, the median and the 5th and 95th percentiles of the sim-
ulated concentrations (n = 1000, samples drawn every hour)
of this regimen were computed for graphical display.
Results

Patients
In total 194 newborns were included in the multicentre
PharmaCool Study [8]. Completed data were available for
183 subjects. Data of 11 patients were not complete and could
therefore not be evaluated. Of these 183 cases a total of 47
patients receiving gentamicin during controlled hypother-
mia were included in the current analysis. A summary of
demographic and clinical characteristics is presented in
Table 1. The median daily gentamicin dose was 13.3 (range
Table 1
Demographics: data are presented as median (minimum–maximum) unless

Parameter Gentamicin populatio

GA (weeks)† 40 (36–42)

BW (g)† 3400 (2090–5070)

Male 27 (58.7%)*

PNA§ 4.7 (2.3–5.2)

SCr (μmol l–1)‡ 49 (26–114)

ASAT (U l–1)‡ 58 (19–9179)

ALAT (U l–1)‡ 23 (3–2631)

MOF‡ 19 (40.4%)*

Inotropic medication‡ 30 (63.8%)*

Thompson score† 9 (3–19)

*Data presented as n (%). †Parameter measured at admittance. ‡Parameter m
study period. GA, gestational age; MOF, multi organ failure; SCr, serum creat
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9.0–20.3) mg (i.e. 4.0 (range 3.5–5.1) mg kg�1). Thirty-three
patients (70%) received a median dose of 4.0 (range 3.6–4.1)
mg kg�1 24 h–1, eight patients (17%) received a median dose
of 4.0 (range 3.8–4.6) mg kg�1 36 h–1, three patients (6%)
received a dose of 4.0 mg kg�1 48 h–1, one patient (2%) re-
ceived a dose of 5.1 mg kg�1 36 h–1 and two patients (4%) re-
ceived a dose of 4.9 and 5.0 mg kg�1, respectively, 48 h–1.
Furthermore, 19% of the patients received gentamicin ther-
apy for more than 3 days. A total number of 612 blood sam-
ples were available for analysis. The median number of
blood samples taken per patient was 14 (range 4–16) in total,
nine (range 3–9) during hypothermia and six (range 0–6) dur-
ing normothermia. For seven patients samples during
rewarming were available as residual material of other labora-
tory monitoring and could be analyzed. The observed con-
centrations vs. the time after dose are presented in Figure 1.

Pharmacokinetic model building
A two compartment model parameterized in terms of CL, Vc,
Vp, and Q was preferred to a one and three compartment
model. Parameters were normalized for a body weight of
70 kg using fixed exponents according to the ¾ rule [14]. Re-
sidual variability of the log-transformed data was described
with an additive error model. IIV could be estimated for CL,
Vc and Vp. Variability between CL and Vc was correlated
(r = 0.81). To account for the lacking data on the initial genta-
micin dose a standard dose of 4 mg kg�1 with variable bio-
availability was assumed to extrapolate the pre-study time
profile concentrations. The bioavailability of the first virtual
standard dose of 4 mg kg�1 was 142% with an IIV of 75.4%.
The structural two compartment model had an OFV of �811.
The parameters of the structural model are shown in Table 2.

In the covariate analysis GA and PMA were identified as
significant covariates on CL, causing a drop in OFV of 17.1
and 19.3 points, respectively. As PMA is the sum of GA and
PNA, and as GA gave the highest drop in OFV compared with
PNA, GA was considered the most influential variable and was
stated otherwise

n (n = 47) Total population (n = 183)

40 (36–42)

3400 (2090–5070)

112 (61.2%)*

4.7 (1.9–5.0)

53 (9–295)

80 (19–9179)

36 (3–2631)

101 (55.2%)*

111 (60.7)*

9 (3–19)

easured throughout study period. §Parameter measured at end of
inine; BW, birth weight.



Figure 1
Observed gentamicin concentrations (mg l–1) vs. the time after dose
(hours) plot

Gentamicin pharmacokinetics in neonates undergoing controlled hypothermia
therefore implemented as a covariate on CL using a power
function (P < 0.001). No relationship between CL and the fol-
lowing patient parameters was detected: BW, PNA, gender,
body temperature, cooling on/off, inotropic co-medication,
ASAT, ALAT, serum creatinine, urea, daily urine output and
MOF. Maturation models as covariates on CL did not improve
the PK model. Furthermore, estimation of the allometric
exponents of CL and V did not result in a better fit. For Vc

and Vp no significant covariate-parameter relationship was
identified.
Table 2
Parameter estimation of structural and final pharmacokinetic models, with

Structural model Final m
Parameters Estimates CV (%) Estimat

OFV �811 - �844

CL (l h�1/70 kg) 1.86 4 1.89

θCLGA - - 3.00

θSD5 - - 1.29

Vc (l/70 kg) 31.8 9 32.5

Q (l h�1/70 kg) 2.16 12 2.01

Vp (l/70 kg) 28.6 8 30.3

Additive error 0.15 9 0.15

IIV CL (%) 30.1 13 26.6

IIV Vc (%) 37.7 22 40.8

IIV Vp (%) 52.3 19 53.3

IIV additive residual error (%) 53.4 16 50.2

Final model:
TVCL = CL x (BW/70)0.75 x θSD5 x (GA/GAmedian)

θCLGA

TVVc =Vc x (BW/70)1

TVQ = Q x (BW/70)0.75

TVVp =Vp x (BW/70)1
†Median estimates. OFV objective function value; CL clearance; θCLGA fraction
fractional increase in CL from study day 5 on; CV coefficient of variation; CI con
Q inter-compartmental clearance; Vp volume of distribution of the periphera
study day 5 (>96 h post-natal age)
Interestingly, when CL was assessed per study day it was un-
changed during studydays 1, 2, 3 and 4,whereas it increasedwith
44% from study day 5 on. Applying this effect in the model
caused a drop in the OFV of 25.8 points (P < 0.001, d.f. = 4). For
reasons of parsimony, themodel was thenparameterized in terms
of CL before or at study day 5 by defining a categorical covariate
which equals 1 at study day 5 and 0 before study day 5. The time
dependency of CL resulted in a drop in OFV of 14.1 points com-
pared with the structural model. CL at study day 5 was 29%
higher than CL before study day 5 (P < 0.001). The period from
study day 5 on (>96 h PNA) reflects the period after rewarming
has ended and thus normothermia has been reached. Combined
inclusion of the covariates GA and study day 5 on CL gave a drop
in OFV of 32.0 points compared with the structural model.

The η and ε shrinkage were<20% rendering the EBE-based
diagnostics useful for model evaluation [11]. An individual
concentration vs. time curve using POSTHOC PK values is
presented in Figure 2.
Model validation and simulation
Table 2 gives a summary of the parameter estimates of the
structural and final model, and the values of the bootstrap
analysis of the final model. As the latter was in agreement
with those of the final population PK model, the final
model estimates are considered reliable. The diagnostic plots
are shown in Figure 3 and indicate that the final model
describes the observed data well. The observed concentrations
final model associated bootstraps

odel Final bootstrap (n = 1000 samples)
es CV (%) Estimates† CI (2.5%) CI (97.5%)

-

4.5 1.87 1.74 2.05

16 3.00 1.78 4.76

12 1.30 0.99 1.67

10 32.0 26.6 38.1

12 2.03 1.52 2.53

9 30.3 24. 9 37.3

9 0.15 0.13 0.18

15 25.7 16.8 34.2

22 40.6 21.9 59.3

23 50.5 26.8 95.7

15 48.7 27.3 67.1

al change in CL with each unit of deviation from the median GA; θSD5
fidence interval; Vc volume of distribution of the central compartment;
l compartment; IIV inter-individual variability; TV typical value; SD5

Br J Clin Pharmacol (2016) 81 1067–1077 1071



Figure 2
Concentration gentamicin (mg l–1) vs. time (h) plot of a patient
(male, GA 41 weeks, and BW 3790 g) included in the PharmaCool
Study. The black dots represent the measured concentrations of
gentamicin. The black line represents the individual concentration–
time curve derived from post hoc PK values. The periods from
0–72 h, 72–96 h and >96 h reflect the hypothermic, the rewarming
and the normothermic phase, respectively

Y. A. Bijleveld et al.
vs. population-predicted concentrations (including IIV) and vs.
the individual-predicted concentrations show that the data are
evenly distributed around the line of identity indicating that
Figure 3
Goodness-of-fit plots of observations vs. the population (PRED) and individ
vs. time after dose. The solid line represents the line of identity

1072 Br J Clin Pharmacol (2016) 81 1067–1077
no major bias in the population component of the final model
exists and that an appropriate structuralmodel is found formost
individuals. Furthermore, in the CWRES vs. time after dose plot
the data are evenly distributed around zero with most values
between ± 2, which means there is no major bias. No
ill-conditioning was found in the final model as the ratio of
the largest and smallest eigenvalue of the covariance matrix of
the estimate was 160.

In Figure 4 the NPDE plots are shown. The QQ-plot
compares the distribution of the NPDE with a normal N(0,1)
distribution. The points are close to the line y = x which sug-
gests the absence of (major) bias. Also, the histogram of the
NPDE is shown. From this figure it can also be seen that the
NPDE follows the normal distribution, indicating a good fit
of the model to the individual data. In the diagnostic plot of
NPDE vs. time no apparent trend was observed up to 96 h
PNA. However, after 96 h PNA a light trend can be seen
wherein the mean of the NPDEs seems negative and signifi-
cantly different from 0, and the variance significantly different
from 1. Notwithstanding, GOF plots for the data >96 h PNA
(figures not shown) indicated that the final model did describe
the observed >96 h PNA data well. As can be seen from Table 3
in which the results of simulations based on the final model
are presented, a dosage regimen of 5 mg kg�1 every 36 h or
every 24 h for patients with GA 36–40 weeks and GA
42 weeks, respectively, will result in sufficient trough and
ual predictions (IPRED), and conditional weighted residuals (CWRES)



Figure 4
A) QQ-plot of the metrics based on observations vs. the theoreticalN(0,1) distribution. B) histogram of the NPDE distribution with the dashed line
representing a normal distribution as a reference. C) NPDE vs. time (h)

Table 3
Simulated trough and peak gentamicin concentrations based on the final model

Dosing frequency and dose

24 h 36 h 48 h

GA (weeks) Sample 4 mg kg�1 5 mg kg�1 4 mg kg�1 5 mg kg�1 4 mg kg�1 5 mg kg�1

Simulated median (IQR) gentamicin peak and trough concentrations (mg l�1)

36 Trough 1.4 (1.1�1.8)* 1.6 (1.2�2.1)* 0.6 (0.4�0.8) 0.7 (0.5�1.0) 0.5 (0.2�0.6) 0.4 (0.2�0.6)

Peak 2.7 (2.1�3.5)* 10.3 (8.2�12.8)* 7.6 (6.0�9.5)* 9.5 (7.5�11.9) 7.5 (5.9�9.2)* 9.3 (7.4�11.5)

38 Trough 1.1 (0.9�1.5)* 1.4 (1.1�1.9)* 0.5 (0.4�0.7) 0.6 (0.3�0.8) 0.3 (0.2�0.4) 0.3 (0.1�0.5)

Peak 8.2 (6.5�10.2) 10.2 (8.1�12.7)* 7.6 (6.0�9.5)* 9.5 (7.5�11.9) 7.5 (5.9�9.3)* 9.3 (7.4�11.6)

40 Trough 0.8 (0.6�1.1) 1.0 (0.7�1.4)* 0.3 (0.2�0.5) 0.4 (0.2�0.6) 0.2 (0.1�0.3) 0.2 (0.1�0.3)

Peak 7.9 (6.2�9.8)* 9.8 (7.8�12.2) 7.4 (5.9�9.3)* 9.2 (7.3�11.6) 7.3 (5.8�9.1)* 9.1 (7.2�11.3)

42 Trough 0.6 (0.39�0.84) 0.7 (0.5�1.1) 0.2 (0.1�0.4) 0.3 (0.1�0.4) 0.1 (0.0�0.2) 0.1 (0.0�0.2)

Peak 7.5 (6.0�9.3)* 9.4 (7.5�11.7) 7.2 (5.7�9.0)* 8.9 (7.1�11.2) 7.1 (5.6�8.8)* 8.9 (7.0�11.0)

*Median simulated gentamicin concentrations outside the reference range. GA, gestational age; IQR, interquartile range.

Gentamicin pharmacokinetics in neonates undergoing controlled hypothermia
peak concentrations for patients during the 5 day period of
cooling, rewarming and normothermia. The concentration–
time profiles of the recommended dosage regimen are shown
in Figure 5.
Discussion
To our knowledge this is the first and largest prospective
study evaluating the PK characteristics of gentamicin in
Br J Clin Pharmacol (2016) 81 1067–1077 1073



Figure 5
Model-based predicted median gentamicin concentration–time profiles (solid line) and the 5th and 95th percentile intervals (dashed lines) for four patients
with varying gestational ages and body weights receiving 5mg kg�1 gentamicin every 36 h (GA< 42weeks) or every 24 hours (GA 42weeks). The shaded
area represents the target concentration interval for the peak level (8–10mg l�1) and the solid line at 1mg l�1 depicts themaximum concentration allowed
for the trough level. The periods from 0–72 h, 72–96 h and >96 h reflect the hypothermic, the rewarming and the normothermic phase, respectively
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asphyxiated term infants with HIE undergoing controlled
hypothermia.

The PK properties of gentamicin were best described by a
two compartment model with GA and BW being primary
factors of influence on CL. Both are known mediators of
1074 Br J Clin Pharmacol (2016) 81 1067–1077
GFR maturation and drug clearance [22, 23]. Notably, we
found that the CL from study day 5 on (>96 h PNA) was
29% higher than the CL at study days 1–4. The period
>96 h PNA reflects the period after rewarming has ended
and thus normothermia has been reached. For a typical



Gentamicin pharmacokinetics in neonates undergoing controlled hypothermia
patient of 3 kg, 2 days PNA, and a GA of 40 weeks we found a
CL of 0.06 l kg�1 h�1�1 (IIV 26.6%) during hypothermia,
which is slightly higher than that found in previously
published retrospective studies in the same patient popula-
tion [6, 7]. Mark et al. [6] compared the PK properties of
gentamicin in 16 neonates with HIE (median GA 38.4 weeks,
BW 2.93 kg) during controlled hypothermia with a historical
control group of seven uncooled infants. They concluded
that hypothermia reduced gentamicin CL by 25.5%
(hypothermia group: 0.04 ± 0.01 l kg�1 h�1, normothermia
group 0.05 ± 0.01 l kg�1 h�1). We could not compare our
results with a control group prospectively because of
evident ethical considerations. Frymoyer et al. [7] found a
CL of 0.036 l kg�1 h�1 for a typical patient with a BW of
3.3 kg in their population of 29 hypothermic neonates
and concluded that the estimate of CL was 25–50% lower
than previously reported in non-asphyxiated normother-
mic neonates. On the other hand, Liu et al. [5] reported
that reduced body temperature did not affect the CL of
gentamicin as they did not find differences between the
trough gentamicin concentrations of hypothermic and
normothermic patients. However, they did not report on
peak concentrations or PK parameters of gentamicin. These
three studies conducted in hypothermic neonates were of
retrospective design and did not include as many patients
as our trial. Furthermore, in the referred studies, only
trough or peak samples were evaluated whereas in our
study the whole PK profile of gentamicin was described
using multiple serial samples collected during all phases
of controlled hypothermia, i.e. hypothermic, rewarming
and normothermic phase.

Although others found that PNAwas a covariate on genta-
micin CL in preterm and term neonates of varying GA and
PNA [24–26], our study could not confirm this in our specific
patient group. We found that CL at study days 1, 2, 3 and 4
remained constant. As PNA (as a continuous covariate) nor
the maturation models tested were found to be covariates,
the subsequent rise found in CL from study day 5 on (>96 h
PNA) cannot be attributed to maturation of kidney function.
Fuchs et al. [24] studied the population PK properties of
gentamicin in a cohort of premature and term neonates not
receiving controlled hypothermia. They showed that CL
increased per day PNA. As such an increase was not seen in
our study during the first 96 h PNA it is likely that CL is
affected by hypothermia, although a direct effect of body
temperature was not found to be a covariate on CL. These
findings suggest that there is a delay in kidney function
maturation with respect to gentamicin CL after controlled
hypothermia has been discontinued.

In our patient population the Vc was found to be
0.46 l kg–1 (IIV 40.8%) for a typical patient of 3 kg and
40 weeks GA. This is comparable with values found in
hypothermic and non-hypothermic neonates [6, 7, 24, 25,
27–30]. Contrary to CL, no changes in time were seen in
Vc and therefore hypothermia does not seem to influence
this PK parameter.

Simulations based on our final model demonstrated that
all neonates receiving controlled hypothermia are expected
to reach median target peak and trough levels (8–10 mg l�1

and <1 mg l�1, respectively) with an empiric dose of
5 mg kg�1 every 36 h or every 24 h for patients with GA
36–40 weeks and GA 42 weeks, respectively. Dosing gentami-
cin every 24 h resulted in trough concentrations of >1 mg l�1

for patients with GA< 42 weeks. This was also observed in the
study of Liu et al. where at a dose of 4–5 mg kg�1 gentamicin
every 24 h 36% of hypothermic and 44% of normothermic
neonates had elevated trough concentrations, i.e. >2 mg l�1

[5]. Also, Mark et al. [6] and Frymoyer et al. [31] found that a
dose of 4 and 5 mg kg�1, respectively, every 36 h was needed
to achieve adequate trough levels in cooled HIE infants,
whilst still attaining adequate peak levels. Our proposed
dosing schedule of 5 mg kg�1 every 36 h or every 24 h for pa-
tients with GA 36–40 weeks and GA 42 weeks, respectively,
during controlled hypothermia is different from the current
dosing schedule of the Dutch Paediatric Formulary [9] in
which gentamicin is dosed for all newborns as 4 mg kg�1

every 36 h (GA 32–37 weeks) and 4 mg kg–1 every 24 h
(GA > 37 weeks). However, we recommend TDM using
Bayesian forecasting before the second dose to optimize
the dosage as the inter-patient variability in CL and Vc is
considerable with values of 26.6% and 40.8%, respectively.

We could not compare our results with a control group. As
mentioned earlier, it is not possible to compare prospectively
hypothermic HIE patients with non-hypothermic HIE
patients, as controlled hypothermia is the standard of care.
Furthermore, comparison with a historic control group will
not lead to a better evaluation of the PK properties of
gentamicin as the clinical characteristics of these controls
are not completely comparable with our cohort of cases due
to changed treatment and admission criteria after introduc-
tion of the hypothermia protocol.

In conclusion, this study shows that the PK profile of
gentamicin in asphyxiated patients treated with controlled
hypothermia was best described by a two compartment
model with GA and BW as the primary factors of gentamicin
CL. CL was 29% higher in the normothermic phase compared
with the preceding hypothermic and rewarming phases,
suggesting a delay in normalization of CL after rewarming
has occurred. Based on simulations we recommend an
empiric dose of 5mg kg�1 every 36 h or every 24 h for patients
with GA 36–40 weeks and GA 42weeks, respectively, followed
by TDM using Bayesian forecasting before the second dose in
this specific patient population.
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