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Aim

 

Identify and quantify factors describing variability of amikacin clearance in preterm
neonates at birth.

 

Methods

 

Population pharmacokinetics of amikacin were estimated in a cohor t of 205 extreme
preterm neonates [post conception age (PCA) 27.8, SD 1.8, range 24–30 weeks;
weight 1.07, SD 0.34, range 0.45–1.98 kg, postnatal age 

 

<

 

72 h]. Covariate analysis
included weight, PCA, Apgar score, prophylactic administration of a nonsteroidal anti-
inflammatory drug (NSAID) to the neonate, maternal indomethacin and betametha-
sone administration, and chorioamnionitis.

 

Results

 

A one-compartment linear disposition model with zero order input (0.3 h i.v. infusion)
and first-order elimination was used. The population parameter estimate for volume
of distribution (

 

V

 

) was 40.2 l per 70 kg. Clearance (CL) increased from 0.486 l h

 

−

 

1

 

per 70 kg at 24 weeks PCA to 0.940 l h

 

−

 

1

 

 per 70 kg by 30 weeks PCA. The population
parameter variability (PPV) for CL and 

 

V

 

 was 0.336 and 0.451. The use of a NSAID
(either aspirin or ibuprofen) in the first day of life reduced amikacin clearance by
22%. Overall 65% of the variability of CL was predictable. Weight explained 48%,
PCA 15% and NSAIDs 2%.

 

Conclusions

 

Size and post-conception age are the major contributors to clearance variability in
extreme premature neonates (

 

<

 

31 weeks PCA). The large (35% of total) unexplained
variability in clearance reinforces the need for target concentration intervention to
reduce variability in exposure to a safe and effective range.

 

Introduction

 

Bactericidal effectiveness of amikacin, like any other
aminoglycoside, mainly relates to intermittent, discon-
tinuous peak concentrations due to the postantibiotic
effect, while renal side-effects and ototoxicity relate to
the  average  plasma  concentration,  based  on  satura-
tion of renal and cochlear cell binding sites. The com-
bination of effectiveness and safety has resulted in the
concept of administration of larger doses with extended

dosing intervals between consecutive administrations
[1–6]. For example, using once daily dosing, the initial
concentration of gentamicin is recommended to be 15–
30 mg l

 

−

 

1

 

 compared with 5–10 mg l

 

−

 

1

 

 in a three times a
day dosing [7].

It is assumed that an initial amikacin target concen-
tration range of 15–30 mg l

 

−

 

1

 

 and trough concentration
of less than 5 mg l

 

−

 

1

 

, corresponding to an average
steady-state concentration of about 10 mg l

 

−

 

1

 

, are ade-
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quate targets in a ‘once daily’ approach, but the
between-subject variability in pharmacokinetics (PK)
makes it difficult to achieve a safe and effective dose
regimen in the individual premature neonate. Nothing
appears to be known about within-patient variability in
this age group (between occasion variability) which is
the limiting factor for using target concentration inter-
vention (TCI) to achieve safe and effective levels of
variability [7].

The effect of ibuprofen on amikacin clearance in a
cohort of 73 extremely premature neonates [post con-
ception age (PCA) age below 31 weeks] inlcuded in the
Multicentre Ibuprofen Prophylaxis Study (MIPS) trial
was recently described [8]. Based on these observations,
a more elaborated, PCA-based dosing chart was imple-
mented in the Gasthuisberg Neonatal Intensive Care
Unit (NICU) with an increase of the time interval
between consecutive administrations of amikacin if ibu-
profen was coadministered [3, 9].

We had the opportunity to examine the effect of these
dosing adaptations in a cohort of 205 extreme premature
neonates admitted in a time interval before (1999–2002)
and following implementation (2002 to October 2004).
In addition, a population-based approach was used to
predict sources of the variability. This current study
investigated pharmacokinetics only and did not consider
pharmacodynamics except to acknowledge empirically
derived target concentrations.

 

Methods

 

Patients

 

Perinatal data of infants admitted in the unit since
1 January 1996 were available in a prospectively col-
lected database. These data were searched for all neo-
nates admitted from January 1999 to September 2004
in the first day of life with a PCA below 31 weeks,
postnatal age 

 

<

 

3 days and on respiratory support. Neo-
nates were included in this retrospective study if data
on two (peak and trough) serum samples of amikacin
were available. Maternal and neonatal characteristics
(PCA at birth, birth weight, Apgar score at 1 and
10 min, antenatal betamethasone, antenatal indometa-
cin, chorio-amnionitis) were extracted from this data-
base. Based on the above-mentioned criteria, the study
involved 205 preterms with a mean PCA of 27.8 (SD
1.8) weeks and a mean birth weight of 1.07 (SD
0.34) kg.

Before the Gasthuisberg NICU contributed to the
MIPS  trial  (1999),  acetylsalicylic  acid  (4 

 

×

 

 20 mg
kg

 

−

 

1

 

 day

 

−

 

1

 

 of acetylsalicylic acid-lysine, i.e. 4 

 

×

 

 11 mg
kg

 

−

 

1

 

 day

 

−

 

1

 

 of acetylsalicylic acid for 2 days) was
routinely administered in premature neonates who

developed respiratory distress syndrome necessitating
respiratory support and surfactant administration.

During inclusion in the MIPS trial (2000–2001) pre-
mature neonates with a PCA 

 

<

 

31 weeks at birth were
randomized in a double-blind manner to receive either
ibuprofen-lysine or placebo (normal saline) in the first
3 days of life. The first dose (10 mg kg

 

−

 

1

 

, 1 ml kg

 

−

 

1

 

) of
ibuprofen-lysine was administered as an i.v. infusion of
15 min in the first 6 h of life. The two consecutive doses
(5 mg kg

 

−

 

1

 

, 0.5 ml kg

 

−

 

1

 

) were administered 24 and 48 h
later. Exclusion criteria for the MIPS trial were perinatal
asphyxia (Apgar score at 5 min 

 

<

 

5), serum creatinine

 

>

 

1.3 mg dl

 

−

 

1

 

, clinical bleeding tendency or thrombocy-
topenia (platelet count 

 

<

 

60 000 mm

 

−

 

3

 

), life-threatening
septicaemia or documented intraventricular haemor-
rhage before inclusion [8]. Both nonsteroidal anti-
inflammatory drugs (NSAIDs) were administered to
induce closure of an asymptomatic patent ductus
arteriosus.

The MIPS trial was approved by the local ethics com-
mittee of the University Hospital, Gasthuisberg, Leuven
and neonates were included following informed consent
from parents [8]. In contrast to the MIPS trial, only data
in premature neonates on respiratory support were eval-
uated in this current study. Shortly after finalization of
the MIPS trial, we temporarily continued to administer
ibuprofen in premature neonates who required respira-
tory support and surfactant administration. No addi-
tional ethical approval was sought for the collection and
the retrospective analysis of amikacin and clinical data
used in this present report.

 

Amikacin: drug administration and sampling

 

Amikacin (20 mg kg

 

−

 

1

 

 per 36 h in neonates with a PCA
below 30 weeks and 20 mg kg

 

−

 

1

 

 per 24 h in neonates
with a PCA of 

 

≥

 

30 weeks) and ampicillin (2 

 

×

 

50 mg kg

 

−

 

1

 

 day

 

−

 

1

 

) was the standard empirical treatment
for suspected early-onset bacterial infection in the Gast-
huisberg NICU until shortly after the finalization of the
MIPS trial. A more complex PCA-based dosing chart
was implemented in 2002 based on the suggestions of
Langhendries 

 

et al.

 

 (PCA 

 

<

 

28 weeks, 20 mg kg

 

−

 

1

 

 per
42 h; PCA 28–30 weeks, 20 mg kg

 

−

 

1

 

 per 36 h; PCA 31–
33 weeks, 18.5 mg kg

 

−

 

1

 

 per 30 h; PCA 34–37 weeks,
17 mg kg

 

−

 

1

 

 per 24 h; PCA 

 

>

 

37 weeks, 15.5 mg kg

 

−

 

1

 

 per
24 h) with an additional dosing interval increase of 6 h
if ibuprofen was coadministered or if neonates had suf-
fered asphyxia or hypoxia [3].

Amikacin (Amukin

 

®

 

; Bristol Myers Squibb, Braine-
l’Alleud, Belgium) was given as an i.v. infusion over
20 min by syringe driver (SIMS Graseby

 

®

 

, Watford,
UK). Administration was initiated shortly after admis-
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sion. Blood samples for therapeutic drug monitoring
were collected by arterial line or venous puncture just
before (‘trough’) and 1 h after initiation of administra-
tion (‘peak’) of the second dose of amikacin.

 

Assay

 

Amikacin serum concentration measurements were per-
formed using fluorescence polarization immunoassay
(TDx; Abbott Laboratories, Diagnostics Division,
Abbott Park, IL, USA) in the hours following sample
collection and were reported in mg l

 

−

 

1

 

. Drug recovery
from extraction was 100% (SD 2.6%) over the tested
concentration range 3–35 mg l

 

−

 

1

 

 Precision was assessed
at 5, 15 and 30 mg l

 

−

 

1

 

; these yielded a within-run coef-
ficient of variation (CV) 1.37–2.09%, between-day CV
0–1.74% and a total CV of 2.6–3.2%. The minimal
quantifiable concentration was 0.8 mg l

 

−

 

1

 

 defined by a
CV of 

 

<

 

20% (Abott information). The CV was typically

 

<

 

5% based on internal quality assessment covering the
concentration range up to 50 mg l

 

−

 

1

 

.

 

Pharmacokinetic analysis

 

Population parameter estimations

 

Population parame-
ter estimates were obtained using a nonlinear mixed
effects approach (NONMEM) [10]. Using this method-
ology, one can account for population parameter vari-
ability (between and within subjects) and residual
variability (random effects) as well as parameter differ-
ences predicted by covariates (fixed effects). The
between-subject variability in model parameters was
modelled by exponentiating random effects (equivalent
to assuming a log-normal distribution) Residual unex-
plained variability was modelled using an additive ran-
dom effect (equivalent to assuming a normal distribution).

This error model assumes that the residual variability
is the same order of magnitude over the whole range of
measurements. The population parameter variability is
modelled in terms of random effect (

 

η

 

) variables. Each
of these variables is assumed to have mean 0 and a
variance denoted by 

 

ω

 

2

 

, which is estimated. We report
the estimate of 

 

ω

 

 for each variability component. The
covariance between two elements of 

 

η

 

 (e.g. CL and 

 

V

 

)
is a measure of statistical association between these two
variables. Their covariance is related to their correlation,
i.e.

 

R

 

 

 

=

 

 covariance/

 

√

 

(

 

ω

 

2
CL

 

 × ω

 

2
V

 

)

The covariance of clearance and distribution volume
variability was estimated.

 

Covariate analysis

 

The parameter values were stan-
dardized for a body weight of 70 kg using an allometric
model [11, 12].

P

 

i

 

 

 

=

 

 P

 

std

 

 

 

×

 

 (W

 

i

 

/W

 

std

 

)

 

PWR

 

where P

 

i

 

 is the parameter in the ith individual, W

 

i

 

 is the
weight in the ith individual and P

 

std

 

 is the parameter in
an individual with a weight W

 

std

 

 of 70 kg. This standard-
ization has a strong theoretical and empirical basis and
allows comparison of neonatal parameter estimates with
those reported for adults. The PWR exponent was 0.75
for clearance and 1 for distribution volumes [13–15].

The quality of fit of the pharmacokinetic model to the
data was judged by NONMEM’s objective function and
by visual examination of plots of observed 

 

vs.

 

 predicted
concentrations. Models were nested and an improve-
ment in the objective function was referred to the 

 

χ

 

2

 

distribution to assess significance, e.g. an objective
function change (OBJ) of 3.84 is significant at 

 

α

 

 

 

=

 

 0.05.
Covariate analysis included a model investigating

age-related changes for clearance:

CL 

 

=

 

 [CLstd 

 

×

 

 (Wt/70)

 

0.75

 

] 

 

×

 

 EXP
[SLPCL 

 

×

 

 (PCA-24)] l h

 

 

 

− 

 

1

 

where CLstd are the population estimates for CL at
24 weeks, respectively, standardized to a 70-kg person
using allometric models; PCA is the post-conception
age in weeks; SLPCL is a parameter describing changes
of clearance with PCA.

An indicator variable was applied to those subjects
given a nonselective NSAID (ibuprofen or acetylsali-
cylic acid). The effect of coadministration of ibuprofen
or acetylsalicylic acid on amikacin clearance was
investigated by applying a scaling factor 

 

(FNSAID)

 

 to
clearance in those neonates given a nonselective COX-
inhibitor. The influence of prenatal betamethasone, pre-
natal indomethacin, perinatal chorioamnionitis, Apgar
score at 1 and 10 min (continuous variable) were also
investigated in a similar manner. A predictive check was
performed by simulating 1000 patient profiles from the
final model and its parameters. The 95% prediction
interval was compared with the time course of observed
concentrations.

 

Target concentration intervention

 

Population parame-
ter estimates and their variability from the final model
were used to estimate individual Bayesian parameter
predictions of clearance (CL) and volume (

 

V

 

) in 1000
simulated neonates of similar PCA to the premature
neonates in the present report. Target concentrations of
25 mg l

 

−

 

1

 

 (peak) and 4 mg l

 

−

 

1

 

 (trough) were assumed
[16–18]  Dose  for  each  individual  subject  [(peak

 

− 

 

trough) × (V)]  and  dosing  interval  {[Ln(peak)
− Ln(trough)] × V/CL} were calculated by assuming
bolus input and one compartment disposition. Calcu-
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lated dosing intervals were categorized into four discrete
time intervals for practical dosing recommendations, i.e.
24 h (= 30 h), 36 h (>30 to 42 h), 48 h (>42 to 60 h) and
72 h (>60 h), similar to those used in the Langhendries
nomogram [3]. Because of the sparse design, our study
was unable to estimate within-subject variability
(WSV). However, the reliability of using TCI depends
on the magnitude of WSV. Estimates of WSV were
derived from adult aminoglycoside literature [7]. In the
absence of any other information it was assumed that
the WSV as a fraction of the unexplained population
parameter variability (PPV) was the same in adults and
neonates. Concentrations from these dosing regimens
and  parameter  predictions  were  simulated  to  assess
the predictive performance of target concentration
intervention.

The population mean parameters, between-subject
variance and residual variance were estimated using the
first-order conditional estimate method using ADVAN 1
TRANS 2 of NONMEM V. The convergence criterion
was three significant digits. A Compaq Digital Fortran
Version 6.6A compiler with Intel Celeron 333-MHz
CPU (Intel Corp., Santa Clara, CA, USA) under MS
Windows XP (Microsoft Corp., Seattle, WA, USA) was
used to compile and execute NONMEM.

Results
Clinical characteristics of neonates before (1999–2002)
and following (2002 to October 2004) implementation
of the more elaborated PCA-based scheme for amikacin
administration are shown in Table 1. No significant dif-

ferences in clinical characteristics between both groups
were observed. Data from 410 drug assay samples in
these 205 subjects were available to study the PK of
amikacin. Although mean trough levels of amikacin
were significantly lower in the second time interval
(8.2 mg l−1 vs. 4.8 mg l−1, P < 0.001), there were still 29
(38.2%) neonates with a trough amikacin concentration
above 5 mg l−1.

Covariate effects were observed for size, post-
conception  age  and  early  neonatal  coadministration
of  a NSAID (aspirin or ibuprofen). There was no effect
attributable to prenatal betamethasone, prenatal
indomethacin, perinatal chorioamnionitis, or Apgar
score.

Individual concentration predictions are based on val-
ues of maximum a posteriori (MAP) Bayesian estimates
of the parameters, while predicted population concen-
trations are based on population parameters and covari-
ate information (Figure 1A,B).

Parameter estimates are shown in Table 2. Clearance
(CL) increased from 0.486 l h−1 per 70 kg at 24 weeks
PCA to 0.940 l h−1 per 70 kg by 30 weeks PCA. The
PPV for clearance without covariates in the model was
56.5% and with covariates was 33.6%. This difference
between PPV with and without covariates is a measure
of the predictable decrease in PPV due to covariates.
The ω2 estimates for the different components contrib-
uting to variability are shown in Table 3. The ratio of
the population parameter variability predictable from
covariates (PPVP2) to the total population parameter
variance obtained without covariate analysis (PPV2) indi-

1999–2002 2002–04 P-value

Number of neonates 129 76
Neonatal survival (day 28) 96% 92% NS
Gestational age (weeks) 28 (24–30) 28 (24–30) NS
Birth weight (g) 1047 (346) 1110 (341) NS
Prenatal indomethacin 10 2 NS
Prenatal betamethasone 103 58 NS
NSAID administration 116 41 NS
Peak amikacin (mg l−1) 45.7 (17.8) 38.13 (12.4) NS

range 10.4–100 14.2–71.2
Trough amikacin (mg l−1) 8.2 (4.4) 4.8 (2.4) <0.001

range 1.1–21.8 0.8–15

Data are reported by mean and standard deviation or by median and range.
Clinical characteristics and drug assay samples in infants admitted before and since
implementation of the more elaborated PCA-based scheme for amikacin were
compared (Mann–Whitney U, χ2).

Table 1
Clinical characteristics of neonates before 
and after the implementation of a post 
conception age (PCA)-based scheme for 
amikacin administration
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cates the relative importance of covariate information.
For example, the ratio of 0.65 achieved for clearance in
this current study indicates that 65% of the overall vari-
ance in clearance is predictable from covariate informa-
tion. Weight was used to predict size using allometric
models and contributed 48% of variance. PCA at birth
contributed 14% and the coadministration of a NSAID
in the first day 2%. Weight and PCA independently
contributed to prediction of variability (Table 3a).

Mean age related PK predictions based on the cova-
riate models are shown in Table 4. Parameters were esti-
mated based on a standard adult weight of 70 kg to
enable comparison with other studies and aminoglyco-
sides. This table also expresses PK parameters per kg,
based on the expected weight for each age group.

The predictive check on the final model demonstrated
that the fraction of patients with concentrations <5 mg
l−1 or >20 mg l−1 was very similar to similar fractions
observed in the study population. Target concentration
intervention leads to a substantial predicted improve-
ment in concentrations in relation to the target of trough
<5 mg l−1 and geometric mean of 10 mg l−1 (Table 5).

Discussion
There is still uncertainty concerning the most safe and
effective dosing regimen of aminoglycosides in neo-
nates. Transient higher but less frequent maximum
serum concentrations may allow a better peak concen-
tration/minimal inhibitory concentration ratio, increas-
ing bactericidal effectiveness and decreasing risk of
bacterial resistance [1–3]. Due to a saturable process in
binding of aminoglycosides to the renal proximal tubule
brush border membranes, pulse administration probably
diminishes the risk of nephrotoxicity. Although specu-
lative, nephrotoxicity of amikacin may be lower in neo-
nates due to reduced renal uptake capacity [4, 19, 20].

Target concentrations for amikacin have not been pro-
spectively defined but clinical convention aims for a
trough around 4 mg l−1 and a peak around 25 mg l−1 with
an implicit average exposure of 10 mg l−1. Following
implementation of a more complex PCA-based normo-
gram for dose calculation of amikacin in premature
neonates, a significant decrease in the mean trough con-
centration of amikacin was documented (Table 1). How-
ever, a majority (72%, Table 5) of neonates had a trough
amikacin concentration above 5 mg l−1 in this study.
Determination of dosing regimen by weight and PCA
alone resulted in trough concentrations of >5 mg l−1 in
38% of neonates. This is compatible with studies in
adults showing that covariate information (age, weight,

Figure 1
(A) Individual Bayesian concentration predictions based on values of the 

parameters for the specific individual are compared with those observed. 

(B) Population predictions are compared with those observed. The line 

x = y is the line of identity
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Table 2
Amikacin population pharmacokinetic parameter estimates

Parameter Estimate PPV %SE

CLstd (l h−1 per 70 kg) at 24
weeks PCA, without NSAID

0.486 0.336 7.2

Vstd (l per 70 kg) 40.2 0.451 3.3
SLPCL (l week−1) 0.11 – 12.5
FNSAID 0.788 – 4.5
Residual unidentified variability

(mg l−1)
1.59 31.7

PPV is the population parameter variability expressed as
the  square  root  of  its  variance,  SE  is  the  standard error
of the estimate. V = [Vstd × (Wt/70)] l per 70 kg; CL =
[CLstd × (Wt/70)0.75] × EXP[SLPCL × (PCA-24) × FNSAID] l
h−1 per 70 kg where Vstd and CLstd are the population
estimates for V and CL, respectively, standardized to a 70-
kg person using allometric models; PCA is the post-
conception age in weeks; SLPCL is the factor relating PCA
to developmental changes in CL; FNSAID is a scaling
factor for those premature neonates given a NSAID. Err
is the residual additive error.
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sex, serum creatinine) is insufficient to achieve safe and
effective concentrations [7].

A PK analysis seeking covariates to explain this
observed variability in amikacin clearance was under-
taken in a population of extreme preterm infants (24–
30 weeks PCA) in their first days of life. We limited the
cohort population to extreme preterm neonates in their

first days of life since previous PK studies have focused
on the relevance of PCA and postnatal age in more
heterogeneous cohorts [3, 5, 6, 21, 22].

Langhendries et al. documented a mean amikacin
clearance of 0.87 ml kg−1 min−1 in preterm [gestational
age (GA) 28–30 weeks] and of 0.73 ml kg−1 min−1 in
extreme preterm neonates (GA <28 weeks), while

Table 3
Effect of covariate analysis on variance of clearance (ω2)
(a) Impact of each covariate alone 

Individual covariate alone PPVt2 PPVR2 PPVP2 PPVP2/PPVt2 OBJ

No covariates 0.319 0.319 0 0 2073.0
Allometric scaling 0.3191 0.165 0.154 48.3% 1973.9
Post-conception age 0.3191 0.2 0.119 37.3% 2012.8
NSAID use 0.3191 0.301 0.018 5.6% 2047.6

1Assumed from no covariate model estimate.

(b) Impact of each covariate when added sequentially to the model

Sequential nested model PPVt2 PPVR2 PPVP2 PPVP2/PPVt2 OBJ

No covariates 0.319 0.319 0 0 2073.0
Allometric scaling 0.3191 0.165 0.154 48.3% 1973.9
Post-conception age 0.3191 0.119 0.200 62.7% 1919.0
NSAID use 0.3191 0.113 0.206 64.6% 1893.2

1Assumed from no covariate model estimate. PPVt2 is the total population parameter variability estimated without covariate
analysis, PPVP2 is the population parameter variability predictable from covariates, PPVR is the random PPV estimated on a
parameter when covariate analysis is included. The ratio of the population parameter variability predictable from covariates
(PPVP) to the total population parameter variability obtained without covariate analysis (PPVt2) (i.e. PPVP2/PPVt2) indicates the
fraction of the total variability in the parameter that is predictable from covariates. OBJ is the objective function value measuring
the goodness of fit.

Table 4
Weight- and age-related amikacin parameters and dosing recommendations predicted using the allometric ‘1/4 Power’ Model 
(per 70 kg)

Age, weeks
PCA

Weight,
kg

CL,
l h−1 per 70 kg

CL,
l h−1

V,
l per 70 kg V, l

Maintenance
dose, mg

Dosing
interval, h

24 0.5 0.486 0.012 40.2 0.29 6.0 44
25 0.6 0.543 0.015 40.2 0.34 7.2 41
26 0.8 0.606 0.021 40.2 0.46 9.6 40
27 0.9 0.676 0.026 40.2 0.52 10.9 37
28 1 0.755 0.031 40.2 0.57 12.1 34
29 1.15 0.842 0.039 40.2 0.66 13.9 31
30 1.3 0.94 0.047 40.2 0.75 15.7 29
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Kenyon observed a mean amikacin clearance of
0.75 ml kg−1 min−1 when only observations (n = 12) in
preterm neonates with a GA <31 weeks were considered
[3, 22]. Estimated amikacin clearance in our cohort (all
<72 h,  76%  cotreated  with  a  NSAID)  was  0.6 ml
kg−1 min−1 in preterm (GA 28–30 weeks, mean weight
1.15 kg) and 0.44 ml kg−1 min−1 in extreme preterm neo-
nates (GA <28 weeks, mean weight 0.8 kg).

In the present cohort, weight and PCA were the major
contributors to clearance variability and coadministra-
tion of a NSAID also contributed to the variability
observed. Neither prenatal drug exposure (maternal
betamethasone, indomethacin) nor early neonatal char-
acteristics (Apgar score) further contributed to the vari-
ability observed, leaving 35% of total variance in CL
still unexplained.

Size has considerable impact on the variability of PK
parameters in children and is often unaccounted for in
neonatal PK studies [11, 12, 23]. Size was the primary
covariate used in our analysis of the effects of age and
weight. This deliberate choice was based on known bio-
logical principles. A great many physiological, struc-
tural and time-related variables scale predictably within
and between species with weight exponents of 0.75, 1
and 0.25, respectively [15]. We have used these ‘1/4
power models’ in this current study rather than centred
weight, or some other function of weight, because the
‘1/4 power models’ have a sound theoretical and obser-
vational basis in biology [13, 14]. The 3/4 power law
for metabolic rates was derived from a general model
that describes how essential materials are transported
through space-filled fractal networks of branching tubes.
By choosing weight as the primary covariate, the sec-
ondary effects of PCA could be investigated. We had no
prior biological model for the change of clearance with

time (PCA), but assumed a first-order process, which
commonly underlies time varying processes in biology.
With a wider range of PCA a different function may be
found to be more useful. We have chosen to scale all
parameter estimates to a standard weight of 70 kg to
facilitate comparison with adult values.

Amikacin is almost exclusively cleared by renal elim-
ination and amikacin CL reflects glomerular filtration
rate (GFR) [3, 5, 6, 21, 24]. PCA is a predictor of
amikacin clearance presumably because it predicts the
time course of development of the GFR [24]. GFR
changes are usually referenced to body surface area in
children [25], a model that approximates the ‘3/4 power
model’ and is equivalent to using 2/3 as the weight
exponent. GFR matures during infancy and approaches
an adult rate (6 l h−1 per 70 kg) by 6 months postnatal
age [25–27]. The administration of either ibuprofen or
aspirin to neonates in the first day of life to enhance
closure of an asymptomatic patent ductus arteriosus was
associated with a reduction of amikacin clearance by
21%. This observation correlates with experimental data
in newborn rabbits and is not limited to extreme preterm
neonates [9, 28–30].

We hypothesized that prenatal treatment with
betamethasone might be associated with a more mature
GFR at birth, based on experimental work in animals
and earlier observations in human premature neonates
[31–33]. There is conflicting evidence in the literature
on the impact of prenatal betamethasone on renal clear-
ance in human premature neonates, but we found no
effect on amikacin clearance at birth attributable to
maternal betamethasone.

Peak concentration reflects volume of distribution and
dose given. Volume of distribution was associated with
a PPV of 0.451. We were unable to show any effect

Table 5
Concentrations during the two study periods and for the simulation study. Target concentration intervention (TCI) resulted in 
improved concentration profiles

Concentration
1999–2002
n = 129

2002–2004
n = 76

Total study
period
n = 205

Predictive
check
n = 1000

TCI
n = 1000

<5 mg l–1 27.9% 61.8% 40.5% 36% 87%
>20 mg l–1 94.5% 93% 94.2% 94% 77%
Average 18.8 mg l–1 12.9 mg l–1 16.5 mg l–1 16.6 mg l–1 8.8 mg l–1

concentration1

1Estimated from geometric mean of measured (or simulated) peak and trough concentrations.
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attributable to PCA. This is in contrast to studies show-
ing substantial changes in volume of distribution of sev-
eral drugs during the first weeks of life in cohorts of
more heterogeneous age [3, 5, 6, 21, 22, 34, 35]. Polar
drugs such as aminoglycosides distribute rapidly into
the extracellular fluid (ECF), but enter cells more
slowly. The initial dose of such drug given is usually
higher in preterms compared with full terms or children
because of an increased ECF volume [36]. We were
unable to detect a volume of distribution change with
increasing PCA in this cohort of limited PCA range (24–
30 weeks), but this does not eliminate potential PCA-
independent differences in ECF [3, 5, 6]. Sepsis, for
example, is associated with an increase in distribution
volume in neonates [37]. In addition, preterms included
in the present report are in their first day of life, preclud-
ing the ability to detect the effect of postnatal matura-
tional changes in ECF [27, 36].

Finally, there are reports of substantial differences
between prescribed and administered doses of drugs,
including amikacin, in neonates, probably contributing
to the estimated PK parameter variability and residual
variance [38–40].

The more elaborated PCA-based dose procedure still
was inadequate to reduce variability to a safe and effec-
tive range. The use of individual Bayesian estimates of
clearance and volume to guide TCI improved future
concentration predictions. Bayesian forecasting has
proved useful for aminoglycoside dosing in children
[41–43]. Bleyzac et al. have suggested that incorpora-
tion of renal maturation into the population model will
further improve Bayesian adaptive control of therapeu-
tics in neonates [6]. Such intervention is likely to prove
more effective than traditional nomogram-based mod-
els, but unfortunately, is not yet feasible at birth since
serum creatinine still reflects maternal renal function
[44, 45]. Our study has shown that Bayesian forecasting
of dose based on early blood concentration measure-
ments can reduce the number of patients with trough
concentrations >5 mg l−1 while still maintaining average
concentrations close to 10 mg l−1.

The estimated unexplained variability (PPV = 0.336)
in clearance of amikacin in a rather homogeneous cohort
of extreme preterms is remarkably similar (PPV = 0.32)
to that predicted in adults treated with aminoglycosides
[7]. Variability could only in part be explained by
weight, PCA and cotreatment with a NSAID in early
neonatal life.

We recommend predicting initial doses based on
weight and PCA with subsequent dose individualization
based on Bayesian estimates of PK parameters from
concentrations measured immediately before and

60 min after the second dose. With target concentrations
of 25 mg l−1 peak and 4 mg l−1 trough (geometric mean
10 mg l−1), the maintenance dose is predicted from
21 × V mg−1, while the dosing interval is predicted from
1.8 × V/CL h−2 (Table 4). Practical dosing intervals can
then be determined from their closeness to this predic-
tion (e.g. 48 h at 1 kg, 24 weeks PCA; 12 h at 3 kg,
40 weeks PCA (Table 4).
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