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ABSTRACT Optimal dosing of gentamicin in neonates is still a matter of debate
despite its common use. We identified gentamicin dosing regimens from eight
international guidelines and seven Swiss neonatal intensive care units. The dose
per administration, the dosing interval, the total daily dose, and the demo-
graphic characteristics between guidelines were compared. There was considerable
variability with respect to dose (4 to 6 mg/kg), dosing interval (24 h to 48 h), total
daily dose (2.5 to 6 mg/kg/day), and patient demographic characteristics that were
used to calculate individualized dosing regimens. A model-based simulation study in
1071 neonates was performed to determine the achievement of efficacious peak
gentamicin concentrations according to predefined MICs (Cmax/MIC � 10) and safe
trough concentrations (Cmin � 2 mg/liter) with recommended dosing regimens. MIC
targets of 0.5 and 1 mg/liter were used. Dosing optimization was performed giving
priority to the first day of treatment and with the goal of simplifying dosing. Current
gentamicin neonatal guidelines allow to achieve effective peak concentrations for
MICs � 0.5 mg/liter but not higher. Model-based simulations indicate that to attain
peak gentamicin concentrations of �10 mg/liter, a dose of 7.5 mg/kg should be ad-
ministered using an extended dosing interval regimen. Trough concentrations of �2
mg/liter can be maintained with a dosing interval of 36 to 48 h in neonates accord-
ing to gestational and postnatal age. For treatment beyond 3 days, therapeutic drug
monitoring is advised to maintain adequate serum concentrations.
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In 2015, about 1.4 million children died worldwide of infections such as pneumonia or
sepsis/meningitis in the first 5 years of life, most often during the neonatal period (1).

The most common cause of Gram-negative early-onset neonatal sepsis is Escherichia
coli (2). Other Gram-negative and Gram-positive microorganisms are involved in early
or late neonatal sepsis, including Klebsiella spp. and Pseudomonas aeruginosa (3, 4). By
virtue of their bactericidal activity and their low costs, aminoglycosides, such as

Received 28 September 2017 Returned for
modification 7 November 2017 Accepted 9
January 2018

Accepted manuscript posted online 22
January 2018

Citation van Donge T, Pfister M, Bielicki J,
Csajka C, Rodieux F, van den Anker J, Fuchs A.
2018. Quantitative analysis of gentamicin
exposure in neonates and infants calls into
question its current dosing recommendations.
Antimicrob Agents Chemother 62:e02004-17.
https://doi.org/10.1128/AAC.02004-17.

Copyright © 2018 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Aline Fuchs,
aline.fuchs@ukbb.ch.

PHARMACOLOGY

crossm

April 2018 Volume 62 Issue 4 e02004-17 aac.asm.org 1Antimicrobial Agents and Chemotherapy

https://orcid.org/0000-0003-4607-3179
https://doi.org/10.1128/AAC.02004-17
https://doi.org/10.1128/ASMCopyrightv2
mailto:aline.fuchs@ukbb.ch
http://crossmark.crossref.org/dialog/?doi=10.1128/AAC.02004-17&domain=pdf&date_stamp=2018-1-22
http://aac.asm.org


gentamicin, remain the first-line therapy in combination with a �-lactam antibiotic for
confirmed or suspected neonatal sepsis (5, 6). However, gentamicin has a narrow
therapeutic index, and optimal, personalized dosing in neonates is still debated (7).
Based on in vitro studies, optimal gentamicin efficacy is associated with a plasma peak
concentration over MIC ratio (Cmax/MIC) that ranges from 8 to 10 (8–10). It has been
suggested that the area-under-the-curve/MIC ratio (AUC/MIC) could represent another
pharmacodynamic predictor of the efficacy of aminoglycosides (11). Achieving this
optimal efficacy in vivo needs to be balanced against nephrotoxicity and ototoxicity
associated with high trough concentrations of gentamicin. The nephrotoxicity of
aminoglycosides affects both glomerular and tubular functions (12). Although neph-
rotoxicity is generally temporary and reversible upon treatment discontinuation, oto-
toxicity might be permanent (13, 14). It has been suggested that trough plasma
concentrations of gentamicin should not exceed 1 to 2 mg/liter to minimize potential
toxic effects (15–17). Further, it has been reported that multiple daily dosing and a long
duration of treatment are more likely to increase the risk of toxicity (18).

In the neonatal population, development and organ maturation is a dynamic
process that influences gentamicin pharmacokinetics (PK). Variability in kidney function
and body composition in particular is responsible for the large interpatient variability
in clearance and volume of distribution of gentamicin in this population. The clearance
of gentamicin is indeed almost entirely dependent on glomerular filtration (19).
Nephrogenesis is completed after 34 to 35 weeks of gestation, and preterm neonates
present a lower glomerular filtration rate (GFR) compared to late-preterm and term
neonates (20). Birth is marked by major hemodynamic changes that are responsible
for a rapid postnatal increase in GFR in all neonates (21–24). Gentamicin distribution is
mostly limited to the extracellular fluid compartment. Neonates have a body water
content that is proportionally larger compared to adults and older children. Therefore,
an increased gentamicin volume of distribution is often observed and explains why a
relatively higher dose per kilogram in neonatal dosing is recommended in order to
achieve an effective peak concentration (25).

Our pharmacokinetic understanding of gentamicin in neonates has increased
throughout the years. However, this newly acquired knowledge has resulted in many
different gentamicin dosing regimens rather than one consistent, optimal dosing
regimen for use in daily clinical care (26). Pharmacometric analyses, including PK/
pharmacodynamic (PD) modeling and simulation, facilitate evaluation of existing dos-
ing regimens with respect to target attainment and can provide a quantitative rationale
for optimizing and personalizing dosing approaches in neonates (27, 28).

The key objectives of this study were to (i) assess the variability in dosing of
gentamicin in international guidelines and Swiss neonatal intensive care units (NICUs),
(ii) evaluate and compare target achievement of current dosing recommendations with
respect to efficacy and safety, and (iii) provide a quantitative rationale for an optimal,
personalized gentamicin dosing approach to be implemented in a high resource
setting such as Swiss NICUs in light of currently relevant MIC breakpoints.

RESULTS
Variability in national and international guidelines. Considerable variability in

dosing regimen recommendations provided by international guidelines and in Swiss
NICUs was observed with respect to dose (4 to 6 mg/kg), dosing interval (24 h to 48 h),
total daily dose (2.5 to 6 mg/kg/day), and patient characteristics (qualitative and
quantitative) that are used to individualize dosing regimens (Table 1). Although two
Swiss NICUs did not use any demographic characteristics for a priori selection of dosing
regimens, most guidelines suggested individualized dosing regimens based on a single
patient demographic characteristic or a combination of patient demographic charac-
teristics. Gestational age (GA) combined with postnatal age (PNA) was the most
frequently observed regimen. Three different dosing intervals were observed (24, 36,
and 48 h), with the longest interval used in the youngest preterm neonates. Although
the same demographic characteristics were mostly used, the cutoff values to define the
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patient subgroups varied between recommendations. The variability in gentamicin
dosing used in Swiss NICUs and proposed in international guidelines is illustrated for
two typical patients (preterm and term neonates) at different postnatal ages in Table 2.

Achievement of efficacious and safe gentamicin exposure. Considering achiev-
ing target gentamicin exposure in at least 90% of neonatal patients (90% probability of
target attainment [PTA]) as an appropriate outcome, simulations suggested that all
recommendations were adequate in terms of efficacy for pathogens with an MIC of
0.5 mg/liter but appeared to be inadequate for pathogens with an MIC of 1.0

TABLE 1 Probability of target attainment for guidelines and Swiss centers for effective peak concentrations (�5 or �10 mg/liter) and
trough concentrations (�2 mg/liter)a

Guidelineb

Demographic
characteristics

Dose
(mg/kg) Interval (h)

No. of
subgroupsc

Targets (mg/liter)

Peak (%)
Trough (%)
(>2)>5 >10

No demographic variable
Center 5 4 24 1 96 26 4
Center 7c

1 5 24 1 99 54 12
2 5 36 1 99 54 �0.5
3 5 48 1 99 54 �0.5

One demographic variable
BNFc PNA 5 24/36 2 99 54 3
Blue Book (min) GA 4 24/36 2 96 26 1
Blue Book (max) GA 5 24/36 2 99 54 4

Two demographic variables
Center 1 PNA, wt 4/5 24–48 5 97 39 2
Center 2 PNA, wt 5/6 24–48 7 99 58 4
Center 3 (min) PNA, GA 4/5 24–48 6 96 28 1
Center 3 (max) PNA, GA 5 24–48 6 99 54 4
Center 4 PNA, PMA 4/4.5/5 24–48 6 96 30 2
Center 6 PNA, GA 4/4.5/5 24–48 6 96 30 1
Nelson PNA, GA 4/4.5/5 24–48 7 97 37 1
NNF7 PNA, GA 5 24–48 4 99 55 5
Lexicomp PNA, GA 4/4.5/5 24–48 6 98 43 1
Red Book (min) PNA, wt 4/5 24–48 6 97 39 2
Red Book (max) PNA, wt 4/5 24–48 6 98 44 2
Neofax PNA, PMA 4/4.5/5 24–48 5 96 30 1
Shann PNA, wt 5/6 24–48 7 99 58 4

aAbbreviations: BNFc, British National Formulary for Children; Blue Book, Manual of Childhood Infections Blue Book; Nelson, Nelson Textbook of Pediatrics; NNF7, Neonatal
Formulary, 7th ed.; Lexicomp, Lexicomp Pediatric and Neonatal Dosage Handbook; Red Book, The Red Book Report of the Committee on Infectious Diseases; Shann, Drug
Doses (Frank Shann) PNA, postnatal age; GA, gestational age; wt; weight; PMA, postmenstrual age. Slashes (/) between numbers indicate “or.”

bThe guidelines suggested a dosing interval range of 24 to 48 h, and therapeutic drug monitoring was recommended after the first dose.
cSubgroups are based on demographic characteristics, as indicated in the guidelines.

TABLE 2 Variability in gentamicin dosing recommendations for two typical patientsa

Guideline

Dosing regimen (mg/kg; h)b

Patient 1 (GA � 30 wks) Patient 2 (GA � 38 wks)

PNA, 2 days;
wt, 1.3 kg

PNA, 15 days;
wt, 1.5 kg

PNA, 2 days;
wt, 3.0 kg

PNA, 15 days;
wt, 3.3 kg

Nelson 5; 48 4; 24 4; 24 4; 24
BNFc 5; 36 5; 24 5; 36 5; 24
Shann 5; 36 5; 24 5; 24 6; 24
Lexicomp 4.5; 36 5; 36 4; 24 5; 24
Center 1 5; 48 5; 36 4; 24 4; 24
Center 3 4–5; 36 4–5; 24 4–5; 24 4–5; 24
Center 6 4.5; 36 4; 24 4; 24 4; 24
Center 7 5; 24–48 5; 24–48 5; 24–48 5; 24–48
aSee Table 1, footnote a, for abbreviation definitions.
bDosing regimens are expressed as follows: amount (mg/kg); interval (h). Hence, “5; 48” indicates “5 mg/kg
administered every 48 h.”
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mg/liter (Table 1). Gentamicin peak concentrations of �5 mg/liter were achieved in
�96% of neonates, whereas a peak concentration of �10 mg/liter was found in
�60% of neonates. Recommendations were successful in maintaining trough con-
centrations of �2 mg/liter in �95% of the patients, with one exception (Center 7).

Dosing optimization. (i) Efficacy target attainment. None of the reviewed guide-
lines was an obvious candidate for optimal and simplified gentamicin dosing. There-
fore, dosing optimization was undertaken for MICs of 0.5 and 1 mg/liter (Cmax � 5
mg/liter and Cmax � 10 mg/liter, respectively). A dose per administration of 4 mg/kg
appeared sufficient to achieve a Cmax concentration of at least 5 mg/liter with a PTA of
�96%. Simulations suggest that the dose needs to be increased to 7.5 mg/kg to
achieve target peak concentrations of �10 mg/liter in �90% neonates (Fig. 1).

(ii) Safety target attainment: first dose. For a dosing regimen of 7.5 mg/kg, only
6% of the patients would present trough concentrations of �2 mg/liter after the dosing
interval has been increased to 36 h for all neonates (see Table S1 in the supplemental
material). However, it was observed that neonates with PNA � 7 days showed more
frequently high trough concentrations (9%) than neonates with PNA � 7 days (4%)
(data not shown). If neonates with PNA � 7 days were dosed every 48 h, only 1%
reached these high concentrations (Table 3).

(iii) Safety target attainment: after 1 week of treatment. A dosing regimen of 7.5
mg/kg every 36 h for neonates with PNA � 7 days and every 48 h for those with PNA �

7 days would result in some accumulation after 1 week of treatment in the oldest
subgroup (PNA � 7 days), with 13% of them reaching trough concentrations of �2
mg/liter (data not shown). Additional subgroup stratification for patients in the oldest
subgroup (PNA � 7 days) who received 7.5 mg/kg every 36 h if their GA � 28 weeks
and every 48 h if their GA � 28 weeks would allow target achievements of trough
concentrations below the predefined safety threshold in both groups in �90% of
neonates (Table 3). Neonates with PNA � 7 days and GA � 28 weeks would require a
dosing interval of 60 h. However, with a 48-h dosing interval, 93% would show trough
concentrations of �2 mg/liter after the second dose (96 h after the start of treatment,
whereas most treatment courses are discontinued at 72 h) (data not shown). Similar
subgroup stratification, based on the PNA and GA, were required for a dose of 4 mg/kg
(Table 3).

FIG 1 Percentage of neonates with target peak concentrations for various gentamicin doses per kg of
body weight after the first dose for the entire neonatal population. The tested target peak concentrations
were �5, �10, �20, and �40 mg/liter corresponding to MICs of 0.5, 1.0, 2.0, or 4.0 mg/liter, respectively.
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In the scope of simplifying the dosing regimen of gentamicin in high resource
settings, a standard dose of 7.5 mg/kg to achieve an effective exposure (Cmax/MIC � 10)
is favored from the first dose, irrespective of any demographic factors, when an MIC of
1 mg/liter is considered. Individual dosing intervals for the following doses from 36 to
48 h are suggested according to PNA and GA (Table 3 and Fig. 2). Therapeutic drug
monitoring (TDM) should be considered for treatment periods beyond 3 days to
fine-tune dosing intervals at the individual level, particularly in the youngest preterm
neonates.

TABLE 3 Probability of target attainment for predefined peak and trough concentration targets following an optimal dosing regimen
(i.e., the administration of 7.5 mg/kg over different dosing intervals according to patient characteristics)a

Dosing regimen
(mg/kg; h)b

Demographic
characteristics

First dose After 1 wk of treatment

% neonates with
ratio peak/MIC
of >10

% neonates with
trough of:

% neonates with
ratio peak/MIC
of >10

% neonates with
trough of:

<1 mg/liter <2 mg/liter <1 mg/liter <2 mg/liter

MIC � 0.5 mg/liter
4; 36 PNA � 7, GA � 28 98 62 100 98 43 94
4; 36 PNA � 7, GA � 28 97 91 100 97 86 99
4; 36 PNA � 7, GA � 28 96 88 100 97 70 96
4; 24 PNA � 7, GA � 28 94 80 99 95 65 93

MIC � 1.0 mg/liter
7.5; 48 PNA � 7, GA � 28 98 40 98 98 38 87
7.5; 48 PNA � 7, GA � 28 91 85 99 92 84 97
7.5; 48 PNA � 7, GA � 28 95 81 99 95 67 92
7.5; 36 PNA � 7, GA � 28 90 83 99 91 74 95

aAbbreviations: PNA, postnatal age (days); GA, gestational age (weeks). To achieve a probability of target attainment (PTA) of 90% would require a dosing interval of
60 h (PTA � 97%). After a second dose with a dosing interval of 48 h (96 h after the start of treatment), the PTA would still be 93%.

bDosing regimens are expressed as follows: amount (mg/kg); interval (h). Hence, “4; 36” indicates “4 mg/kg administered every 36 h.”

FIG 2 Distribution of peak and trough concentration after the administration of a single 7.5-mg/kg gentamicin dose for
four subgroups over a 48-h interval (PNA � 7 days or PNA � 7 days and GA � 28 weeks) or a 36-h interval (PNA � 7 days
and GA � 28 weeks). PNA, postnatal age; GA, gestational age. Boxes represent the interquartile ranges (IQR), solid lines
indicate the medians and the 25th and 75th quartiles, and the whiskers indicate the 25th quantile minus 1.5 IQR or the
75th quantile plus 1.5 IQR.
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Sensitivity analysis. The proposed dosing regimen would not suffice in ascertain-
ing a trough concentration of �1 mg/liter in �90% of the patients (Table 3). For an
initial gentamicin dose of 7.5 mg/kg, 90% of the patients would achieve a trough
concentration of �1 mg/liter after 1 week of treatment by increasing the dosing
interval by 72 h (or more) for patients with GA � 28 weeks and by 48 h or 60 h for
patients with a GA � 28 and PNA � 7 days or a PNA � 7 days, respectively. After an
initial dose of 4 mg/kg, the dosing intervals should be increased by 12 h for each
subgroup except for patients with a PNA � 7 days and a GA � 28 weeks, which would
require a dosing interval of 60 h (data not shown). Predicted concentrations and AUC
distributions are provided (see Table S2 and Fig. S1 to S3 in the supplemental material).

DISCUSSION

Considerable variability in gentamicin dosing recommendations is apparent in current
international guidelines, as well as in Swiss NICUs, in agreement with other studies (29).
According to simulations of neonatal exposure, results suggest that a dose of 4 mg/kg, as
frequently used in current recommendations, would be sufficient when an MIC breakpoint
of 0.5 mg/liter is considered. A higher MIC breakpoint of 1 mg/liter requires a dose of 7.5
mg/kg to achieve efficacious gentamicin exposures in at least 90% of treated neonates.
Maintaining trough concentrations of �2 mg/liter requires a dosing interval of 36 to 48 h
in neonates according to postnatal age and gestational age.

Observed sources of variation in Swiss and international guidelines include differ-
ences in dose per administration, dosing interval, total daily dose, and/or patient
characteristics used for dose individualization. Complex dosing recommendations for
personalized treatment increase the risk of prescription errors and are factors triggering
suboptimal patient management (30, 31), highlighting the potential benefit of using
dosing harmonization and simplification for a large number of patients. Variation
between recommendations did not result in improved efficacy and/or safety of gen-
tamicin use. All recommendations managed to achieve gentamicin peak concentrations
of �5 mg/liter (MIC of 0.5 mg/liter) but failed to achieve peak concentrations of �10
m/liter (MIC of 1 mg/liter) in a high proportion of neonates. Except for one recommen-
dation, all lead to a relatively small proportion of neonates (�5%) with potentially
unsafe trough levels of �2 mg/liter.

It is likely that guidelines were established considering lower MICs and therefore
lower peak concentrations. Dosing strategies should ideally rely on individual MICs, but
in NICUs the majority of neonates are treated empirically at the stage when infection
cannot yet be definitively confirmed and, in many cases, cannot be identified at all.
Treatment should therefore target the most likely and the most virulent pathogens
involved in neonatal infections, and MIC targets are based upon standard MIC break-
points from antimicrobial susceptibility testing databases (32, 33). With this approach,
it is possible that the MIC breakpoint used is higher than the observed gentamicin MIC
in individual patient isolates (34). In the present study, MICs up to 1 mg/liter are
addressed. Although MICs for many Enterobacteriaceae were historically 0.5 mg/liter,
MICs of 1 mg/liter have been increasingly observed, especially for the spectrum of
pathogens encountered in late neonatal onset sepsis (Pseudomonas and Klebsiella spp.)
(2). The EUCAST sensitivity breakpoint for Escherichia coli is currently 2 mg/liter,
although this is rather rarely observed in Switzerland (36). In addition, the rates of
multidrug resistance of Gram-negative infections to empirical treatment are increasing,
especially in resource-limited settings where MICs of up to 4 mg/liter are now encoun-
tered (see Table S3 in the supplemental material) (32). Accordingly, peak concentrations
of 20 to 40 mg/liter would be required but are very challenging to achieve (Fig. 1) and
could result in inacceptable toxicity.

The predefined exposure target for efficacy was set to Cmax/MIC � 10. This is more
conservative compared to a ratio of 8 (9, 37) but was preferred since Cmax/MIC ratio of
10 was associated with peak efficacy according to a pooled analysis of the 1980 data
reported by Turnidge (38), and a Cmax/MIC � 10 ratio has been shown to be necessary
if deep tissue penetration for infections is required (39–41). It has also been reported
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that attainment of a PD target (Cmax/MIC � 10) within 48 h of therapy is associated with
an early therapeutic response (38). In addition, the impact of the immature neonatal
immune system on the appropriate efficacy target is unknown, and this slightly higher
target might be more suitable in this population (42).

Finally, although a PTA � 90% was considered an appropriate outcome, the
acceptable level of PTA is still under debate, with values from ranging 90 to 99% (43).
However, the definition of a target PTA has not been applied in a majority of previous
gentamicin studies, and dosing recommendations from previous analysis are based on
much lower proportions of infants achieving target exposure (44–52).

As for many drugs, solid trial data supporting the use of specific doses associated
with good clinical outcome in vivo in this vulnerable population are lacking. As a result,
current dosing recommendations for gentamicin are variable and often complex. More
evidence-based dosing recommendations are required (26). However, trials for (sus-
pected) infections are difficult to design due to endpoint definitions, the low number
of actual confirmed infections in the neonatal population, and obvious ethical reasons.
Dosing optimization and possibly simplification can benefit from pharmacometric
modeling and simulations techniques. We have used exposure simulations in 1,071
neonatal patients, leveraging an existing neonatal gentamicin PK model to identify
dosing regimens with a high probability of reaching predefined efficacy and safety
targets in a high proportion of patients. Priority was given to optimizing and simplifying
the first dose of gentamicin in order to maximize the microorganism clearance as early
as possible during infection (a “hit hard and hit fast” paradigm) (53).

The combination of higher-efficacy criteria and a higher PTA set in this study might
appear conservative compared to previous studies but is in line with the current
methodology used in simulation and dosing optimization for other antibiotics and with
MICs encountered in NICUs (54–56). Presumably, this explains why our simulations
suggest a higher dose (7.5 mg/kg) compared to current international and local guide-
lines. It is acknowledged that a large number of patients are exposed to gentamicin
while not having a true infection, putting them at risk of adverse events with no
benefits. However, effective initial therapy to cover pathogens which are difficult to
treat is essential for infants with a true infection to minimize an adverse outcome due
to the infection (2).

Nephro- and ototoxicity do not seem to be associated with peak concentrations (57)
but rather with drug accumulation and prolonged treatment (58). However, the safety
consequences of higher peak concentration to target higher MICs are unknown.
Nevertheless, the toxicity incidence remains low in the pediatric population and is
lower than the rates reported in adults, in particular when extended dosing intervals
are used (18). To maintain trough concentrations of �2 mg/liter with a dose of 7.5
mg/kg, the dosing interval should be extended to 36 to 48 h. This dosing regimen
would also ensure trough concentrations of �1 mg/liter in the majority of patients
(�82%), a target sometimes used as a more stringent surrogate for safety. Thomson et
al. investigated the daily intramuscular administration of an 8-mg/kg gentamicin dose,
and trough concentrations of �2 mg/liter were observed (59). Lopez et al. investigated
extended intervals (24 and 36 h) after high gentamicin doses (8 mg/kg), and no
nephrotoxicity was observed in that study, although gentamicin was not administered
for prolonged periods (no longer than 5 days) (57). In addition, it was found that a
gentamicin dose of 8 mg/kg provided a nearly 100% probability of achieving adequate
peak concentrations of �16 mg/liter (for a population that included children up to 4
years old) (57). In a study involving newborns receiving a 6-mg/kg gentamicin dose
over various intervals ranging from 24 to 48 h, trough concentrations of �2 mg/liter
were observed in only 6% of all treatment episodes. No evidence for ototoxicity was
observed, and potential nephrotoxicity was not assessed in any detail (21).

Since the first hours of infection are crucial, the administration of antibiotics within
1 h of the identification of sepsis is recommended (60). Therapeutic drug monitoring is
recommended for longer courses to evaluate the necessity of adjusting dosing interval
on any individual basis (61). Considering that trough gentamicin TDM is cumbersome

Gentamicin Drug Exposure in Neonates and Infants Antimicrobial Agents and Chemotherapy

April 2018 Volume 62 Issue 4 e02004-17 aac.asm.org 7

http://aac.asm.org


in neonates and that steady-state definition in neonates is not applicable, a Bayesian-
based TDM approach allowing opportunistic TDM at the time of routine blood tests
based on one concentration measurement would present numerous advantages (19).
For a large proportion of patients, treatment will be discontinued after 48 to 72 h, and
most of them would receive only one to two doses and therefore would not require
TDM, limiting the burden of blood sampling.

Another important constraint concerns the selection of the model used to investi-
gate gentamicin drug exposure in neonatal patients in this simulation study. The choice
of the most robust model (the Germovsek et al. model) was evaluated with respect to
the population on which the model was built, the data used for model development
(the number of centers, prospective collection, the number of subjects, and concen-
tration measurements), the relevance of covariate effects included in the model, and
the assessment of the predictive performance of the model. Simulation results were
also compared to those obtained with the two other published models to avoid any
systematic bias in the prediction. This sensitivity test yielded results similar to those
shown in Table S4 and Fig. S6 in the supplemental material.

Conclusion. A simulation study in 1,071 neonatal patients suggests that a genta-
micin dose per administration of 7.5 mg/kg is optimal to achieve an efficacious peak
concentration corresponding to an MIC of 1.0 mg/liter in 90% of neonates. To ensure
a trough concentration associated with less toxicity during the first 60 days of life,
dosing intervals of 36 to 48 h are recommended, depending on the PNA and GA.
Therapeutic drug monitoring should be considered for treatment longer than 3 days to
adjust and individualize dosing intervals and to avoid potentially harming trough
concentrations of gentamicin. The results here also highlight the lack of consensus on
the magnitude of the targeted PK/PD index, the desirable PTA to achieve, and the need
for models to address the immaturity of the immune system of neonates. Our findings
stress the urgent need for prospective clinical evaluations of efficacy and safety
outcomes with gentamicin.

MATERIALS AND METHODS
Data collection dosing regimens. Gentamicin dosing regimens were collected from eight interna-

tional guidelines (Frank Shann’s Drug Doses, British National Formulary for Children, Nelson Textbook of
Pediatrics, Neonatal Formulary [7th edition], Manual of Childhood Infections Blue Book, Lexicomp Pediatric
and Neonatal Dosage Handbook, The Red Book, and Neofax) (17, 62–68) and seven Swiss NICUs (located
in Aarau, Bern, Chur, Geneva, Lausanne, St. Gallen, and Zurich). The variables used for the selection of a
priori dosing regimens were compared, i.e., dose per administration, dosing interval, total daily dose, and
demographic characteristics.

Simulation of gentamicin exposure. (i) Demographic data. Simulation of individual gentamicin
exposure used real demographic data from the Antibiotic Resistance and Prescribing in European
Children (ARPEC) (69, 70) point prevalence study and included only European neonates with a complete
set of the following characteristics: gestational age, birth weight, current weight, and postnatal age. Since
all data were for neonates and infants treated for suspected infection, the skewed distribution of
demographic characteristics in this population likely reflects the epidemiology of suspected sepsis at
birth (Table 4). The postmenstrual age was computed as the sum of gestational age and postnatal age.
The final data set included 1,071 patients with real-life demographic data and their correlations.

(ii) Model selection. Multiple population PK models for gentamicin in neonates have been published
and were recently reviewed (28). The search strategy provided by Wilbaux et al. was applied and
extended until February 2017. Criteria for model selection consisted of (i) data on which the model was
developed including, the population of interest (i.e., term and preterm neonates aged up to at least 60
days); (ii) the robustness of data used for model development (the number of centers, prospective
collection, the number of subjects, and concentration measurements); (iii) the relevance of covariate
effects included in the model with respect to developmental and maturational changes in neonates; and
(iv) assessment and documentation of the predictive performance of the model.

The population PK model of Germovsek et al. (19) was preferred over others (44–52, 57, 59, 71–77)
for the following reasons. (i) This model was developed with rich data collected prospectively in three
large previously conducted studies (44, 74). (ii) The analysis data set consisted of data from 205 neonates
providing 1,325 gentamicin serum concentrations. (iii) The model provided for appropriate representa-
tion of the target population with respect to gestational age, postnatal age, and weight ranging from
23.3 to 42.3 weeks, 1 to 78 days, and 2.03 to 5.05 kg, respectively. In this analysis, data were best
described by a three-compartmental model with linear elimination. Clearance and the volume of
distribution were scaled allometrically to body weight. A maturation function incorporating PMA (78), in
addition to PNA and serum creatinine concentration (SCr), influenced drug clearance.
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Since there were no SCr values available in the ARPEC data set used for simulations, the SCr was set
to typical values in this neonatal population, as proposed by Germovsek et al. (19), i.e., the “measured
SCr/typical SCr ratio” was set to 1. A deviation of SCr concentration to 60 �mol/liter from a typical SCr
concentration of 70 �mol/liter has only a marginal effect on drug clearance in the applied model
(clearance 2% lower). Linear PK were assumed for the total range of doses tested, and the weight
remained constant during the first week of treatment. Gentamicin exposures associated with dosing
regimens of interest were simulated in all neonatal patients in the available data set (n � 1,071). Each
patient was simulated once, and peak concentrations were retrieved at 1 h postdose, i.e., 0.5 h after the
end of infusion.

(iii) Evaluation steps. Germovsek et al. evaluated their model by bootstrap and visual predictive
checks, as well as against by using an external data set (163 neonates, prospective collection from five
hospitals). Model trough concentrations predicted from their model and from the literature (44, 45, 48,
49, 57, 71–75) were compared using their external evaluation data set. The predicted trough concen-
trations were the least biased for their model (19). We also compared predicted gentamicin exposure
with the applied model to two other published models (44, 61) using our final dosing recommendation.

Model-based simulations for gentamicin dosing up to 7 days were performed with the software
package NONMEM (v7.3.0; ICON Development Solutions, Ellicott City, MD). Data evaluation and visual
representations were performed with R (v3.1.2; R Development Core Team, Vienna, Austria [http://www
.r-project.org]).

(iv) Pharmacodynamic surrogates. Cmax/MIC ratio of �10 was chosen as the PD surrogate.
Gentamicin concentrations of �5 and �10 mg/liter, corresponding to MIC breakpoints of 0.5 and 1.0
mg/liter, respectively, were set as peak targets. A trough concentration of �2 mg/liter was set as an
appropriate target to minimize toxic effects. The proportion of patients reaching the target for efficacy
and safety surrogates was computed after the first dose (first dose on study day 1) and after 1 week of
treatment (last dose on study day 7) and is defined as the probability of target achievement (PTA). The
aim was to select a dosing regimen leading to a PTA � 90% within the predefined targets for efficacy
and safety (43).

Gentamicin dosing optimization. A stepwise approach was applied to identify an optimal dosing
regimen. As a first step, the minimal dose per administration (mg/kg) that achieved target peak
concentrations was selected (target attainment with respect to efficacy). The following escalating single
doses per body weight were simulated: 4, 5, 6, 7, 7.5, 8, 10, 12, 14, and 16 mg/kg. As a second step,
adequate dosing intervals were evaluated for the selected dose to avoid accumulation and maintain
target trough concentrations of �2 mg/liter (target attainment with respect to safety). The following
dosing intervals were evaluated in the simulation study: 24, 36, 48, and 72 h. As a third step, neonatal
patients were categorized into subgroups to test whether dosing could be further optimized and
personalized in neonates with dose adjustments based on patient characteristics (e.g., various doses
based on PNA categories). A sensitivity analysis was performed for a trough concentration of �1 mg/liter.

The results were retrieved after the first dose and after 1 week of treatment, but priority was given
to achieving efficacious and safe exposure after the first dose, considering that (i) accurate treatment
within the first hours of infection is crucial (53), (ii) treatment will be discontinued within 72 h in most
neonatal patients for nonconfirmed infection or switched to a more targeted therapy for confirmed
infection, and (iii) a large proportion of treated neonatal patients are expected to undergo therapeutic
drug monitoring to ensure efficacious and safe exposures beyond the first 2 to 3 days of treatment in
high-income countries.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/AAC
.02004-17.

SUPPLEMENTAL FILE 1, PDF file, 0.8 MB.

TABLE 4 Demographic characteristics from the Antibiotic Resistance and Prescribing in
European Children data subset used for exposure simulation

Parameter Result

Total population, no. (%)a 1,071 (100)
Preterm (GA � 37 weeks) 654 (58)
Preterm (GA � 28 weeks) 201 (18)

Demographic characteristicsb

Median gestational age (wks) 34 (22–44)
Median birth wt (kg) 2.1 (0.4–4.8)
Median postnatal age (days) 7 (0–60)
% patients aged �7 days 54
Median current wt (kg) 2.2 (0.48–4.86)
Median postmenstrual age (wks) 35.7 (23.7–47.6)

aGA, gestational age.
bRanges are indicated in parentheses where applicable.
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