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ABSTRACT
Background: Aminoglycosides are bactericidal antibiotics used worldwide for the treatment of serious
infections in critically ill patients, including neonates.
Critically ill neonates constitute a unique challenge in
dosing owing to the pathologic alterations that accompany severe illness and the rapidly changing conditions
of these patients.
Objectives: The main objective of this study was to
analyze the kinetically guided dosage adjustment of gentamicin in neonates critically ill during the first week of
life based on plasma concentrations after the first dose
and to identify the impact of covariates (eg, fluid intake,
body fluid retention) with respect to gestational age (GA).
Tolerability of therapy was also assessed.
Methods: This 10-day, open-label, prospective
study included neonates critically ill during the first
week of life admitted to the neonatal intensive care
unit of a children’s hospital between January 2006
and July 2009. Hearing and renal assessments were
conducted over a 24-month follow-up period. The
patients were treated with gentamicin for suspected
sepsis, proven sepsis, or pneumonia as an early sign
of sepsis. The first and second doses of gentamicin 4
mg/kg were adjusted according to birth weight and
GA: group 1 (GA ⬍ 34 weeks), 48-hour interdose
intervals; group 2 (GA 34 –38 weeks), 36 hours; and
group 3 (GA ⬎ 38 weeks), 24 or 48 hours. Individual
pharmacokinetic parameters were estimated after
the first dose (given in 30-minute intravenous infusions) using 4 concentrations. Individual pharmacokinetic parameters were estimated by fitting the pa-
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rameters of a 2-compartment model into 4
concentrations. The last 2 blood samples were taken
30 minutes before the fourth infusion (Ctrough,3) and
1 hour after its start (Cmax,4). Dosing was individualized to reach target ranges for the Ctrough,3 (0.5–2.0
mg/L) and Cmax,4 (6 –10 mg/L) values. If needed, initial dosing was changed after the second dose by
adjusting (reducing or increasing) the third and subsequent doses, or by adjusting (prolonging or shortening) the interdose intervals. Ctrough,3 and Cmax,4
were assessed to determine differences between predicted and assayed values. Fluid retention was registered as the difference between fluid intake and urine
output at different intervals related to the first dose
per kilogram of birth weight, and from the start of
the first infusion (0 hour) to the day of the fourth
infusion. The Cmax/minimum inhibitory concentration (MIC) ratio was determined for assessment of
optimal response. Tolerability was evaluated during
the 24-month follow-up period using renal sonography to screen for nephrocalcinosis and transient
evoked otoacoustic emission recordings to evaluate
hearing abnormalities.
Results: A total of 84 neonates (all white; 53 males,
31 females; birth weight range, 0.8 – 4.56 kg; GA
range, 24 – 42 weeks) were enrolled in 3 groups: group
1, GA ⬍ 34 weeks, n ⫽ 27; group 2, GA 34 –38 weeks,
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n ⫽ 22; and group 3, GA ⬎ 38 weeks, n ⫽ 35. The
Cmax value detected 1 hour after the start of the first
infusion (Cmax,1) reached the target range of 6 –10
mg/L in 66 of the 84 neonates (79%). After the initial
dose, Cmax,1 was variable (%CV, 29%); the failure rate
to reach 6 mg/L was 13%. Vd decreased with GA (r ⫽
– 0.30, P ⬍ 0.01) and achieved mean (SD) rates of 0.51
(0.10), 0.48 (0.13), and 0.40 (0.15) L/kg in groups 1, 2,
and 3, respectively. Neither Cmax nor Vd was correlated with fluid intake relative to the first infusion.
Mean gentamicin clearance measured after dose 1
(0.47 [0.23], 0.66 [0.26], and 0.76 [0.32] mL/min/kg)
increased with GA (r ⫽ 0.45, P ⬍ 0.001). The interdose interval was prolonged after the second and subsequent infusions in 8 of 84 neonates (10%) or by
decreasing the third dose and subsequent doses in 51
neonates (61%). The target Cmax,4 and Ctrough,3 values
occurred in 63% (22 of 35) and 83% (29 of 35) of
full-term patients (GA ⬎38 weeks), respectively. In
preterm neonates, the target range for Cmax,4 was
reached in 11 of 27 patients (41%) in group 1 and 11 of
22 patients (50%) in group 2; for Ctrough,3, the target
range was reached in 25 patients (93%) in group 1 and
in 16 (73%) in group 2. Ctrough,3 ⬎2 mg/L was detected
in 1 full-term neonate, and gentamicin was withdrawn.
Suspected fluid retention within the time period of 0
hour to the day of the fourth infusion was well correlated with actual body weight (r ⫽ 0.58, P ⬍ 0.001),
but it was negatively correlated with Cmax,4 (r ⫽ – 0.25,
P ⫽ 0.02). Thirteen of the 84 neonates (15%) had
confirmed sepsis. Cmax/MIC was ⬎12 except for 2 resistant staphylococcal infections (Cmax/MIC ⫽ 0.4);
amikacin and vancomycin were substituted for gentamicin in these cases. Clinical signs and laboratory data
indicative of suspected sepsis disappeared in 5 to 10
days in 68 of 71 neonates. In 1 neonate, gentamicin
was withdrawn after dose 4 because of a high Ctrough,3
value. In the 3 remaining neonates, C-reactive protein
was decreased ⬎10 days without changing therapy.
Two neonates died, 1 of severe hypoxic-ischemic encephalopathy as a consequence of perinatal asphyxia
and another of stage IV intraventricular hemorrhage.
Transient renal dysfunction attributable to gentamicin
was detected in 1 case. No signs of late toxicity
(nephrocalcinosis) were found during the second year
of follow-up. Two neonates were diagnosed with unilateral hearing loss, a secondary phenomenon of hypoxic-ischemic encephalopathy thought to be related
to the severe perinatal asphyxia.
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Conclusions: The initial dose of gentamicin 4 mg/kg
for these critically ill premature and mature neonates
with sepsis during the first week of life was high
enough to reach bactericidal Cmax,1 within 6 –10 mg/L.
Cmax,1 ⬍6 mg/L occurred in 13% of neonates. The
interdose interval modified according to the recommendation resulted in Ctrough values within the target
range of 0.5–2.0 mg/L in all but 2 neonates. The kinetically guided maintenance dosing of gentamicin based
on plasma concentrations after the first dose should be
optimized, taking into account actual body weight.
(EudraCT number: 2005-002723-13). (Clin Ther.
2010;32:2400 –2414) © 2010 Elsevier HS Journals,
Inc.
Key words: aminoglycosides, gentamicin, neonates,
sepsis, tolerability.

INTRODUCTION
Aminoglycosides are bactericidal antibiotics used
worldwide for the treatment of serious infections in
critically ill patients, including neonates.1 Their therapeutic efficacy is correlated more with Cmax values
than with dose.2 The effective value of Cmax (and its
range) is derived from the minimum inhibitory concentration (MIC) determined in vitro for the particular
microorganism. To reach a therapeutic drug level, the
Cmax/MIC ratio for a widely prescribed aminoglycoside (eg, gentamicin) should be within 8 to 12.3,4 However, the clinical use of aminoglycosides is limited by
toxicity. Nephrotoxicity and ototoxicity are reportedly
more likely to occur after repeated exposure and prolonged courses of therapy with aminoglycosides. Both
toxicities reportedly were reduced if the plasma concentration detected 30 minutes before the infusion
(Ctrough) is ⬍2 mg/L,2,5–7 whereas transiently elevated
Cmax concentrations (⬎12 mg/L) do not appear to influence the risk of toxicity.8
Optimal dosing with aminoglycosides such as gentamicin requires a thorough knowledge of their pharmacokinetics and pharmacodynamics. In published
studies,9 –15 a wide interindividual and intraindividual
variability in efficacy has been found repeatedly, mainly
in critically ill patients and ascribed by the authors to
factors (covariates) strongly influencing aminoglycoside
pharmacokinetics. The extended Vd of aminoglycosides
during sepsis and septic shock, and the ensuing subtherapeutic plasma concentrations achieved after the first infusion, have been reported in earlier studies focused on
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adult patients postsurgery or those suffering from sepsis.9 –11 In critically ill patients, a rapidly changing and
extended Vd of aminoglycosides11,12 is attributed to a
large volume of fluid administered as prevention
against hypotension13 or to fluid retention as a part of
a homeostasis response to the failing heart during sepsis.12 Fluid retention also may be a consequence of
renal failure.12,13 In contrast, a decrease in Vd and a
higher aminoglycoside clearance (CL) are associated
with improvement of the patient=s condition owing to
successful therapy.14 Such continuously changing conditions, which are difficult to identify, have led to the
view that the therapeutic benefit of gentamicin is uncertain or even unpredictable.15,16
In light of these findings, fluid intake (including volume expansion) and body fluid retention might be important pathophysiologic covariates that should be
taken into consideration when treating neonates critically ill with sepsis. To the best of our knowledge, the
importance of these covariates on the pharmacokinetics
of aminoglycosides in neonates has not yet been reported.
The main goal of the present study was to analyze the
kinetically guided dosage adjustment of gentamicin in neonates critically ill during the first week of life based on
plasma concentrations after the first dose and to identify
the impact of covariates (eg, fluid intake, body fluid retention) with respect to gestational age (GA). Tolerability
of therapy was also assessed.

PATIENTS AND METHODS
This prospective study (January 2006 –July 2009) enrolled neonates admitted to the Neonatal Intensive
Care Unit (NICU), Department of Pediatrics and Adolescent Medicine, General Teaching Hospital (Prague,
Czech Republic), for suspected sepsis, proven sepsis, or
pneumonia as an early sign of sepsis.
The study protocol was approved by the ethics committees of University Hospital in Hradec Králové and
Charles University in Prague. Written informed consent was provided before treatment by 1 parent and 1
witness (a nurse). Inclusion criteria were confirmed as
proven sepsis, suspected sepsis, and pneumonia. Exclusion criteria included enterococcal endocarditis, congenital defects, and acute renal failure defined as a serum creatinine level ⬎1.5 mg/dL despite normal
maternal function. This value is predominantly oliguric (urine output ⬍1 mL/kg/h).17,18
Proven sepsis was defined as clinical signs of a systemic response to the infection and a positive blood
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culture confirmed by the MIC obtained before the start
of antibiotic therapy (or later, if expected efficient outcome of therapy was not reached). The Cmax/MIC ratio
was determined to verify if the ratio was sufficient for
optimal response. For gentamicin, Cmax/MIC ratios of
8 –12 are considered optimal for most infections
caused by gram-negative microorganisms.19
Suspected sepsis was defined as clinical signs indicative of the systemic response with a negative blood
culture prompting ⱖ5 days of antibiotic therapy.20
Cmax values ranging from 6 –10 mg/L are considered
adequate for bactericidal activity.2 Clinical signs were
evaluated according to clinical examination and supportive therapy (Table I) and were considered as follows: severe apnea requiring nasal continuous positive
airway pressure or mechanical ventilation using biphasic positive airway pressure, ventilatory support, highfrequency oscillation ventilation or inhaled nitric oxide
administration, cardiac failure, capillary refill (⬎4 –5
seconds), or temperature instability (⬎38°C or
⬍36.2°C); lethargy or hypotonia; feeding intolerance;
and jaundice. Laboratory sepsis screen was defined as
an immature/total neutrophil ratio ⬎0.2 (evaluated according to GA and patent ductus arteriosus [PDA]);
white blood cell count ⬎25,000 or ⬍5000/mm3; and
C-reactive protein (CRP) ⬎10 mg/L. Pneumonia has
also been considered one of the signs of the systemic
response to infection.21 CRP values in serum ⬎10
mg/L were considered markers of sepsis.22 Further
signs of infection were early jaundice, thermoinstability, systemic hypoperfusion, arterial hypertension or
hypotension, and a variable response to the initiation
of therapeutic moderate whole-body hypothermia.
Early-onset sepsis was manifested in 72 hours after
delivery, whereas late-onset sepsis appeared later (because 72 hours after delivery included the cases treated
more than 10 days). The duration of sepsis treatment
with antibiotics was dependent on clinical examination,
laboratory parameters of infection, and culture-proven
sepsis recovery. This therapy usually lasted for 5–10 days.
The therapeutic regimen in the NICU consisted of a
combination of gentamicin with ampicillin 50 mg/kg
IV every 12 hours or ampicillin/sulbactam 75 mg/kg/d
divided every 12 hours for preterm neonates and 150
mg/kg/d divided every 12 hours for full-term neonates
suffering from suspected sepsis, proven sepsis, or pneumonia (caused by gram-negative strains). Two initial
(standard) doses of gentamicin and the first interdose interval were based on birth weight and GA as previously
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Table I. Demographic and clinical characteristics of 84 neonates stratified according to gestational age (GA).

Characteristics

Group 1:
GA ⬍34 Wk
(n ⫽ 27)

Group 2:
GA 34–38 Wk
(n ⫽ 22)

Group 3:
GA ⬎38 Wk
(n ⫽ 35)

18
9

13
9

22
13

29.9 (0.43)
1.53 (0.43)*†
0
0
6 (22)
17 (63)
9 (33)
5 (19)
25 (93)
12 (44)
1 (4)

35.8 (1.14)
2.75 (0.50)‡
0
0
5 (23)
15 (68)
1 (5)
4 (18)
16 (73)
4 (18)
0

40.0 (0.98)
3.41 (0.58)
3 (9)
14 (40)
10 (29)
32 (91)
0
3 (9)
24 (69)
0
9 (26)

Sex, no.
Male
Female
Mean (SD) GA, wk
Mean (SD) body weight at birth, kg
Perinatal asphyxia§ ⫹ HIE III, no. (%)
Perinatal asphyxia ⫹ HIE III ⫹ TH, no. (%)
Early asphyxia, no. (%)
Assisted ventilation using BIPAP, no. (%)
Assisted ventilation using HFOV, no. (%)
PH treated with inhaled NO, no. (%)
Cardiovascular failure, no. (%)
PDA treated with ibuprofen, no. (%)
IUGR, no. (%)

BIPAP ⫽ biphasic positive airway pressure; HFOV ⫽ high-frequency oscillation ventilation; HIE III ⫽ grade III hypoxic-ischemic
encephalopathy; IUGR ⫽ intrauterine growth restriction; NO ⫽ nitric oxide; PDA ⫽ patent ductus arteriosus; PH ⫽ pulmonary
hypertension; TH ⫽ therapeutic modest whole-body hypothermia.
* P ⬍ 0.001, group 1 versus 2.
†
P ⬍ 0.001, group 1 versus 3.
‡
P ⬍ 0.001, group 2 versus 3.
§
Apgar score ⱕ4 was one of the parameters identifying perinatal asphyxia.

recommended.23,24 The drug was given in 30-minute intravenous infusions via the peripheral vein (Alaris GS/
GH/CC programmable pumps; Cardinal Health, Rolle,
Switzerland). All infusions lasted for 30 minutes.
To determine gentamicin plasma concentrations after
the first dose, 4 blood samples were taken from the central venous catheter or the peripheral arterial catheter
different from that used to infuse the drug. The first
postinfusion sample (Cmax,1) was drawn at 1 hour after
the start of the first infusion. Additional samples were
taken at 6 and 12 hours (group 1) and at 12 and 24 hours
(groups 2 and 3). The fourth sample was taken 30 minutes before the second dose (Ctrough,1). Blood samples
were collected into standard EDTA tubes, centrifuged (10
minutes at 4°C) within 1 hour after sampling, and stored
for no longer than 2 days at –20°C. Gentamicin concentrations were assayed by a fluorescence polarization immunoassay (TDx Analyzer; Abbott Laboratories, Abbott
Park, Illinois). The limit of quantitation was 0.3 mg/L,
and the interday %CVs were 4.5% at 1 mg/L, 2.7% at 4
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mg/L, and 2.4% at 8 mg/L. The laboratory was certified
to perform gentamicin analyses by the Division for Drug
Analyses (Referenzinstitut fur Bioanalytik, Bonn,
Germany).
Individual pharmacokinetic parameters were estimated
by fitting the parameters of a 2-compartment model25 into 4
concentrations assayed after the first infusion using
MW\Pharm program version 3.15A (Medi\Ware, Groningen, the Netherlands). These individual parameters were
used to simulate the time profile of gentamicin concentrations and, starting from the interval after the second dose, to
individualize the dosing regimen to achieve the target ranges
related to the fourth dose: Ctrough,3, detected 30 minutes
before the fourth infusion (within the range of 0.5–2.0 mg/
L), and Cmax,4, detected 1 hour after the start of the fourth
infusion (within the range 6–10 mg/L). The range of plasma
concentration after the fourth infusion was chosen as the
target for dosing prediction, as in many cases (group 1) the
fourth dose of gentamicin was the last one given to the patients. After dose 4, the steady-state of plasma gentamicin
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concentrations predicted was achieved in all but 3 preterm
patients characterized by very low CL1 values (gentamicin
clearance estimated after dose 1). In these cases, 90%–95%
of steady-state predicted values were determined. The last 2
blood sample concentrations (Ctrough,3 and Cmax,4) assayed
could thus be compared with those predicted and validated
by determining the predictive performance26 (as described
in the Statistical Analysis section).
Body fluid retention was estimated as the difference between fluid intake and urine loss measured every hour per
day and kilogram of birth weight. Urine was collected by a
catheter. Volumes of fluid lost by perspiration insensible,
sweating (perspiration sensible), and feces were not considered; metabolic water was also not considered. The inputoutput difference in the fluid volume was presented as suspected body fluid retention and evaluated within the
following time intervals: (1) from 2 hours to the start of the
first infusion; (2) from –6 to 1 hour relative to the start of the
first infusion; (3) from the start of the first infusion (0 hour)
to 24 hours relative to the start of the first infusion; and (4)
fluid retention from the start of the first infusion (0 hour) to
the start of the fourth infusion.
Neonates were kept in warm humidified incubators
(Draeger Medical GmbH, Lübeck, Germany [preterm neonates, groups 1 and 2]), warm beds (Alfamedic, Lišov,
Czech Republic [full-term nonasphyxiated neonates]), and
hypothermic Dartin beds equipped with the hypothermic
Gaymar Medi-Therm III system (Gaymar Industries, Inc,
made in Prague, Czech Republic [full-term asphyxiated neonates]). The temperature of the incubators was set up to
maintain rectal body temperature within 36°C–37°C. Asphyxiated neonates were treated with whole-body hypothermia. The goal was to maintain rectal body temperature
within 33°C–34°C for 72 hours. Rectal body temperature
was monitored continuously. Systolic blood pressure (SBP)
and diastolic blood pressure (DBP) were obtained from intra-arterial lines and registered simultaneously with cardiac
examination every hour per day using an oscillometric device. Mean blood pressure was calculated as the sum of the
DBP and one third of the pulse pressure, defined as the difference between the DBP and the SBP.27 Heart rate was
registered continuously using electrocardiography.
Laboratory examinations were conducted at the departments of Microbiology, Clinical Chemistry, and Hematology of the General Teaching Hospital (Prague, Czech Republic). Microbiologic cultures were analyzed using an
automated continuous-monitoring blood culture system
(Bactec 9240 Blood Culture Analyzer, Fluorescent Series;
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Becton Dickinson Microbiology Systems, Cockeysville,
Maryland).
During the 24-month follow-up period after therapy termination, tolerability of kinetically guided therapy with gentamicin was monitored, with a focus on ototoxicity and
nephrotoxicity. Hearing screening was conducted by means
of 2 successive transient evoked otoacoustic emission recordings (using pure-tone testing between 0.25 and 8 kHz
with a portable DANAX AS 72 Audiometer Echo-screen
TDA [Widex Line, Prague, Czech Republic]), followed in
cases of suspected hearing loss by brainstem auditory
evoked potential recordings and otorhinolaryngology
consultation.
The incidence of renal disorder was studied using
criteria for evaluation of renal dysfunction28 and
nephrocalcinosis.29 Renal dysfunction was defined as
progressive oliguria ⬍1 mL/kg/h and serum creatinine
concentrations twice as high as the initial value; both
were obtained within the interval determined by day of
gentamicin dose 1 and dose 4 administration.28,30 Signs
of nephrocalcinosis were regularly examined by renal
sonography using the Acuson Aspen Electric Medical
Service (Acuson Aspen, Cyprus, Czech Republic).

Statistical Analysis
Standard statistical methods were used for the structural
analysis of the data. Means, SDs, and minimal and maximal
values were used to describe the data sets. As the first step
before starting the inductive statistics, the D’Agostino normality test of the data was provided. When the resulting P
value was ⬎0.05, the 2-sample t test was then used for statistical decision with the Pearson correlation coefficient, and
the corresponding P value was used to evaluate a linear relationship. When the resulting P value was ⬍0.05, the
Mann-Whitney test for statistical decision, the Spearman
correlation coefficient, and the corresponding P value were
used to evaluate a linear relationship. In all cases, P ⬍ 0.05
indicated statistical significance.
The accuracy and precision of predicting Ctrough,3 and
Cmax,4 concentrations were evaluated using the
mean prediction error (MPE) and the mean absolute
prediction error (MAPE), calculated as follows:
MPE ⫽ ⌺(Cpredicted – Cassayed)/N and MAPE ⫽ SUM
|(Cpredicted – Cassayed)|/N.26 The point estimates and
95% CIs were reported.
All calculations were conducted using the Kinetica 4.0
package (Inna Phase, Thermo Fisher Scientific Inc, Waltham, Massachusetts), MS Excel 2003 (Microsoft Corpora-

Volume 32 Number 14

J. Martínková et al.
tion, Redmond, Washington; 1985–2003), and Statistica
version 8.0 (StatSoft, Inc, Tulsa, Oklahoma; 1984–2007).

RESULTS
A total of 129 neonates were originally screened for inclusion in the study. Blood samples were missing in 23
neonates or gentamicin therapy was stopped very early
(within 47 hours) in 18 neonates. Four patients died of
organ failure not attributable to the drug. The final cohort thus included 84 neonates.
The demographic and clinical characteristics of the 84
neonates stratified into 3 groups according to GA are
summarized in Table I. Some comorbidities were frequent in a particular group. For example, intrauterine
growth restriction occurred in 26% and severe perinatal
asphyxia with hypoxic-ischemic encephalopathy (HIE)
treated with therapeutic modest whole-body hypothermia occurred in 40% of the full-term neonates in group 3;
44% of patients in group 1 had PDA. Early asphyxia
occurred at comparable rates throughout all groups
(22%, 23%, and 29% in groups 1, 2, and 3, respectively).

was given for 7–10 days at a dosage of 10 mg/kg every
12 hours (coadministered with ampicillin) and 15
mg/kg every 8 hours (in monotherapy) in 2 cases resistant to Staphylococcus saprophyticus and Staphylococcus epidermidis, respectively.
The first and second doses of gentamicin and the first
interdose interval followed guidelines for standardized
dosing, which take into account birth weight and GA
(Table II). Kinetically guided dose adjustments resulted in
modification of the standard dosing in 58 of the 84 neonates (69%). Decrease of dosing rate was reached as follows: the interdose interval was prolonged after the second and subsequent infusions in 8 of 84 neonates (10%)
and/or the third and subsequent doses were decreased in
51 neonates (61%) (Table III). Figure 1 illustrates one
case in which both the interval after the second infusion
was prolonged and the third dose was reduced to reach
the target Cmax,4 and Ctrough,3 levels. The interdose interval was shortened after the second and subsequent infusions in 7 of 84 neonates (8%) .

Antibiotic Therapy

Pharmacokinetics of Gentamicin After the First
Dose

Ampicillin plus gentamicin was given to 67 of 84
neonates (80%), and ampicillin/sulbactam plus gentamicin was given to 17 (20%). Intravenous vancomycin

Individual profiles of plasma gentamicin concentration observed after the first standard dose of 4 mg/kg
and the mean concentration time profile for each of the

Table II. Dosing of gentamicin, plasma concentration, and pharmacokinetic parameters estimated after the first
standard dose of 4 mg/kg given to critically ill neonates with sepsis during the first week of life.
Characteristics
Initial dose, mg/kg
The first interdose interval, h
Vd1, L/kg†‡
CL1, mL/min/kg†§
Cmax,1, mg/L†储
Ctrough,1, mg/L†¶

Group 1:
GA ⬍34 Wk

Group 2:
GA 34–38 Wk

Group 3:
GA ⬎38 Wk

4.0
48
0.51 (0.10) [0.24–0.77]
0.47 (0.23) [0.094–1.04]
7.26 (1.90) [4.7–15.6]
1.09 (0.63) [0.30–3.5]

4.0
36
0.48 (0.13) [0.31–0.76]
0.66 (0.26) [0.1–1.06]
7.47 (1.5) [4.4–10]
0.70 (0.36) [0.20–1.7]

4.0
24 or 48*
0.40 (0.15) [0.12–0.72]
0.76 (0.32) [0.20–1.6]
8.75 (2.7) [4.3–16]
0.96 (0.54) [0.30–3.1]

CL1 ⫽ CL measured after dose 1; Cmax,1 ⫽ plasma concentration detected 1 hour after the start of the first infusion;
Ctrough,1 ⫽ plasma concentration detected 30 minutes before the second infusion; GA ⫽ gestational age; Vd1 ⫽ Vd
measured after dose 1.
* In 6 neonates with asphyxia, the interval was prolonged from 24⫺48 hours.
†
Mean (SD) [range].
‡
P ⬍ 0.005, group 1 versus 3.
§
P ⬍ 0.001, group 1 versus 2 and group 1 versus 3; P ⫽ 0.07 group 2 versus 3.
储
P ⫽ 0.02, group 1 versus 3; P ⫽ 0.04, group 2 versus 3; P ⫽ 0.67, group 1 versus 2.
¶
P ⬍ 0.01, group 1 versus 2; P ⫽ 0.046, group 2 versus 3; P ⫽ 0.19, group 1 versus 3.
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Table III. Kinetically guided adjustment of gentamicin dosing based on the individual pharmacokinetic characteristics estimated after the first infusion and simulation of the plasma concentrations detected 30
minutes before the fourth infusion (Ctrough,3) and plasma concentrations detected 1 hour after the start
of the fourth infusion (Cmax,4).* Unless otherwise noted, values are given as mean (SD).
Characteristics of Dosing Regimen

Group 1:
GA ⬍34 Wk

16/27 (59)
0.024 (0.010)
28 (13)

16/22 (73)
0.037 (0.025)
28 (14)

19/35 (54)
0.041 (0.020)
29 (12)

Decrease of the third and subsequent doses
n/N (%)
By mg
%

16/27 (59)
1.6 (0.5)
29 (13)

16/22 (73)
2.7 (0.8)
24 (6)

19/35 (54)
3.1 (1.9)
23 (13)

5/22 (23)
14.4 (5)
50 (30)

3/35 (9)
12 (0)
50 (0)

Increase of dosing rate
n/N (%)
By mg/kg/h
%
Increase of the third and subsequent doses
n/N (%)
By mg
%
Shortening of the interdose interval after second
and subsequent doses n/N (%)
By hour
%

0
—
—

6/22 (27)

Group 3:
GA ⬎38 Wk

No changes in the initial (standard) dosing
regimen, n/N (%)
Decrease of dosing rate
n/N (%)
By mg/kg/h
%

Prolongation of the interdose interval after
second and subsequent doses
n/N (%)
By hour
%

8/27 (30)

Group 2:
GA 34–38 Wk

12/35 (34)

3/27 (11)
0.032 (0.022)
33 (17)

0
—
—

4/35 (11)
0.032 (0.025)
25 (17)

0
—
—

0
—
—

0
—
—

3/27 (11)

0

4/35 (11)

12 (0)
25 (0)

—
—

12 (0)
25 (0)

GA ⫽ gestational age.
* Changes of initial (standard) dosing to obtain maintenance dosing as predicted according to individual kinetics of gentamicin. Changes are evaluated using dosing rate (milligram per kilogram per hour), doses (in milligrams), and interdose intervals
(in hours). Every adjustment was also expressed as a percentage of the initial value.

3 groups are shown in Figure 2. Pharmacokinetic characteristics for Vd and CL measured after dose 1 (Vd1
and CL1, respectively), as well as the Cmax,1 and
Ctrough,1 concentrations, are given in Table II. As expected, the mean value of Vd1 normalized for body
weight was the highest in group 1, followed by groups
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2 and 3, respectively, whereas an opposite trend was
observed for CL1. There was a weak negative correlation
between GA and the birth weight–normalized value of
Vd1 (r ⫽ – 0.30, P ⫽ 0.006) with a modest correlation
between GA and CL1 (r ⫽ 0.45, P ⬍ 0.001). The Cmax,1
values were numerically higher in full-term neonates
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Figure 1. Fluctuation of plasma gentamicin concentration (Cpl). Simulation is based on individual gentamicin
pharmacokinetic parameters estimated using gentamicin Cpl after the first initial (standard) dose.
Cmax,4 ⫽ Cmax detected 1 hour after the start of the fourth infusion; Ctrough,3 ⫽ Cpl detected 30 minutes
before the fourth infusion.

(group 3) compared with both groups of premature neonates (Table II). In 66 of the 84 neonates (79%), the
Cmax,1 value reached the target range of 6 –10 mg/L. In 11
neonates (13%), Cmax,1 was ⬍6 mg/L. The failure rate to
reach this lower limit of the target window was low and
comparable in all groups (11%, 14%, and 11%, respectively; P ⫽ NS). In 8 neonates (1 premature and 7 mature)
(10%), Cmax,1 was ⬎10 mg/L. The Ctrough,1 was ⬍2 mg/L
in all but 2 neonates.
There was no significant difference between groups
in fluid intake over the 2-hour interval before the start
of the first infusion (Table IV). It was, however, statistically higher in combined groups 1 and 2 (all preterm
neonates) compared with the full-term neonates in
group 3 (18.5 [10.5] vs 14.3 [7.44] mL/kg; P ⫽ 0.04).
Body fluid retention in various intervals relative to the
start of gentamicin dosing was numerically higher in
preterm neonates from group 1 compared with the fullterm neonates from group 3, whereas the volumes retained by preterm neonates from group 2 and the full-
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term neonates were comparable. Neither Cmax,1 nor
Vd1 was significantly correlated with the intake of fluid
in the interval from –2 hours to 0 hour or body fluid
retention calculated from – 6 hours to 1 hour relative to
the start of the first infusion. Moreover, the intake of
fluid and body fluid retention in neonates with Cmax,1
⬍6 mg/L (n ⫽ 11) was not significantly different from
those in neonates with higher Cmax,1 (n ⫽ 73) (fluid
intake, 12.5 [6.5] vs 17.4 [9.8] mL/kg; fluid retention,
3.7 [2.4] vs 4.8 [3.5] mL/kg). There were modest negative correlations between CL1 and fluid retention in
the intervals from – 6 hours to 1 hour (r ⫽ – 0.31, P ⬍
0.005) and from 0 to 24 hours (r ⫽ – 0.37, P ⬍ 0.001),
respectively, but not between CL1 and fluid intake
from –2 hours to 0 hour.

Importance of Comorbidity Shown in PDA
Twelve of the 27 preterm neonates (group 1) and 4
of the 18 preterm neonates (group 2) experienced PDA
(Table I); the remaining 15 neonates (group 1) and 18
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Figure 2. Individual and mean (SD) plasma profiles of gentamicin after a 30-minute IV infusion of 4 mg/kg to
neonates with a gestational age of (A) ⬍34 weeks (group 1), (B) 34 –38 weeks (group 2), (C) ⬎38
weeks (group 3), and (D) combined.

neonates (group 2) did not. Mean gentamicin CL
reached 0.37 (0.13) mL/min/kg in the patients with
PDA and 0.55 (0.26) mL/min/kg in those without PDA
(P ⫽ 0.004). Body fluid retention from 0 hour to the
day of the fourth dose was 356 (118) mL/kg in the
former and 223 (98) mL/kg in the latter (P ⫽ 0.048).

Comparison of Assayed and Predicted
Gentamicin Cmax,4 and Ctrough,3 Values
In all 3 groups, the assayed Cmax,4 and Ctrough,3 values were numerically lower compared with predictions. The MPE (95% CI) for Cmax,4 was comparable
between groups and was 0.83 (0.17–1.5), 1.1 (0.25–
2.0), and 1.0 (0.2–1.8) mg/L for groups 1, 2, and 3,
respectively. For Ctrough,3, the corresponding values
were 0.33 (0.15– 0.52), 0.38 (0.10 – 0.67), and 0.32
(0.09 – 0.55) mg/L. No differences were statistically
significant. Similarly, no significant differences between
groups were found in the precision of prediction either for
Cmax,4 or for Ctrough,3. The MAPE (95% CI) of Cmax,4
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was 1.5 (1.0 –1.9), 1.8 (1.2–2.4), and 2.1 (1.6 –2.6) mg/L
for groups 1, 2, and 3, respectively. For Ctrough,3, the
corresponding MAPE values were 0.45 (0.31– 0.59),
0.53 (0.31– 0.76), and 0.49 (0.30 – 0.68) mg/L.
The assayed values of Cmax,4 were within the target
range of 6 –10 mg/L in 44 of the 84 neonates (52%),
and Ctrough,3 was within the range of 0.5–2.0 mg/L in
70 neonates (83%). Neonates from the 3 groups who
reached or failed to reach the target range for Cmax,4
and Ctrough,3 are summarized in Table V. Failure to
achieve the Cmax,4 within the target range was more
frequent in premature neonates (combined groups 1
and 2) compared with the full-term neonates of group
3 (55% vs 31%; P ⫽ 0.045). Fluid retention in the
interval from the first infusion (0 hour) to the fourth
infusion was positively correlated with the postnatal
change in body weight (Figure 3) and negatively correlated with Cmax,4 (Figure 4). Moreover, in neonates
with Cmax,4 ⬍ 6 mg/L compared with those with a
higher Cmax,4, fluid retention in the interval from the
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Table IV. Intake of fluid (mean [SD]) in the 2-hour interval before the start of the first infusion with gentamicin and
body fluid retention calculated as a difference between fluid intake and loss by urine at various time
intervals.
Interval

Group 1:
GA ⬍34 Wk

Group 2:
GA 34–38 Wk

Group 3:
GA ⬎38 Wk

From –2 to 0 h
From –6 to 1 h
From 0 to 24 h
From 0 h to 4th infusion

21.1(12.2)
46.0 (28.3)
84.0 (59.3)
297 (127)

16.1 (8.3)
23.3 (17.4)
33.8 (35.6)
172 (75.8)

14.8 (7.8)
26.7 (18.5)
49.6 (48.2)
179 (85.2)

Characteristics
Fluid intake, mL/kg*
Fluid retention, mL/kg†
Fluid retention, mL/kg‡
Fluid retention, mL/kg§

GA ⫽ gestational age.
* P ⫽ 0.06, group 1 versus 2; P ⫽ 0.1, group 1 versus 3; P ⫽ 0.3, group 2 versus 3.
†
P ⫽ 0.003, group 1 versus 2; P ⫽ 0.002, group 1 versus 3; P ⫽ 0.5, group 2 versus 3.
‡
P ⫽ 0.001, group 1 versus 2; P ⫽ 0.01, group 1 versus 3; P ⫽ 0.2, group 2 versus 3.
§
P ⫽ 0.002, group 1 versus 2; P ⬍ 0.005, group 1 versus 3; P ⫽ 0.8, group 2 versus 3.

first infusion (0 hour) to the fourth infusion was
higher (mean [SD], 243 [124] vs 193 [99.2] mL/kg; P
⬍ 0.05). The kinetically guided dose adjustment led
to the absence of gentamicin accumulation as the
Ctrough,3 values were ⬍2 mg/L in all but 1 neonate
from group 3.

Clinical Outcome
The infecting microorganisms were identified in 13 of
84 patients (16%) as follows (corresponding MIC values

are provided): Acinetobacter baumannii, ⬍0.1 mg/L;
Klebsiella oxytoca, 0.25 mg/L; S epidermidis, 0.125
mg/L; S epidermidis, 1 mg/L; S saprophyticus ⬎16 mg/L;
Escherichia coli, 0.25 mg/L; Listeria monocytogenes,
⬍0.5 mg/L; Pseudomonas aeruginosa, 0.25 mg/L (in two
cases); P aeruginosa, 0.5 mg/L; Staphylococcus aureus,
0.125 mg/L; and Acinetobacter ursingii, ⬎0.1 mg/L.
Initial positive blood culture before the first gentamicin infusion was obtained in 7 of 13 neonates
(54%); neonatal bloodstream infection was identified

Table V. Assayed concentrations of gentamicin in neonates who reached and failed to reach the target range for
plasma concentrations detected 1 hour after the start of the fourth infusion (Cmax,4; 6 –10 mg/L) and
plasma concentrations detected 30 minutes before the fourth infusion (Ctrough,3; 0.5–2 mg/L).
Group 1:
GA ⬍34 Wk

Group 2:
GA 34–38 Wk

Group 3:
GA ⬎38 Wk

6.06 (1.80) [3.6–9.8]
11/27 (41)
16/27 (59)
0/27 (0)
1.09 (0.63) [0.30–3.5]
26/27 (96)
1/27 (4)
0/27 (0)

5.97 (1.88) [2.7–8.9]
11/22 (50)
11/22 (50)
0/22 (0)
0.69 (0.36) [0.20–1.7]
16/22 (73)
6/22 (27)
0/22 (0)

6.77 (1.83) [3.4–11.1]
22/35 (63)
11/35 (31)
2/35 (6)
0.96 (0.54) [0.30–3.1]
29/35 (83)
5/35 (14)
1/35 (2)

Concentration
Cmax,4, mg/L*
Cmax,4 6–10 mg/L, n/N (%)
Cmax,4 ⬍6 mg/L, n/N (%)
Cmax,4 ⬎10 mg/L, n/N (%)†
Ctrough,3, mg/L*‡
Ctrough,3 0.5–2 mg/L, n/N (%)
Ctrough,3 ⬍0.5 mg/L, n/N (%)
Ctrough,3 ⬎2 mg/L, n/N (%)

* Mean (SD) [range].
†
Conditions of the test have not been met.
‡
P ⬍ 0.005, group 1 versus 2.
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Figure 3. The relationship between the postnatal
change in body weight and suspected
fluid retention over the interval from the
start of the first infusion to the day of the
fourth infusion.

in 6 neonates on days 5–13 after the start of antibiotic
therapy as a sign of nosocomial superinfection.31 In the
former, gentamicin Cmax,1 did not reach 6 mg/L in 2 of
the 7 neonates; in the latter, gentamicin Cmax,4 did not
reach 6 mg/L in 5 of 6 neonates. Nevertheless, the Cmax/
MIC ratio ⬎12 was reached in every examined case except for 2 (owing to resistant S epidermidis and S saprophyticus characterized by a Cmax/MIC ratio of 0.4). In the
first case, gentamicin was substituted with amikacin. The
second infection caused by S saprophyticus resistant to
gentamicin was considered artificial contamination and
treated solely with vancomycin. Neonatal-proven sepsis
was cured in all 13 patients.
Clinical signs and laboratory data indicative of sepsis disappeared in 5–10 days as shown in 68 of 71
neonates (96%). Consequently, empirical antimicrobial therapy was withdrawn. In 1 case, gentamicin was
withdrawn because of the high Ctrough,3 value. In the
remaining 3 neonates, CRP decreased to a normal
value (after ⬎10 days) without any change in antimicrobial therapy.
No patient required cessation of treatment owing to
acute toxicity of gentamicin. Two neonates died. The
first died of HIE as a consequence of perinatal asphyxia, documented by EEG findings. Gentamicin
Cmax,4 and Ctrough,3 were assayed 13 days before death
(Cmax,4, 4.5 mg/L; Ctrough,3, 1.9 mg/L). The second neonate died of stage IV intraventricular hemorrhage. In
this case, gentamicin plasma concentrations were de-
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tected 9 days before death (Cmax,4, 4.5 mg/L; Ctrough,3,
0.7 mg/L). Neither case revealed signs of renal disorder
attributable to gentamicin.
Renal dysfunction was detected in 23 neonates as
follows: in 8 preterm neonates in group 1, 2 preterm
neonates in group 2, and 13 full-term neonates in
group 3. Eight of the 13 neonates from group 3 were
diagnosed with intrauterine growth restriction. In 13
of the 23 neonates with renal dysfunction, serum creatinine reached a normal value before gentamicin withdrawal. In 7 of the 23 neonates, serum creatinine
reached a normal value after gentamicin had been
withdrawn (maximum of 1 week later). There was a
relationship to gentamicin plasma concentration in 1
case only (Cmax,1, 7.5 mg/L; Ctrough,1, 2.6 mg/L; Cmax,4,
11.1 mg/L; and Ctrough,3, 3.1 mg/L). This neonate
should have been treated with a reduced maintenance
dose, as recommended by the clinical pharmacologist.
This advice was not accepted by the physician in charge
although the Ctrough,1 value previously detected had
been too high to be considered normal. Ctrough,3 increased greatly (the upper limit of Ctrough is ⬍2 mg/L).
Gentamicin was then immediately withdrawn, and serum creatinine concentrations returned to the normal
range within 2 days. The additive contribution of multiorgan dysfunction syndrome cannot be excluded. In
this case, no abnormality of hearing was found.

Figure 4. The relationship between the plasma concentration detected 1 hour after the start
of the fourth infusion (Cmax,4) and suspected body fluid retention calculated
from the start of the first infusion (0 hour)
to the day of the fourth infusion.
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Results of sonography examination found that 68
of 82 neonates (83%) were examined during the first
year, and 46 of these neonates (56%) were reexamined
during the second year of life (24-month follow-up).
Data were missing because some families failed to return for follow-up visits.
There were some signs of nephrocalcinosis on ultrasonography. Nonspecific abnormalities were described
in 3 neonates (4%) during the first year. No signs of
nephrocalcinosis were found by reexamination during
the second year.
Transient evoked otoacoustic emission recordings
were used to evaluate hearing abnormalities in 68 of 82
neonates (83%) during the first year (recording 1) and
46 of 82 patients (56%) during the second year (recording 2). Again, there was incomplete data for
recordings 1 and 2 because some families failed to
return for follow-up visits. Based on these recordings, 2 neonates were diagnosed with HIE grade
III–IV (a consequence of severe perinatal asphyxia32). Moreover, these 2 patients were found to
have unilateral hearing loss attributable to high severity of HIE.

DISCUSSION
It is generally accepted that in neonates critically ill
during the first week of life, the interindividual variability of gentamicin pharmacokinetics is large. In the
present study, after the first standard dose of 4 mg/kg,
the Cmax,1 concentration observed was variable, ranging from 4.4 –16.0 mg/L (%CV, 29%). The estimates
of Vd1 and CL1 obtained were in good agreement with
data from the literature.33 GA as a maturational covariate strongly— and in the expected manner—influenced
both Vd1 and CL1,34 –36 whereas fluid intake did not.
Fluid retention showed modest negative correlations with
CL1. Despite a higher mean value of the body weight–
normalized Vd1 and correspondingly lower mean Cmax,1
in premature neonates, the failure rate to reach the
threshold level of 6 mg/L was relatively low (13%) and
comparable in all 3 groups of neonates.
In contrast, a large body fluid retention in the interval from before the first infusion to the fourth infusion,
which was associated with a marked gain in body
weight, resulted in Cmax,4 values below the target
range. It can be ascribed to lower intravascular retention,37 but the interstitial volume was much larger.38
Fluid easily leaves the plasma, enters the interstitium,
and may accumulate to reach the higher volume detect-
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able by a weight gain. In critically ill neonates suffering
from edema, anasarca, or ascites, this process has been
well described using input-output fluid volume balance. Analysis of Cmax,4 assayed revealed levels ⬍6
mg/L in most neonates from group 1 with the lowest
GA, who at the same time had the highest fluid retention per kilogram of body weight. Considerable systemic capillary leak (sequelae of bacteriemia and sepsis39) that increases extracellular fluid volume might
enhance escape of gentamicin from intravascular fluid
extravascularly and contribute to this finding. Moreover, some amount of the drug is thought to be distributed, for instance, to peritoneal fluid, reaching even
therapeutic concentrations.40 Due to extended interdose intervals, Ctrough concentrations after the first and
third doses were within the target range and documented the absence of gentamicin accumulation. This
outcome might also be attributed to successful therapy
resulting in an increase in glomerular filtration rate and
gentamicin clearance within a few days.14
The individual range of bactericidal plasma concentrations should be taken into consideration when determining MIC and consequently the Cmax/MIC ratio. With
higher sensitivity of microorganisms in vitro, the plasma
concentration of gentamicin necessary for bactericidal activity diminishes. In this study, MIC was generally very
low and the Cmax/MIC ratio was estimated to be ⬎12 for
both Cmax,1 and Cmax,4 values, except for 2 resistant
staphylococcal infections, which necessitated substituting
gentamicin for amikacin and vancomycin.
In the present study, creatinine CL was neither calculated nor measured because several studies, including a recent population analysis, reported that this
value is an unreliable indicator of the glomerular filtration rate in neonates during the first week of life and
the correlation between calculated creatinine CL and
gentamicin CL is weak or absent.41– 44 It is understood
that when renal function is changing rapidly, estimation of the CL of aminoglycoside antibiotics may be a
more accurate indicator of glomerular filtration rate
than serum creatinine.45
The infection in all 13 neonates with proven sepsis
was cured, and signs of sepsis abated within several
days. In accordance with any study dealing with neonatal sepsis, it was difficult to assess antibiotic efficacy
and prevent treatment failure because of the relatively
rare incidence of culture-proven cases.46,47
This study also focused on renal disorders and abnormalities of hearing monitored during the 24-month
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follow-up period. Nephrotoxicity is a well-known
transient consequence of therapy with all aminoglycosides.48,49 Neonates are thought to be at higher risk for
aminoglycoside toxicity, but some published data are
conflicting.50,51 Toxicity appears to be related to both
Ctrough values and duration of therapy. In the present
study, Ctrough,3 values exceeded the target value of 2
mg/L only in 1 full-term neonate. In contrast, a retrospective analysis52 performed at the same institution 4
years earlier evaluated therapy with gentamicin without a kinetically guided approach over the years 2001
to 2004. That analysis found a Ctrough,4 value ⬎2 mg/L
in 37% of neonates.
Renal dysfunction in 23 neonates was associated
with multiorgan dysfunction syndrome after perinatal
asphyxia or therapeutic modest whole-body hypothermia, sepsis, prematurity, and intrauterine growth restriction in accordance with the literature.53 Only 1
neonate experienced renal dysfunction that appeared
related to gentamicin administration; serum creatinine
concentrations decreased rapidly after gentamicin
withdrawal, and gentamicin plasma concentrations
were considered within recommended limits.
Hearing disorders related to therapy with aminoglycosides have been attributed to their distribution to the
statoacoustic apparatus with subsequent apoptotic
death of hair cells and vestibular destruction.54 –56 In
neonates born at a GA ⬍34 weeks or birth weight
⬍1000 g, the prevalence of hearing loss in a representative NICU population was 3.2%.57 Independent risk
factors for hearing loss were severe birth asphyxia and
assisted ventilation lasting ⬎5 days. Recently, a second
mutation involving a thymidine deletion in the ribosomal
RNA gene has been identified that can predispose patients to aminoglycoside auditory toxicity.58 The present
study found 2 cases of unilateral hearing loss that appeared to be related to documented severe HIE.

Limitations
The present investigation involved only a small
number of patients at a single center and used only data
routinely registered and available in the NICU in
charge. Therefore, only the volume of urine was taken
into account as the sole route of fluid loss, which
caused some overestimation of the input-output difference. Additional investigations should focus on particular conditions, such as intrauterine growth restriction
and perinatal asphyxia, that may particularly influence
the pharmacokinetics of gentamicin in neonates.
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CONCLUSIONS
The initial dose of gentamicin 4 mg/kg for these critically ill premature and mature neonates with sepsis
during the first week was high enough to reach bactericidal Cmax,1 within 6 to 10 mg/L. Cmax,1 values ⬍6
mg/L were found in 13% of neonates. The interdose
interval modified according to the recommendation resulted in a Ctrough value within the target range of 0.5–
2.0 mg/L in all but 2 neonates. The kinetically guided
maintenance dosing of gentamicin based on plasma
concentrations after the first dose should be optimized,
taking into account actual body weight.
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