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Abstract
Objectives  This study aimed to assess the incidence of amikacin plasma peak concentration (Cmax) below 60 mg·L−1 in criti-
cally ill children receiving an amikacin dosing regimen of 30 mg kg−1·day−1. Secondary objectives were to identify factors 
associated with low Cmax and to assess the incidence of acute kidney injury (AKI).
Methods  A retrospective observational study was performed in two French pediatric intensive care units. All admitted chil-
dren who received 30 mg·kg−1 amikacin and had a Cmax measurement were eligible. Clinical and biological data, amikacin 
dose, and concentrations were collected.
Results  In total, 30 patients were included, aged from 3 weeks to 7 years. They received a median amikacin dosage of 30 
mg kg−1·day−1 (range 29–33) based on admission body weight (BW), corresponding to 27 mg kg−1·day−1 (range 24–30) 
based on actual BW. Cmax was < 60 mg·L−1 in 21 (70%) children and none had a Cmax ≥ 80 mg·L−1. Among the 15 patients 
with a measured minimum inhibitory concentration (MIC), 13 (87%) had a Cmax/MIC ratio > 8. Univariate analysis showed 
that factors associated with Cmax < 60 mg·L−1 were high estimated glomerular filtration rate (p = 0.015) and low blood urea 
concentration (p = 0.001). AKI progression or occurrence was observed after amikacin administration in two (7%) and six 
(21%) patients, respectively.
Conclusions  Despite the administration of the maximal recommended amikacin dose, Cmax was below the pharmacokinetic 
target in 70% of our pediatric population. Further studies are needed to develop a pharmacokinetic model in a population of 
critically ill children to optimize target attainment.
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Key Points 

Despite the administration of the maximal recommended 
amikacin dose of 30 mg·kg−1, plasma peak concentra-
tion was below the 60 mg·L−1 pharmacokinetic target in 
70% of our critically ill pediatric patients and none had a 
plasma peak concentration ≥ 80 mg·L−1.

Among the patients with a documented infection and 
a measurement of minimum inhibitory concentration 
(MIC), 13 (83%) had a peak/MIC ratio > 8.

Peak above the 60 mg·L−1 pharmacokinetic target was 
associated with low blood urea concentration and high 
estimated glomerular filtration rate in univariate analysis.

1  Introduction
Appropriate and early antibiotic administration reduces 
mortality linked to septic shock [1]. The aminoglycoside 
amikacin has high bactericidal activity, especially against 
Gram-negative bacilli, and even in cases of extended spec-
trum beta-lactamase-producing Enterobacteriaceae [2]. This 
antibiotic is thus particularly useful in combination therapy 
to broaden the spectrum in cases of nosocomial sepsis [3]. 
However, this must be balanced against the fact that admin-
istration of aminoglycosides is a well-known risk factor for 
acute kidney injury (AKI) [4, 5].

French national guidelines recommend amikacin plasma 
concentration monitoring in critically ill children, especially 
for those with sepsis [6]. Amikacin efficacy is associated 
with reaching a peak plasma concentration (Cmax) between 
60 and 80 mg·L−1, corresponding to eight to ten times the 
minimum inhibitory concentration (MIC) breakpoint for 
sensitive strains [7, 8]. A dose of 25–30 mg·kg−1 is rec-
ommended to reach this optimal Cmax for patients with an 
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increased volume of distribution (Vd) [6]. In previous adult 
studies, reaching this target was associated with reduced 
intensive care unit mortality without an increased risk of 
AKI [9, 10].

In one of these studies, of the 110 critically ill adults 
receiving an amikacin dose of 30 mg·kg−1, 40% achieved 
the target Cmax and another 40% had a Cmax > 80 mg·L−1 
[9]. Other adult studies have shown that a positive 24-h fluid 
balance, a low serum sodium concentration, and a body mass 
index (BMI) < 25 kg·m−2 were predictive factors of Cmax 
< 60 mg·L−1 [11–13]. This suggests that a modification of 
amikacin pharmacokinetic parameters can contribute to 
inter- and intrasubject variability in critically ill patients 
[10, 14].

Reports in the literature describing amikacin plasma con-
centrations in critically ill children are scarce. One study 
showed that pediatric patients with burn wound sepsis 
required an initial amikacin dose ≥ 25 mg·kg−1 to reach the 
pharmacokinetic target [15]. Another study compared this 
cohort with a cohort of pediatric patients with cancer and 
febrile neutropenia and found that the pharmacokinetics of 
amikacin were impacted differently by the underlying dis-
ease [15]. In addition, a study conducted in 50 critically ill 
children showed that a high gentamicin dose of 8 mg·kg−1 
was required to achieve the pharmacokinetic target [17]. 
Despite the recommendations, to our knowledge, high-dose 
amikacin has never been evaluated in critically ill children.

This retrospective study aimed to assess the incidence of 
Cmax < 60 mg·L−1 in critically ill children receiving an initial 
amikacin dose of 30 mg·kg−1. Secondary objectives were to 
identify factors associated with low Cmax and to assess the 
incidence of AKI.

2 � Materials and Methods

We conducted a retrospective observational study in all con-
secutive patients treated at two pediatric intensive care units 
(PICUs)—Necker Enfants Malades and Robert Debré Hospi-
tals (Paris, France)—from November 2017 to June 2018. We 
included all patients aged < 18 years who received a once-
daily intravenous amikacin dose of 30 mg·kg−1 calculated 
according to admission or actual body weight (BW) and with 
an amikacin Cmax measurement.

The exclusion criteria were inappropriate dosing (> 33 
mg·kg−1 or < 27 mg·kg−1), inappropriate duration of amika-
cin infusion, or inappropriate sampling time (30 ± 15 min).

2.1 � Amikacin Administration, Monitoring 
and Pharmacokinetic Analysis

Patients received an intravenous dose of amikacin (Mylan™, 
Saint Priest, France) 30 mg kg−1·day−1, in combination with 

another broad-spectrum antibiotic, in cases of suspected or 
proven bacterial infection requiring amikacin [6]. The infu-
sion duration was 30 min and was performed using a pro-
grammable electric syringe through a central venous catheter 
(CVC) or peripheral venous access.

Cmax was measured 30 min after the end of the infusion 
via a peripheral blood sample or a CVC other than that used 
for amikacin whenever possible [6]. For each patient, ami-
kacin pharmacokinetic monitoring was performed after the 
first or second injection. Trough level (Cmin) needed to be 
below 2.5 mg·L−1 to allow subsequent amikacin administra-
tion and was measured 24 h following the infusion. Accord-
ing to national recommendations, Cmax was targeted between 
60 and 80 mg·L−1 and Cmin was targeted to be less than 
2.5 mg·L−1 [6]. Treatment duration was based on the clini-
cian’s decision and was usually limited to 3 days according 
to national recommendations [6].

2.2 � Amikacin and Creatinine Assays

Amikacin plasma concentrations were analyzed using 
Architect immunoassay (Abbott, IL, USA) (lower limit of 
quantification at 2.0 µg·mL−1). Serum creatinine concentra-
tions were measured using an enzymatic method that was 
traceable and standardizable with respect to the reference 
mass spectrometry method with isotope dilution (Architect 
C16000, Abbott Diagnostics, Lake Forest, IL, USA).

2.3 � Data Collection

The following data were collected at the time of amikacin 
administration: age; sex; height; admission and actual BW; 
Z score for BMI; medical history including main diagno-
sis and comorbidities; pediatric logistic organ dysfunction 
version 2 (PELOD-2) at PICU admission; number of organ 
dysfunctions; need for vasopressors and/or inotropes; need 
for invasive mechanical ventilation, extracorporeal mem-
brane oxygenation (ECMO), or continuous renal replace-
ment therapy (CRRT) [18, 19]; reason for PICU admission; 
and condition treated with amikacin. Renal function data 
were also reported for blood urea level, serum creatinine 
level, urine output, fluid balance over the 24 h prior to ami-
kacin administration, and coadministration of nephrotoxic 
drugs (tacrolimus, ciclosporin, furosemide, acetazolamide, 
acyclovir, vancomycin, and sulfonamide). Microbiological 
data included site of infection, pathogen identification and 
sensitivity (MIC), white blood cell count, procalcitonin, and 
C-reactive protein.

Pharmacokinetic parameters collected were amikacin 
dosage and Cmin and Cmax concentrations.
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2.4 � Definitions

Actual BW was defined as the weight measured on the day of 
amikacin administration. Hydric balance was the difference 
between fluid intake and output (urine output, drain, gastric 
aspirates, and insensible water loss) over the 24 h prior to ami-
kacin administration [20]. Z-scores for BMI were calculated 
for each patient using the World Health Organization BMI for 
age growth curves [21]. Septic shock and sepsis-associated 
organ dysfunction in children were defined according to the 
International Sepsis Consensus Conference [22]. The severity 
of each case was assessed using the PELOD-2, the predictive 
death rate, and the number of organ dysfunctions [18, 19]. 
AKI was defined and staged using Kidney Disease Improving 
Global Outcomes criteria [23]. Estimated glomerular filtra-
tion rate (eGFR) was determined using the original Schwartz 
formula [24]. Renal function was evaluated from the first day 
of amikacin infusion to the 7th day after treatment start. The 
MIC of amikacin was measured or determined to classify iso-
lates as susceptible or resistant to amikacin according to the 
EUCAST (European Committee on Antimicrobial Suscepti-
bility Testing) breakpoint [25].

2.5 � Statistical Analysis

Continuous variables were expressed as median (mini-
mum–maximum). Binary and categorical data were 
expressed as counts and frequency (%). Factors associated 
with Cmax < 60 mg·L−1 were entered into univariate analy-
ses. Differences between groups were assessed using Fish-
er’s exact test and the Mann–Whitney U test as appropriate. 
Correlation was analyzed using Pearson’s correlation. A p 
value <0.05 was considered significant. Statistical analyses 
were performed using R version 2.3.3 (The R Foundation 
for Statistical Computing, Vienna, Austria).

2.6 � Ethics

The French Pediatric Society Ethics Committee (Comité 
d’éthique de la recherche de la Société Française de Pédi-
atrie) approved this observational study and waived the need 
for written informed consent (n° CERSFP_2018_091-2).

3 � Results

A total of 56 patients received amikacin and had a peak 
measured. Of these, 26 (46%) were excluded: ten (18%) 
because of inappropriate sampling time and 16 (29%) 
because of insufficient dosing. Finally, 30 patients were 
analyzed. In total, 21 patients had a BW measurement at the 
time of the amikacin infusion; the median actual BW was 

increased by 10% compared with the admission BW. Patient 
characteristics are shown in Table 1.

3.1 � Primary Outcome

The 30 patients in our cohort received a median amikacin 
dose of 30 (range 29–33) mg·kg−1 based on admission BW, 
corresponding to 27 (range 24–30) mg·kg−1 based on actual 
BW. Cmax was < 60 mg·L−1 for 21 patients (70%) and was 
never above 80 mg·L−1 (Fig. 1). Median Cmax was 50 (range 
31.3–79.6) mg·L−1. Of the 15 patients with measured Cmin, 
six (29%) had a Cmin ≥ 2.5 mg·L−1.

The median duration of treatment was 2 days (range 1–3), 
with a single patient receiving three amikacin infusions.

The univariate analysis to identify factors associated with 
a Cmax < 60 mg·L−1 is reported in Table 2. Blood urea (p = 
0.001) and eGFR (p = 0.015) were significantly associated 
with a low Cmax. None of the other parameters evaluated 
were significantly associated.

3.2 � Infections, Pathogens, and Pharmacodynamics

In total, 29 pathogens were identified in 20 (67%) patients: 
Klebsiella pneumoniae (n = 8), Enterobacter aerogenes 
or Enterobacter cloacae (n = 5), Escherichia coli (n = 3), 
Haemophilus influenzae (n = 3), Staphylococcus aureus or 
Staphylococcus epidermidis (n = 3), Moraxella catarrhalis 
(n = 2), Acinetobacter baumannii (n = 1), Enterococcus fae-
calis (n = 1), Pseudomonas aeruginosa (n = 1), Stenotropho-
monas maltophilia (n = 1), and Streptococcus gallolyticus 
(n = 1).

Pathogens were identified in 24 sites: tracheal samples 
(n = 9), CVC blood cultures (n = 6), urinary tract (n = 3), 
peripheral blood cultures (n = 3), per surgical samples (n = 2, 
one peritoneal and one mediastinal), and cerebrospinal fluid 
(n = 1). Median MIC for amikacin was 2 mg·L−1 (range 
1.5–16), and MIC was ≤ 8 mg·L−1 in 14 of the 15 patients 
(93%) with a pathogen and a measured or estimated MIC 
(Table 3). A total of 13 (87%) patients with a measured MIC 
reached a Cmax/MIC ratio > 8.

3.3 � Acute Kidney Injury

Data for AKI were missing for one patient. Among the other 
29 patients, ten (34%) had AKI at the onset of amikacin 
therapy. Two patients were on CRRT prior to amikacin 
administration. AKI was observed in eight (28%) patients, 
two (7%) with worsening and six (21%) with initial occur-
rence, with a median delay of 2 days (range 0–7) following 
amikacin administration. All patients with AKI after ami-
kacin administration received at least one other concomi-
tant nephrotoxic drug. Three patients had an overdose of 
a concomitant nephrotoxic drug, two with tacrolimus and 
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one with vancomycin. There was no significant difference 
between the median Cmax of patients with or without AKI 
progression or occurrence (53.8 mg·L−1 [range 33–79.6] vs. 
50 mg·L−1 [range 30.9–75.8], respectively). The number of 
patients with a measured Cmin and AKI was too low to study 
the association between these factors. There was no correla-
tion between Cmin and Cmax (r < 0.1).

4 � Discussion

To our knowledge, this is the first study to assess the Cmax 
resulting from an amikacin dose of 30 mg·kg−1 in critically 
ill children.

In the present study, 70% of the patients had a peak con-
centration under 60 mg·L−1. The proportion of patients in 
our cohort who achieved the recommended Cmax was simi-
lar to that in previous simulations conducted in a pediatric 
cohort with burn wound sepsis [16]. In addition, even though 
the same dosing regimen was used in all patients, it still 
resulted in a wide distribution of Cmax in our population, 
likely explained by a high intra- and interindividual vari-
ability in this critically ill population, with rapid changes of 
pharmacokinetic parameters over time [14, 26]. This makes 
it difficult to predict target attainment and advocates for daily 
therapeutic drug monitoring of both Cmax and Cmin.

Difficulty in achieving a Cmax ≥ 60 mg·L−1 is explained 
by altered pharmacokinetic parameters in critically ill 
patients [14]. This is in accordance with previous stud-
ies that showed increased amikacin Vd in this population, 
partly explained by fluid overload and the use of ECMO 
and CRRT [27, 28]. Two hypotheses may explain the high 
proportion of patients with low Cmax and the absence of 
patients with high Cmax in our population compared with 

Table 1   Demographic and clinical data of patients (n = 30)

BMI body mass index, BW bodyweight, CRRT​ continuous renal 
replacement therapy, eGFR estimated glomerular filtration rate, PDR 
predictive death rate, PELOD 2 pediatric logistic organ dysfunction 
version 2, KDIGO Kidney Disease Improving Global Outcomes, VV-
ECMO veno-venous extracorporeal membrane oxygenation.
a Data available for 21 of the 30 patients
b Includes septic shock and sepsis-associated organ dysfunction

Characteristic Median (range) or n (%)

Age (months) 6 (0.8–89)
Male/female sex ratio 1.7/1
Admission BW (kg) 6.0 (2.8–20)
Actual BW (kg)a 6.6 (2.8–22)
BMI (kg·m−2) 13.8 (7.4–21.6)
Z-score for BMI − 1.5 (− 4.3 to + 3)
PELOD 2 6 (0–9)
PDR 6 (0.3–8.5)
Number of organ failures 2 (1–4)
Survival at 28 days 25 (83)
Reason for admission
 Respiratory disease 10 (33)
 Cardiac disease 6 (20)
 Liver transplant 4 (13)
 Cardiac surgery 3 (10)
 General surgery 2 (7)
 Neurologic disease 2 (7)
 Bone marrow transplant 2 (7)
 Netherton syndrome 1 (3)

Treatment indication
 Suspected infection 14 (47)
 Sepsisb 16 (53)

VV-ECMO 1 (3)
Vasopressors/inotropes 10 (33)
Invasive mechanical ventilation 24 (80)
CRRT​ 2 (6)
Acute kidney injury 10 (33)
Concomitant nephrotoxic agents 2 (0–5)
KDIGO stage 2 (1–3)
eGFR (mL·min−1·1.73 m−2) 116 (48–290)

Fig. 1   Amikacin peak plasma concentrations (n = 30). Dotted 
lines indicate the pharmacokinetic target range (between 60 and 80 
mg·L−1)
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critically ill adults. First, the Vd is theoretically higher 
for hydrophilic drugs in children because of the higher 
proportion of water in their body compared with adults. 
Second, in adult studies, BMI > 25 kg·m−2 was associated 
with reaching the target. However, unlike adult popula-
tions, BMIs were low in our population, with a negative 
median Z-score. This may have contributed to a higher 
proportion of patients with low Cmax [9, 11]. Moreover, 
the dose administered was based on admission BW and 
not on actual BW, leading to the risk of low Cmax since the 
actual BW increases with the fluid management of sepsis; 
in our study, the admission BW was 10% lower than the 
actual BW. Using admission BW in critically ill children 
underestimates amikacin Vd and may lead to underex-
posure. These observations highlight the importance of 

selecting the most accurate BW (admission or actual BW) 
to calculate dosing.

When focusing on measured MIC for susceptible strains 
(MIC ≤ 8 mg·L−1), nearly all our patients (87%) reached 
the recommended Cmax/MIC ratio. In our cohort, most of 
the isolated strains had low MIC and, in these cases, low 
Cmax was sufficient to obtain a Cmax/MIC > 8. This explains 
the difference in the rate of target attainment between rec-
ommended Cmax and actual Cmax/MIC. However, MIC is 
usually unknown at the time of amikacin infusion, and 
some typical pathogens such as P. aeruginosa may have 
an MIC > 8 mg·L−1, justifying a target between 60 and 80 
mg·L−1 [6, 25]. Clinical data confirmed this target, with 
a reduced intensive care unit mortality rate in adults [9].

Table 2   Univariate analysis of factors associated with a Cmax < 60 mg·L−1 (n = 30)

AKI acute kidney injury, BMI body mass index, BW bodyweight, eGFR estimated glomerular filtration rate, PELOD 2 pediatric logistic organ 
dysfunction version 2, NS not significant
a Data available for 8 of 9 and 19 of 21 patients, respectively

Characteristics 60 < Cmax< 80 mg·L−1 (n = 9) Cmax < 60 mg·L−1 (n = 21) P value

Age (months) 6 (0.8–58) 6 (1–89) NS
Z-score for BMI − 2 (− 3 to +3) − 1.5 (− 4.3 to +0.4) NS
PELOD 2 6 (2–9) 5 (0–9) NS
Dosing (mg·kg−1) actual BWa 26 (25–30) 27 (24–30) NS
Positive fluid balance 4 (50) 13 (62) NS
Invasive mechanical ventilation 7 (78) 17 (81) NS
AKI 4 (44) 6 (29) NS
eGFR (mL·min−1·1.73 m−2) 78 (57–140) 139 (58–288) 0.015
Blood urea (mg·dL−1) 19.3 (8.4–29) 6.7 (2.2–35.6) 0.001

Table 3   Identified pathogens, minimal inhibitory concentration and corresponding Cmax (n = 15)

CVC central venous catheter, MIC minimal inhibitory concentration, p peripheral

Patient Pathogen MIC (mg·L−1) Cmax (mg·L−1) Cmax/MIC Site

1 E. aerogenes 2 39.1 19.6 CVC blood culture
2 E. aerogenes 1.5 39.1 26 P blood culture
3 E. cloacae 2 58 29 Trachea
4 E. cloacae 3 39 13 Trachea
5 E. coli 1.5 72 48 Trachea
6 E. coli 4 48.8 12.2 CVC blood culture
7 H. influenzae 16 49.6 3.1 Trachea
8 H. influenzae 6 48.9 8.15 Trachea
9 K. pneumoniae 3 75.8 25 Trachea
10 K. pneumoniae 1 79.6 79.6 P blood culture
11 K. pneumoniae 2 50.8 25.4 CVC blood culture
12 K. pneumoniae ≤ 8 49.2 ≥ 6.2 Urinary tract
13 K. pneumoniae 1.5 48.9 32.6 Trachea
14 P. aeruginosa 4 60 15 Trachea
15 S. aureus 2 50.8 25.4 CVC blood culture
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In our study, low blood urea concentrations were signifi-
cantly associated with low Cmax, and eGFR was significantly 
higher for patients with Cmax < 60 mg·L−1. Similar results 
were previously described in two adult studies [13, 29]. Simi-
lar to these studies, our eGFR calculation uses serum creati-
nine, an imperfect surrogate of renal function, as it is also 
a surrogate of hemodilution [24]. Blood urea concentration 
also depends on both renal function and hemodilution. The 
most probable explanation is that low levels of those bio-
markers could be correlated with an increased Vd, leading to a 
low Cmax. A less probable assumption is that Cmax is lowered 
by increased renal clearance since the elimination process 
begins during the distribution phenomenon [29].

The incidence of AKI progression or occurrence after ami-
kacin administration was 28%, which was similar to the previ-
ously published incidence for AKI in PICUs [30]. Although 
none of these episodes could be exclusively related to amikacin 
use, we should remain cautious in this vulnerable population, 
especially when other nephrotoxic drugs are administered. 
Clinicians should select the indications where the expected 
benefit of amikacin treatment outweighs the risk. We did not 
identify an association between Cmax and AKI, as shown in a 
previous study [28]. Moreover, Cmax was not correlated with 
Cmin. These results reinforce that a high Cmax can be reached 
safely if Cmin is monitored systematically to prevent further 
amikacin administration in case of high concentrations [31].

This study has a number of limitations. The number of 
included patients was too low to perform a multivariate 
analysis, and the number of samples per patient was too low 
to develop a population pharmacokinetic approach. Thus, 
we were unable to provide precise guidance to optimize the 
pharmacokinetic target attainment. Also, because of the 
small number of patients with a measured MIC, we could 
not study the covariates for this specific population. Finally, 
we were unable to associate the Cmax and clinical outcome.

5 � Conclusions

This retrospective evaluation in a French cohort showed that, 
despite the use of the maximal recommended amikacin dose 
of 30 mg·kg−1, Cmax was below the pharmacokinetic target in 
70% of our critically ill children. These results suggest the need 
to optimize amikacin use in critically ill children by (1) using 
the maximal recommended dose of 30 mg·kg−1 based on the 
actual BW and monitoring the Cmax to ensure efficiency and (2) 
monitoring the Cmin to prevent renal toxicity. Further studies 
are needed to develop a population pharmacokinetic model for 
critically ill children to optimize amikacin exposure.
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