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Abstract
Gentamicin is an aminoglycoside antibiotic with a small therapeutic window that is currently used primarily as part of short-
term empirical combination therapy. Gentamicin dosing schemes still need refinement, especially for subpopulations where 
pharmacokinetics can differ from pharmacokinetics in the general adult population: obese patients, critically ill patients, 
paediatric patients, neonates, elderly patients and patients on dialysis. This review summarizes the clinical pharmacokinet-
ics of gentamicin in these patient populations and the consequences for optimal dosing of gentamicin for infections caused 
by Gram-negative bacteria, highlighting new insights from the last 10 years. In this period, several new population phar-
macokinetic studies have focused on these subpopulations, providing insights into the typical values of the most relevant 
pharmacokinetic parameters, the variability of these parameters and possible explanations for this variability, although 
unexplained variability often remains high. Both dosing schemes and pharmacokinetic/pharmacodynamic (PK/PD) targets 
varied widely between these studies. A gentamicin starting dose of 7 mg/kg based on total body weight (or on adjusted body 
weight in obese patients) appears to be the optimal strategy for increasing the probability of target attainment (PTA) after 
the first administration for the most commonly used PK/PD targets in adults and children older than 1 month, including criti-
cally ill patients. However, evidence that increasing the PTA results in higher efficacy is lacking; no studies were identified 
that show a correlation between estimated or predicted PK/PD target attainment and clinical success. Although it is unclear 
if performing therapeutic drug monitoring (TDM) for optimization of the PTA is of clinical value, it is recommended in 
patients with highly variable pharmacokinetics, including patients from all subpopulations that are critically ill (such as 
elderly, children and neonates) and patients on intermittent haemodialysis. In addition, TDM for optimization of the dosing 
interval, targeting a trough concentration of at least < 2 mg/L but preferably < 0.5–1 mg/L, has proven to reduce nephrotox-
icity and is therefore recommended in all patients receiving more than one dose of gentamicin. The usefulness of the daily 
area under the plasma concentration–time curve for predicting nephrotoxicity should be further investigated. Additionally, 
more research is needed on the optimal PK/PD targets for efficacy in the clinical situations in which gentamicin is currently 
used, that is, as monotherapy for urinary tract infections or as part of short-term combination therapy.
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1  Introduction

Gentamicin is an aminoglycoside antibiotic that has been in 
use for parenteral administration since 1971 [1]. Despite 50 
years of clinical experience, optimal dosing schemes still 
need further refinement [2], especially for subpopulations 
where population pharmacokinetic (PPK) studies have been 
relatively sparse, including paediatric, elderly and critically 
ill patients [3]. Additionally, adjusting the dosage to individ-
ual needs remains a challenge due to the narrow therapeutic 
window and substantial interindividual variability (IIV) of 
gentamicin pharmacokinetics [3]. Moreover, the optimal 
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Key Points 

A standard intravenous gentamicin starting dose of 7 mg/
kg total body weight appears to optimize the chance of 
reaching the exposure target after the first administra-
tion in both non-obese adults and children older than 1 
month, including critically ill patients.

For obese patients, using a dosing nomogram specifi-
cally created for this population is recommended; alter-
natively, a gentamicin dose of 5–6 mg/kg adjusted body 
weight once daily can be used.

To reduce the risk of nephrotoxicity, therapeutic drug 
monitoring is warranted in each patient receiving more 
than one dose of gentamicin.

Studies are needed to establish the optimal exposure 
target for efficacy when gentamicin is given as part of 
short-term empirical combination therapy.

2 � Pharmacokinetics in the General Adult 
Population

2.1 � Pharmacokinetic Parameters

The median clearance (CL) of gentamicin in adult patients 
with normal renal function (creatinine clearance [CLCR] 
>60 mL/min) is 4.58 L/h/70 kg (range 4.31–5.12) [3]. Gen-
tamicin distributes mainly into the extracellular fluid com-
partment, the volume of distribution (Vd) in non-critically ill 
adult patients with normal renal function is approximately 
19.5 L/70 kg [5, 6]. The ranges of pharmacokinetic param-
eters in several subpopulations are reported in Table 1.

2.2 � Variability and Causes

In five studies published between 1989 and 2006, included 
in a large review of PPK models of gentamicin that focused 
on patients from the general adult population (excluding 
patients on haemodialysis, cystic fibrosis, critically ill and 
elderly patients), IIV in CL ranged from 18.5 to 36% [3]. 
Two of these studies reported IIV in Vd or IIV in the vol-
ume of distribution in the central compartment (V1). In a 
one-compartment model, IIV in Vd was 11.9%. In a two-
compartment model, IIV in V1 was 5.8% [3]. One study 
including 697 adult patients also reported 8% interoccasion 
variability (IOV) for CL and 19% IOV for volume of distri-
bution in the peripheral compartment (V2) [5]. To the best of 
our knowledge, no new PPK studies focusing on the general 
adult population have been published in the last 10 years.

In the 14 studies on adults included in the aforementioned 
review, CLCR was the most common covariate found to have 
a significant impact on gentamicin CL (in 7/10 studies that 
tested it) [3]. Three studies that focused on the general popu-
lation reported that addition of renal function as a covari-
ate on CL decreased IIV in CL from 95 to 67%, from 55 
to 27% and from 33.9 to 18.5%, respectively [5, 7, 8]. In 
several studies, the Chronic Kidney Disease Epidemiology 
Collaboration equation (CKD-EPI) performed better than 
the Cockcroft-Gault equation (CRGT) or the Modification 
of Diet in Renal Disease equation (MDRD) for their asso-
ciation with gentamicin CL, and adjustment for individual 
body surface area improved the performance of CKD-EPI, 
especially for obese or cachectic patients [9–11].

In the aforementioned review, total body weight (TBW) 
was the most common covariate on gentamicin Vd (in 9/14 
studies that tested it) [3]. The pharmacokinetics of gen-
tamicin in obese patients will be described in more detail 
separately.

pharmacokinetic/pharmacodynamic (PK/PD) target for clini-
cal efficacy is still under debate [4].

Gentamicin pharmacokinetics in specific subpopula-
tions like obese patients, critically ill patients, paediatric 
patients, neonates, elderly patients and patients on dialysis 
can differ from gentamicin pharmacokinetics in the general 
adult patient population. This manuscript aims to narratively 
review the clinical pharmacokinetics of gentamicin in these 
patient populations and the consequences for optimal dos-
ing of gentamicin for infections caused by Gram-negative 
bacteria, focussing on new insights from the past 10 years.

We searched PubMed for relevant articles from the 
past 10 years using the following search strategy: ((Phar-
macokinetics [Mesh] OR Pharmacokinetics [Subhead-
ing] OR Monte Carlo Method [Mesh] OR Drug Monitor-
ing [Mesh] OR Drug Dosage Calculations [Mesh] OR 
Pharmacokinetic*[tiab] OR Pharmacodynamic*[tiab] 
OR PK/PD[tiab] OR population Pk*[tiab] OR target 
attainment[tiab] OR target attainment[tiab] OR Drug 
monitoring[tiab] OR TDM[tiab] OR Dose calculation*[tiab] 
OR Drug dos*[tiab]) AND ("Gentamicins"[Mesh] OR 
gentamicin*[tiab])), limited to the last 10 years and to arti-
cles in English. Articles on aminoglycosides were included 
only if specific data on gentamicin were reported; data on 
other aminoglycosides (particularly tobramycin) were not 
extrapolated to gentamicin. Articles focusing exclusively 
on treatment for infections caused by Gram-positive bac-
teria (e.g. combination therapy for endocarditis) were not 
included. Articles were selected after reading titles and 
abstracts. In addition, references from selected articles were 
screened for relevance.
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2.3 � Dosing and Pharmacokinetic/
Pharmacodynamic (PK/PD) Targets

Although once-daily dosing (ODD) (or extended-interval 
dosing) of gentamicin has still not been universally imple-
mented [12–14], there is consensus that this dosing scheme 
makes optimal use of the pharmacological characteristics of 
gentamicin, increasing the probability that the gentamicin 
concentration has dropped below the threshold for nephro-
toxicity when the next dose is administered [2]. Pathophysi-
ologically, ODD likely leads to less gentamicin accumula-
tion in proximal renal tubular epithelial cells because of 
saturation of gentamicin uptake, which probably takes place 
through megalin-and cubilin-mediated endocytosis [2, 15, 
16].

In recent decades, dosing of gentamicin has increased 
from 3 to 4.5 mg/kg/day and subsequently to 6 or 7 mg/kg/
day to maximize the probability of target attainment (PTA) 
[17]. However, the optimal PK/PD target for clinical effi-
cacy of aminoglycosides is still under debate [4]. Several 
clinical studies from the 1980s and 1990s found the ratio 
of peak concentration to minimal inhibitory concentra-
tion (Cmax/MIC) to be the PK/PD index that was primarily 
linked to clinical efficacy, with maximal efficacy at Cmax/
MIC ≥ 8–10 (Fig. 1) [18–20]. A study analysing data from 
four earlier prospective studies including 236 patients with 
a Gram-negative bacterial infection receiving aminoglyco-
sides, of which 103 received gentamicin, found increasing 
clinical response (a composite endpoint with clinical and/
or microbiological parameters) with increasing Cmax/MIC 
[19]. All patients received combination therapy, but no 

concomitant antibiotics that had an antibiotic effect against 
the causative Gram-negative micro-organisms. A retrospec-
tive study including 78 patients treated with aminoglyco-
sides for hospital-acquired pneumonia with a Gram-negative 
micro-organism (predominantly Pseudomonas aeruginosa), 
of which 38 received gentamicin, found that Cmax/MIC >10 
in the first 48 hours of therapy was associated with a 90% 
probability of defervescence and normalisation of leucocyte 
count. Of the included patients, 94% received combination 
therapy with a β-lactam, of which 72% had a causative 

Table 1   Ranges of pharmacokinetic parameters in several subpopulations

Not all studies have reported weight-normalized CL and Vd /V1. For studies reporting CL and Vd /V1 in L/h and L respectively, average patient 
weight was estimated to be 70 kg. To simplify comparison of the ranges of these pharmacokinetics parameters between subpopulations, weight-
normalized CL and Vd /V1 are therefore reported in L/h/70 kg and L/70 kg, respectively, even for paediatric patients and neonates
CL gentamicin clearance, IHD intermittent haemodialysis, IIV interindividual variability, NR not reported, PD peritoneal dialysis, Vd volume of 
distribution, V1 volume of distribution of the central compartment
a (Partly) reported in L/h instead of L/h/70 kg
b (Partly) reported in L instead of L/70 kg
c Total CL during IHD/PD session
d Non-IHD CL

Subpopulation CL (L/h/70 kg) Vd /V1 (L/70 kg) IIV CL (%) IIV  Vd /V1 (%)

General adult population 4.31–5.12 [3] 13.3–24.5 [11, 47, 49, 50, 52] 18.5–36 [3] 5.8–11.9 [3]
Obese patients 4.3–4.6 [47–49] 10.5–20.3 [11, 47, 49, 50, 52] 17.4 [46] 18.5 [46]
Critically ill patients 1.15–5.7a [57] 19–53b [57] 29.3–83.7 [57] 10.9–64.4 [57, 59]
Paediatric patients 5.6–9.1 [90–92] 17.5–24.5 [89, 91, 92] 16–39 [3] 21.6–49 [3]
Neonates 0.49–6.3 [89, 112, 114–117] 26.6–63.7 [89, 111–117] 16.1–58.6 [3] 10.3–35 [3]
Elderly patients 3.0b [126] 14.6–25.9b [124, 126] 20.5 [126] 10.5 [126]
Patients on IHD 4.68–6.96a,c [63, 129–132] 12.4–23.1b [63, 64, 129–132] 0.3d [137] 50.7 [137]
Patients on PD 0.25a,c [141] 21.0 [141] NR NR

Fig. 1   Illustration of the pharmacokinetic/pharmacodynamic param-
eters associated with efficacy and toxicity. AUC​ area under the con-
centration–time curve, Cmax peak concentration, Cmin trough concen-
tration, MIC minimal inhibitory concentration, PAE post-antibiotic 
effect, persistent suppression of bacterial growth that occurs after 
the gentamicin concentration drops below the MIC [2]. A Cmax /MIC 
ratio ≥8–10 and a AUC/MIC ratio ≥70–100 are used as targets for 
efficacy when treating Gram-negative infections, Cmin <2  mg/L is 
associated with reduced risk of nephrotoxicity
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micro-organism that was also susceptible to the β-lactam 
antibiotic [18].

Alternatively, the ratio of area under the concentra-
tion–time curve to minimal inhibitory concentration (AUC/
MIC) has been proposed as the primary PK/PD index for 
aminoglycosides (Fig. 1), mostly based on animal studies 
[21]. Two small clinical studies found AUC​0-24/MIC to be 
the superior PK/PD index for clinical efficacy of aminogly-
cosides, but these only included patients on tobramycin [22, 
23]; a prospective study including 13 cystic fibrosis (CF) 
patients with an exacerbation caused by Pseudomonas aer-
uginosa, treated with the combination of tobramycin and 
ticarcillin (but most strains were resistant to ticarcillin, and 
no correlation was found between clinical effect and ticar-
cillin MIC or T>MIC) [22], and an analysis of data from 
two earlier prospective studies including 23 patients receiv-
ing tobramycin monotherapy for intra-abdominal infection 
(combined with clindamycin) or Gram-negative bacterial 
pneumonia [23]. Definitive AUC/MIC efficacy targets have 
not been established and could depend on the circumstances: 
an AUC/MIC of 30–50 may provide good outcomes in non-
critically ill patients with lower and uncomplicated upper 
urinary tract infections or in patients receiving combina-
tion therapy, but an AUC/MIC of 80–100 may be needed in 
critically ill patients with non-urinary tract infections or in 
patients receiving gentamicin monotherapy [4]. For simu-
lated patients with normal renal function treated with 7 mg/
kg once daily, the probability of reaching an AUC/MIC of 
30.7 was 99.8% for an MIC of 1 mg/L and 89.5% for an 
MIC of 2 mg/L [21]. However, the probability of reaching 
an AUC/MIC of 84.3 was 58.8% for an MIC of 1 mg/L and 
only 2.1% for an MIC of 2 mg/L [21]. Starting in January 
2020, based on these considerations, the European Commit-
tee on Antimicrobial Susceptibility Testing (EUCAST) has 
restricted the clinical breakpoints for gentamicin to infec-
tions with Enterobacterales originating from the urinary 
tract treated with a daily dose of 6–7 mg/kg of ideal body 
weight (IBW), with the clinical breakpoint set at 2 mg/L 
[24]. Gentamicin is no longer considered an adequate treat-
ment option for Pseudomonas aeruginosa, since wild-type 
MICs of P. aeruginosa are so high that the PTA is negligible. 
For lower and uncomplicated upper urinary tract infections 
with Enterobacterales, EUCAST notes that doses lower than 
6–7 mg/kg may be adequate [25, 26] because gentamicin is 
concentrated in urine and renal tissues. Yet, they also note 
that the appropriate dosing regimen is not certain since most 
PK/PD data have been based on mouse thigh and lung mod-
els [27]. For other systemic infections, EUCAST states that 
aminoglycosides should only be used in combination with 
another active therapy because of low PTA in these infec-
tions [27]. Of note, treatment for pneumonia with systemic 

aminoglycosides is particularly difficult. Since only 12–30% 
of aminoglycoside serum levels are achieved in epithelial 
lining fluid [28, 29], the PTA when using a starting dose of 
7 mg/kg will be negligible. In clinical practice, both Cmax/
MIC and AUC/MIC may be used as target, since they are 
highly correlated when using ODD [30, 31]. Of note, if an 
AUC/MIC target is used instead of a Cmax target, patients 
with decreased CL would need a lower daily dose to reach 
the same AUC​0-24. Theoretically, these patients might there-
fore have less risk of nephrotoxicity when dosing based on 
an AUC/MIC target compared with dosing on a Cmax/MIC 
target. However, the AUC threshold for nephrotoxicity 
remains to be established [4] and studies are needed to ascer-
tain if AUC-guided dosing decreases the risk of nephrotox-
icity, especially in patients with decreased CL, who are at 
increased risk of nephrotoxicity.

2.4 � Predictors of Efficacy and Toxicity

Despite all mentioned considerations with regard to PK/PD 
targets, the question is whether these targets indeed predict 
efficacy in clinical situations. A large review from 2017 of 
PPK studies on aminoglycosides described nine studies that 
have associated PK/PD indices with efficacy, of which only 
one study included only patients on gentamicin [3]. The PK/
PD indices evaluated in these studies were Cmax/MIC or Cmax 
in two studies, AUC/MIC or AUC in two studies and both 
Cmax /MIC and AUC/MIC in five studies. The most common 
PK/PD targets in these studies were Cmax /MIC ≥7–10 or 
AUC/MIC ≥70–100. However, no studies were identified 
that showed a correlation between estimated or predicted 
PK/PD target attainment and clinical success [3].

A meta-analysis from 2021 of the optimal target gen-
tamicin trough concentration (Cmin) for reducing the risk of 
nephrotoxicity found no randomized controlled trials (RCTs) 
but included five observational studies (615 patients) evalu-
ating a Cmin of 2 mg/L and one observational study (187 
patients) evaluating a Cmin of 1 mg/L [32]. Patients with Cmin 
<2 mg/L had significantly less risk of nephrotoxicity (odds 
ratio [OR] 0.22, 95% confidence interval [CI] 0.12–0.40) 
compared with patients with Cmin ≥2 mg/L (Fig. 1). One 
of these studies used logistic regression to define the best 
Cmin cut-off point to predict acute kidney injury (AKI) and 
found a Cmin of 2.0 mg/L [33]. The only study using a Cmin 
<1 mg/L target also showed significantly less risk of nephro-
toxicity compared with patients with Cmin ≥1.1 mg/L (OR 
0.07, 95% CI 0.02–0.24) [34]. Of note, using a Cmin target 
to reduce the risk of nephrotoxicity has been under debate 
for several decades, since a Cmin above the threshold may be 
the result and not the cause of renal damage [35]. However, 
the largest and most recent study (from 2015) included in 
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the aforementioned meta-analysis only used Cmin levels col-
lected prior to the diagnosis of AKI, suggesting that high 
Cmin levels are indeed a risk factor for nephrotoxicity [33]. 
Daily AUC is also a predictor for aminoglycoside nephro-
toxicity [36, 37], but the optimal daily AUC to reduce the 
risk of nephrotoxicity is currently unclear [4].

Gentamicin treatment is also associated with a risk of 
ototoxicity: cochleotoxicity (often permanent sensorineu-
ral hearing loss) and/or vestibulotoxicity (balance disor-
ders). The number of doses, the duration of therapy and 
the cumulative dose are weak predictors of aminoglyco-
side ototoxicity [38]. ODD does not appear to significantly 
reduce the risk of ototoxicity compared with multiple day 
dosing (MDD) [2], possibly because clearance of amino-
glycosides from the inner ear is very slow, resulting in a 
very long exposure time of the inner ear [39]. Of 35 PPK 
studies on gentamicin included in a large review from 2017, 
none have evaluated the association between PK/PD indices 
and ototoxicity [3]. In a PPK study to predict the risk of 
ototoxicity in CF patients treated with tobramycin using a 
two-compartment model, Cmax >2 mg/L in the peripheral 
compartment showed the highest correlation with hearing 
loss severity [38].

Interestingly, there appears to be a circadian variation 
of gentamicin toxicity [40]. A prospective study includ-
ing 184 patients receiving 4 mg/kg gentamicin once daily 
reported increased risk of nephrotoxicity when gentamicin 
was administered during the night [41]. Although baseline 
renal function was not equally distributed between treatment 
groups, the results did not change when baseline clearance 
was added to the model in a multivariate analysis [41]. 
Increased risk of both ototoxicity and nephrotoxicity during 
the rest period was also found in animal studies [42, 43]. 
However, a more recent retrospective cohort study including 
310 general ward patients and 411 ICU patients found no 
differences in pharmacokinetics or toxicity between patient 
groups that received aminoglycosides in the morning, after-
noon or night and advised not to wait until the next morning 
but to start aminoglycosides as soon as possible [44].

2.5 � Recommendations

For the general adult population, a starting dose of 7 mg/kg 
is recommended, followed by therapeutic drug monitoring 
(TDM) after the first administration for optimization of the 
dosing interval, in order to reduce the risk of nephrotoxic-
ity. This dose is expected to reach both the Cmax /MIC and 
AUC/MIC targets, although we found no studies that showed 
a correlation between PK/PD target attainment and clini-
cal success. A Cmax >16 mg/L target (Cmax /MIC >8 for a 
maximal MIC of 2 mg/L) can be achieved in a large majority 
of adult patients using 7 mg/kg (e.g. 85% of patients with 
sepsis at the emergency department [45]). Using a starting 

dose of 7 mg/kg also results in a simulated 89.5% PTA when 
aiming for an AUC/MIC target of 30.7 with a maximal MIC 
of 2 mg/L [21]. The starting dose recommendations for 
the general adult population and other subpopulations are 
reported in Table 2. We advise against the use of gentamicin 
monotherapy for infections caused by Pseudomonas aerugi-
nosa and for pneumonia.

3 � Pharmacokinetics in Obese Patients

3.1 � Pharmacokinetic Parameters

In several studies from the 1980s and 1990s, gentamicin CL 
was reported to be increased in obese patients compared 
with non-obese patients [46]. For example, Bauer et al. 
reported a CL of 8.46 L/h in obese versus 5.76 L/h in non-
obese patients [47]. After standardizing to a body surface 
area (BSA) of 1.73 m2 or a TBW of 70 kg, mean CL was 
comparable in these studies, with 4.3–4.6 L/h/1.73 m2 or 
L/h/70 kg in obese patients versus 4.0–5.5 L/h/1.73 m2 or 
L/h/70 kg in non-obese patients, leading to higher CL in 
patients with larger BSA or higher TBW [47–49]. However, 
CL in these studies is difficult to extrapolate to the current 
situation. The definition of obesity was different from today, 
with obese patients having an average TBW of 80–100 kg, 
which is significantly lower than the average TBW of obese 
patients in more recent studies. Moreover, dosing regimens 
were also different from today, with patients receiving 
MDD. A PPK study from 2019 including 20 richly sampled 
obese patients reported a CL of 5.4 L/h/70 kg, but excluded 
patients with glomerular filtration rate (GFR) <60 mL/min, 
so CL is expected to be lower than 5.4 L/h/70 kg in obese 
patients with renal impairment [46].

Gentamicin Vd is increased in obese patients compared 
with non-obese patients when not weight normalized, due 
to higher TBW and BSA, with mean Vd in seven studies 
ranging from 13.3 L to 26.8 L in obese patients versus 10.0 
to 24.3 L in non-obese patients [46–52]. However, since the 
extracellular water (ECW) volume in adipose tissues is lower 
than in other tissues, Vd is decreased in obese patients when 
normalized to L/kg TBW, with mean Vd in five studies rang-
ing from 0.15 to 0.29 L/kg in obese patients versus 0.19 to 
0.35 L/kg in non-obese patients [11, 47, 49, 50, 52].

3.2 � Variability and Causes

In a PPK model including 20 morbidly obese patients and 
eight non-obese patients, TBW was the best predictor for 
both CL and V1 [46]. Addition of TBW as a covariate for V1 
and CL led to a large reduction in unexplained IIV, from 49.6 
to 18.5% for V1 and from 32.2 to 17.4% for CL. Addition of 
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lean body weight (LBW) or adjusted body weight (ABW) as 
a covariate to V1 was inferior to TBW [46].

Interestingly, a retrospective study including 335 patients, 
of whom 223 were overweight or obese, showed that skeletal 
muscle area and volume extracted from computed tomogra-
phy (CT) images as measures of body composition explained 
more of IIV in CL than TBW, an observation to be con-
firmed in further studies [53].

3.3 � Dosing and PK/PD Targets

Several weight-based dosing regimens have been proposed 
for obese patients. A large study including 2073 patients 
including underweight and obese patients advised the use of 
LBW for dosing, since LBW performed better in estimating 
gentamicin Vd across all weight strata than TBW and IBW 
[11]. However, most studies advise the use of ABW. ABW 
introduces a dosing weight correction factor (DWCF) for the 
excess body weight (TBW − IBW) to account for the limited 
gentamicin diffusion in adipose tissues [49]. The standard 
weight-based dose is then performed on ABW = IBW + 
(TBW − IBW) * DWCF instead of on TBW, with DWCF 
ranging from 0.3 to 0.55 in seven studies [47–52, 54], with 
0.4 being currently most commonly used [54]. The afore-
mentioned PPK study recommends using a dose nomogram 
for patients with GFR >60 mL/min, based on a TBW derived 
‘dose weight’: 70 * (TBW/70)0.73 [46]. Based on simula-
tions, dosing 5–6 mg/kg ABW (using a DWCF of 0.4) or 
8 mg/kg LBW would lead to similar exposure in some obese 
patients and could be considered as alternatives [46]. How-
ever, calculated starting doses using ABW, ‘dose weight’ 
or the nomogram can differ substantially, particularly at the 

higher end of the weight range (see Table 3). Therefore, a 
conservative approach to dosing and prompt TDM are sug-
gested to avoid toxicity. Several PK/PD targets have been 
used in studies on pharmacokinetics of obese patients. Sev-
eral older studies used a Cmax of 5–8 mg/L as target [47, 49], 
studies from the last decade have used a Cmax of 16–20 mg/L 
[11], AUC​0-24 of 68.7 mg·h/L [46] or a serum concentration 
of 0.5–2.0 mg/L 16 hours after infusion, based on a nomo-
gram [54].

3.4 � Predictors of Efficacy and Toxicity

We did not find any studies investigating the association 
between target attainment and clinical cure or toxicity spe-
cifically for obese patients.

3.5 � Recommendations

Obese patients are at risk of overdosing when a starting 
dose of 7  mg/kg TBW is used. Instead, using the dos-
ing nomogram based on a ‘dosing weight’ calculated as 
70 * (TBW/70)0.73 or dosing 5–6 mg/kg ABW with a DWCF 
of 0.4 (ABW = IBW + 0.4 * [TBW – IBW]) is advised for 
obese patients with normal renal function, followed by TDM 
after the first administration for optimization of the dosing 
interval in order to reduce the risk of nephrotoxicity [46]. 
Lower doses and extension of the dosing interval is recom-
mended in obese patients with reduced renal function [55].

Table 2   General 
recommendations on starting 
doses for several subpopulations

ABW adjusted body weight, AUC​ area under the concentration–time curve, Cmax peak concentration, IHD 
intermittent haemodialysis, IP intraperitoneal, MIC minimal inhibitory concentration, PD peritoneal dialy-
sis, TBW total body weight
a Therapeutic Drug Monitoring (TDM) is always advised to optimize the dosing interval in order to reduce 
the risk of nephrotoxicity; TDM to optimize the probability of pharmacokinetic/pharmacodynamic tar-
get (Cmax /MIC or AUC/MIC) attainment is advised for patients with highly variable pharmacokinetics, 
including patients from all subpopulations that are critically ill (such as elderly, children and neonates) and 
patients on IHD
b ABW = ideal body weight + (total body weight – ideal body weight) * 0.4

Subpopulation General recommendation on starting dosesa

General adult population 7 mg/kg TBW
Obese patients 5–6 mg/kg ABWb or according to dosing nomogram from Smit et al. [46]
Critically ill patients 7 mg/kg TBW
Paediatric patients 7 mg/kg TBW
Neonates 4–5 mg/kg TBW
Elderly patients 7 mg/kg TBW
Patients on IHD 2–3 mg/kg loading dose after dialysis, followed by 1.5 mg/kg after each 

following session or 4–6 mg/kg before dialysis
Patients on PD 40 mg IP or 0.6 mg/kg IP once daily with 6-hour dwell time
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4 � Pharmacokinetics in Critically Ill Patients

4.1 � Pharmacokinetic Parameters

In critically ill patients, many pathophysiological changes 
affecting both Vd and CL can occur that complicate gen-
tamicin dosing [56]. Based on 11 studies summarized in 
a review from 2021 of aminoglycosides PPK studies in 
critically ill patients, the median CL of gentamicin in these 
patients is 3.0 L/h (range 1.15–5.7 L/h) and the median Vd 
29 L (range 19–53 L) [57]. Two other studies also reported 
CL and Vd within these ranges [58, 59]. Several studies 
including only critically ill patients using renal replace-
ment therapy (i.e. continuous venovenous haemodiafiltra-
tion [CVVHDF], continuous venovenous haemofiltration 
[CVVH], intermittent haemodialysis [IHD], and extended 
daily diafiltration [EDD-f]) showed a Vd ranging from 14.1 L 
to 46.9 L [60–65].

4.2 � Variability and Causes

Even when using body weight standardized starting doses, 
large IIV in Vd (ranging from 10.9% to 64.4% [57, 59]) 
causes a wide range in Cmax, resulting in an increased risk 
of both supra- and subtherapeutic Cmax [58, 66, 67]. This 
variability in Vd can partially be explained by body weight 
(TBW [62, 67] or IBW [68]), disease severity [69], hypoal-
buminaemia [68], the use of total parenteral nutrition [70] 
and several other variables that are associated with the capil-
lary leak syndrome that can occur during septic shock [56].

Additionally, CL also shows large IIV, ranging from 
29.3% to 83.7% [57]. GFR, often CLCR estimated using 
CRGT, is the most common retained covariate for CL in 
gentamicin PPK models in critically ill patients [57]. GFR 
is often decreased due to an interplay of sepsis-related AKI, 
pre-existing comorbidities and nephrotoxic drugs [71], lead-
ing to lower CL and an increased risk of Cmin >2 mg/L. 
While such reductions in GFR and increases in exposure 

have been associated with toxicity [32], data establishing 
a causal link between gentamicin exposure and AKI in 
humans do not yet exist; however, animal models support 
that increasing gentamicin exposure (AUC) increases the 
risk of AKI and that vulnerability to AKI may be greater in 
males [72]. Conversely, augmented renal clearance (ARC, 
defined as GFR >130 mL/min/1.73  m2) can also occur, 
most often in relatively young trauma patients without 
pre-existential comorbidities, for whom higher gentamicin 
doses may be indicated [73]. Other determinants reported 
to explain variability in CL include usage of CVVH [68] or 
IHD [63] and several measures of body weight [62, 68, 74].

Obesity in critically ill patients is associated with both 
increased CL and Vd compared with non-obese critically ill 
patients, which can lead to both sub- or supra-therapeutic 
gentamicin concentrations; strict TDM after the first dose is 
therefore recommended in this subpopulation [75].

4.3 � Dosing and PK/PD Targets

The daily dosing regimens of gentamicin as reported in PPK 
studies in critically ill patients have ranged from 3 mg/kg to 
8 mg/kg [57, 76–78]. The PK/PD target used varied between 
these studies; most have used a Cmax /MIC ≥8–10 as target 
[57], resulting in a Cmax target of ≥16–20 mg/L when target-
ing micro-organisms with a maximum MIC of 2 mg/L [24]. 
Studies dosing 8 mg/kg used a Cmax target of 30–40 mg/L, to 
also target microorganisms with an MIC of 4 mg/L [76–78]. 
Several recent studies have shown unsatisfactory Cmax target 
attainment in critically ill patients: 47% reached a target Cmax 
of ≥15 mg/L with 4 mg/kg [66], 59% reached a target Cmax 
of ≥16 mg/L with a median dose of 6.2 mg/kg [79] and only 
0–6% achieved a target Cmax >30 mg/L when using 8 mg/
kg [76–78]. Simulation studies showed that 11 mg/kg would 
be needed to achieve a Cmax >30 mg/L in more than half of 
the patients [80] and that even with the highest simulated 
dose of 12 mg/kg, <90% of patients in an ICU specializing 

Table 3   Comparison of 
gentamicin starting doses for 
obese patients when using 
adjusted body weight, ‘dose 
weight’ or a nomogram for 
determining dosing

ABW adjusted body weight, TBW total body weight
a ABW = ideal body weight + (total body weight – ideal body weight) * 0.4. For this comparison, a fixed 
ideal body weight of 70 kg was used
b ‘Dose weight’ = 70 * (TBW/70)0.73[46]

TBW (kg) Dose (mg) using 5 mg/
kg ABWa

Dose (mg) using 6 mg/
kg ABWa

Dose (mg) using
5 mg/kg ‘dose 
weight’b

Dose (mg) using 
nomogram [46]

110 430 516 487 480
130 470 564 550 560
150 510 612 611 600
170 550 660 669 680
190 590 708 725 760
210 630 756 780 800
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in severe respiratory and infectious diseases would achieve 
Cmax >16 mg/L [59].

4.4 � Predictors of Efficacy and Toxicity

In multiple studies evaluating aminoglycoside efficacy in 
critically ill patients, no significant correlation was found 
between PK/PD target attainment and clinical outcome [79, 
81, 82]. The largest of these studies was a prospective obser-
vational cohort study in 59 intensive care units that included 
931 patients on aminoglycosides, of which 303 received 
gentamicin. Of 90 patients with a measured gentamicin 
Cmax after the first dose, 59% attained the targeted Cmax of 
>20 mg/L. In multivariate analysis, there was no significant 
association between target attainment of aminoglycosides 
and clinical success (odds ratio 1.24, 95% confidence inter-
val 0.79–1.94; p = 0.35).

To the best of our knowledge, there are no studies focus-
ing specifically on the critically ill population that show an 
association between gentamicin Cmin and the risk of toxicity.

4.5 � Recommendations

Especially in critically ill patients with increased Vd, a 
starting dose of 7 mg/kg is necessary to increase the PTA. 
Although using a starting dose of 8–10 mg/kg in this popula-
tion would further increase the PTA, these higher doses can 
also result in an increased risk of nephrotoxicity as the Cmin 
will also increase, resulting in Cmin >2 mg/L in a propor-
tion of patients if dosing intervals are not adjusted. In these 
patients, the risk of nephrotoxicity is already relatively high, 
since AKI can also develop because of the septic shock in 
itself, because of comorbidities like diabetes mellitus, pre-
existent reduced renal function and dehydration and because 
of treatment with nephrotoxic co-medication like vancomy-
cin, diuretics and contrast media [71]. In a propensity-based 
study including critically ill patients that had no AKI before 
day 3, no increased risk of nephrotoxicity was found in 39 
patients receiving a short course of gentamicin 7 mg/kg for 
a mean of 2.6 days, compared with patients who did not 
receive gentamicin [83]. However, even a small decrease in 
renal function may negatively impact the clinical outcome 
in critically ill patients [84, 85]. Since targeting an adequate 
Cmax /MIC in all critically ill patients inevitably increases the 
risk of nephrotoxicity on a population level [86], one should 
carefully weigh the risks and benefits of gentamicin therapy 
in this patient population.

Although there is no evidence that attainment of the PK/
PD target (with or without the use of TDM) is associated 
with clinical success, TDM is advised to optimize the PTA 
in critically ill patients.

5 � Pharmacokinetics in Paediatric Patients

In the paediatric population, pharmacokinetics can vary 
between several subpopulations, each requiring a different 
dosing regimen. The pharmacokinetics in paediatric patients 
in general (infants aged >28 days to 12 months, children 
aged >12 months to 11 years and adolescents aged 12–18 
years) will be reviewed separately from the pharmacokinet-
ics in neonates (0–28 days).

5.1 � Pharmacokinetics Parameters

The Vd of gentamicin is greater for paediatric patients than 
for adult patients. This is the result of body compositional 
changes with increasing age: at birth, ECW comprises 45% 
of TBW but rapidly declines to 27% of TBW at the age of 
1 year, after which the ECW only slightly decreases to reach 
adult values of circa 20% [87, 88]. Although studies address-
ing the effect of age on pharmacokinetic parameters of gen-
tamicin remain scarce, several studies have been published 
in the last 10 years that make it possible to define the actual 
pharmacokinetic differences more clearly [89]. In infants, 
Vd of gentamicin is estimated to be 0.35 L/kg [89], higher 
than reported in adults and lower compared with neonates 
[90]. Studies on pharmacokinetics of gentamicin in febrile 
neutropenic children aged 0–17 years showed a Vd ranging 
from 0.25 L/kg to 0.32 L/kg [91, 92].

Gentamicin CL is determined by the developmental stage 
of the renal function. The renal function is fully matured 
at the age of 1–2 years [88, 93]. CL is therefore expected 
to be lower during the first weeks of life, but higher in 2- 
to 5-year-old children, where the weight-corrected GFR is 
almost 70% higher compared with adults [94, 95]. Mean 
CL for infants is estimated to be 0.12 ± 0.01 L/h/kg [90]. In 
febrile neutropenic paediatric patients, CL was estimated to 
be 0.08–0.13 L/h/kg [91, 92].

5.2 � Variability and Causes

A large variability of pharmacokinetic parameters can 
be observed in the paediatric population, which is to be 
expected considering the relatively rapidly changing body 
composition. Age and weight (birth and/or current weight) 
are the most important covariates influencing gentamicin Vd 
and CL [3], with significantly higher Vd and CL values for 
febrile neutropenic children aged ≤10 years compared with 
children aged >10 years [91]. In contrast with the adult pop-
ulation, CLCR was often not found to influence CL, possibly 
because the linear equations often used for estimating GFR 
(such as CRGT) do not accurately predict GFR in young 
children [96, 97], since renal function develops non-linearly 
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with increasing age [98]. The IIV ranges from 21.6% to 49% 
for Vd and from 16% to 39% for CL [3].

Critically ill paediatric patients are subject to even larger 
pharmacokinetic variability due to pathophysiological 
changes affecting Vd and CL, as described in a systematic 
review from 2020 [95]. In a review of the pharmacoki-
netic alterations of gentamicin in critically ill paediatric 
patients treated with extracorporeal membrane oxygenation 
(ECMO), Vd was found to be enlarged by 28.8% to 58.8% 
and CL to be decreased by 26.3% to 31.7% [99]. Conversely, 
CL can also be increased due to ARC, which occurs in up 
to 67% of critically ill paediatric patients [95, 100]. These 
findings underscore the importance of TDM.

Obese children are subject to additional body composi-
tional changes. Adipose tissue has a smaller ECW volume 
than other tissues, decreasing Vd (if measured in L/kg TBW) 
of gentamicin in obesity [101–103]. A retrospective study 
compared Vd of gentamicin in 25 obese children (defined 
as a body mass index [BMI] ≥95th percentile for age and 
gender) with that of 25 healthy weight children (defined as 
a BMI ≥5th percentile and ≤85th percentile) and found a 
significantly lower Vd in obese children (0.20 ± 0.05 vs 0.28 
± 0.07 L/kg TBW, p < 0.01) [101]. No changes in CL of 
gentamicin were observed in obese children compared with 
non-obese children [101, 103].

5.3 � Dosing and PK/PD Targets

Gentamicin dosing recommendations for the paediatric pop-
ulation are inconsistent [3, 104]. In general, based on PK/PD 
targets from the general adult population, a starting dose of 
7 mg/kg/24 h is recommended for children aged 1 month to 
18 years, followed by TDM performed before administra-
tion of the second dose [89, 90, 105]. Higher doses of 8 mg/
kg/24h have been suggested for oncology patients based on 
a PPK study targeting Cmax /MIC >10 [106]. Several studies 
have proposed to use separate dosing regimens for several 
age categories, where infants and children aged 1 month to 
8–12 years should receive at least 7 mg/kg/day and older 
children should receive 5–7 mg/kg/day [89–91, 107, 108]. 
The exact cut-off age is unclear, as different age catego-
ries have been proposed. It is currently unknown whether a 
weight index other than TBW should be used for obese pae-
diatric patients and, if so, what index should be used. Studies 
have suggested the use of fat-free mass (amongst others) 
instead of TBW, but evidence is limited [89, 106, 109].

In three studies on gentamicin in a review from 2020 of 
pharmacokinetics and target attainment of antibiotics in 
critically ill children, dosing recommendations ranged from 
6 mg/kg to 9 mg/kg per day [95]. Currently, the same dos-
ing regimens used for the general paediatric population are 
applied to the critically ill paediatric patients, but TDM is 
of even more importance due to the additional IIV. Special 

attention should be given to patients with renal failure and 
ARC to avoid toxic or subtherapeutic gentamicin exposure.

Despite the increasing evidence favouring ODD over 
MDD [110], both dosing regimens are still being used [104]. 
Altogether, ODD is considered the preferred dosing regimen 
in paediatric patients, based on the similar effectivity and 
toxicity rates, the reduced costs and increased convenience 
of ODD [110].

5.4 � Predictors of Efficacy and Toxicity

We did not find studies investigating the association between 
target attainment and clinical cure in the paediatric popula-
tion. It is therefore currently unknown which PK/PD tar-
get predicts efficacy best. The same holds true for toxicity: 
Cmin ranging from 0.5 mg/L to 2 mg/L are referred to in the 
literature [107]. However, nephrotoxicity and ototoxicity 
also occur in paediatric patients when adequate trough con-
centrations are maintained and ODD is used [105]. To our 
knowledge, no recent studies specifically reported toxicity 
of gentamicin in the critically ill paediatric patient.

5.5 � Recommendations

For children older than 1 month, a starting dose of 7 mg/kg 
is advised, followed by TDM after the first administration 
for optimization of the dosing interval in order to reduce the 
risk of nephrotoxicity [89]. Simulations show that higher 
starting doses may be needed for optimal treatment of infec-
tions caused by micro-organisms with an MIC of 2 mg/L 
[107] and that younger children may need higher starting 
doses than older children (e.g. 10.8 mg/kg for children ≤10 
years vs 6.4 mg/kg for children >10 years [91] or 9.5 mg/kg 
for children <2 years, 8.5 mg/kg for children 2–7 years and 
7 mg/kg for children ≥8 years [108]). Clinical studies are 
needed to confirm these findings. In critically ill paediatric 
patients, TDM is also advised to optimize the PTA.

6 � Pharmacokinetics in Neonates

6.1 � Pharmacokinetic Parameters

The Vd of gentamicin in neonates ranges from 0.38 L/kg to 
0.91 L/kg for both preterm and term neonates [89, 111–116, 
117]. CL is largely linked to size and age and is estimated to 
range from 0.007 L/kg/h to 0.09 L/kg/h [89, 112, 114–116, 
117]. Since nephrogenesis is not completed until 36 weeks 
of gestation, CL is lower for preterm neonates than for term 
neonates [112].
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6.2 � Variability and Causes

Neonates are subject to considerable pharmacokinetic vari-
ability, due to body compositional changes that are most 
pronounced in the first weeks of life and the functional matu-
ration of organs [112]. Two reviews from 2017 and 2019 
have extensively described PPK models of neonates [3, 89]. 
Weight (birthweight, current weight) is the most important 
covariate influencing Vd and age (predominantly gestational 
age [GA] or GA and postnatal age combined) and weight 
(birthweight, current weight) are the most important covari-
ates influencing CL [3]. The IIV ranges from 10.3% to 35% 
for Vd and from 16.1% to 58.6% for CL. In neonates under-
going controlled hypothermia, there is no significant change 
in Vd but CL is 25–50% lower [117, 118].

6.3 � Dosing and PK/PD Targets

Several dosing regimens have been suggested for neonates 
depending on GA and weight [89]. ODD is preferred over 
MDD, as CL of gentamicin is decreased and gentamicin 
half-life is therefore prolonged [119]. Altogether, most stud-
ies recommend dosages of 4–5 mg/kg bodyweight and pro-
longed (36–48 h) dosing intervals for preterm patients (GA 
<37 weeks) and for patients with very low birthweight [89, 
111–114, 117, 120–122]. Most studies in neonates use this 
dose of 4–5 mg/kg bodyweight, resulting in a mean Cmax 
value of 5.4–11.2 mg/L; a few studies aimed for a Cmax of 
15–20 mg/L [89].

6.4 � Predictors of Efficacy and Toxicity

For neonates, peak concentrations of 5–12 mg/L and trough 
concentration of < 0.5–2 mg/L have been proposed based on 
adult data [19]. Yet, studies addressing target attainment and 
its association with clinical cure are lacking. With regard to 
toxicity, a retrospective study showed that patients weighing 
>1500 mg who had Cmax >10 mg/L had an increased risk 
of developing ototoxicity [111]. However, a review on ami-
noglycoside toxicity in neonates found no clear association 
between gentamicin use and ototoxicity and nephrotoxicity 
[123].

6.5 � Recommendations

For neonates, most studies advise a starting dose of 4–5 mg/
kg, with prolonged dosing intervals of 36–48 hours for pre-
term and very low birthweight neonates. TDM is advised 
after the first administration for optimization of the dosing 
interval in order to reduce the risk of nephrotoxicity. In criti-
cally ill neonates, TDM is also recommended to optimize 
the PTA.

7 � Pharmacokinetics in Elderly Patients

7.1 � Pharmacokinetics Parameters

Mean gentamicin CL is lower in elderly patients due to the 
decrease of mean GFR with advancing age, but age as an 
independent factor does not appear to be of influence [124]. 
Of note, a recent study in non-elderly adult CF patients (age 
range 19–50 years) did find age to be an independent modi-
fier of aminoglycoside clearance [125]. Gentamicin Vd in the 
elderly is similar to Vd in the general patient population: in 
a review comparing pharmacokinetic parameters from sev-
eral studies across a range of ages, patients with mean ages 
of 39, 61 and 80 years all had a mean Vd of approximately 
25 L/70 kg [124].

7.2 � Variability and Causes

A PPK study including 38 patients aged >65 years with a 
mean age of 80 years estimated IIV in CL to be 20.5% (after 
adding CLCR as a covariate) and IIV in Vd to be 10.5% (after 
adding LBW as a covariate) [126]. This study also found that 
gentamicin CL was reduced by 12% in frail elderly patients 
(scored using the Reported Edmonton Frailty Scale) com-
pared with non-frail patients, even after adjustment for LBW 
and renal function [126].

7.3 � Dosing and PK/PD Targets

To the best of our knowledge, the only recent study focusing 
on target attainment in the elderly was a large, multicentre, 
retrospective observational study including 128 patients 
>75 years receiving gentamicin with a mean dose of 3.5 
± 1.2 mg/kg/day [127]. Cmax was measured in 27 patients 
(21%), with a mean Cmax of 9.4 mg/L and adequate Cmax /
MIC >10 in only 6/22 (27%) patients for whom an MIC 
was available. Cmin was measured in 57 patients (44%), with 
adequate Cmin <0.5 mg/L in only 16 patients (28%) [127].

7.4 � Predictors of Efficacy and Toxicity

We did not find any studies investigating the association 
between PK/PD target attainment and clinical cure or toxic-
ity specifically for elderly patients.

Elderly patients are at increased risk of nephrotoxicity, 
and probably of ototoxicity [124]. Based on eight stud-
ies, a meta-analysis from 2021 found the overall absolute 
risks of AKI following aminoglycoside exposure (with 
68.6%–100% of patients receiving gentamicin) to be 15.1% 
among patients aged >65 years, significantly higher than 
the average 10.5% risk of AKI among patients >18 years 
(p < 0.00001) [128]. In the aforementioned retrospective 
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study including patients >75 years, nephrotoxicity was asso-
ciated with treatment length ≥3 days and concomitant use of 
nephrotoxic drugs [127].

7.5 � Recommendations

Because of increased risk of toxicity in elderly patients, an 
individualized risk–benefit assessment should be performed 
in elderly patients for whom aminoglycoside therapy is indi-
cated. If treatment with gentamicin is started, it is recom-
mended to use a starting dose of 7 mg/kg, to limit treatment 
duration to <3 days, to perform TDM after the first admin-
istration for optimization of the dosing interval in order to 
reduce the risk of nephrotoxicity and to reduce use of other 
nephrotoxic drugs whenever possible [127]. In critically ill 
elderly, TDM is also recommended to optimize the PTA.

8 � Pharmacokinetics in Patients 
on Intermittent Haemodialysis

8.1 � Pharmacokinetic Parameters

During IHD sessions, mean gentamicin CL ranged from 
4.68 L/h to 6.96 L/h, approximating normal renal function 
(but total daily CL is much lower in patients on IHD because 
of low CL between sessions) [63, 129–132]. Mean Vd ranges 
from 12.4 to 23.1 L or L/70 kg [63, 64, 129–132], which 
is also comparable to patients from the general population.

8.2 � Variability and Causes

A wide range of CL of 1.1–22.2 L/h is reported in patients 
during IHD [64, 129, 130, 132]. IHD effectively clears 
aminoglycosides, but CL is highly variable because of dif-
ferences in dialyzer types, length and frequency of dialysis 
sessions, blood flow rates, small solute clearance and patient 
characteristics such as residual renal function [130, 131, 
133–136]. In a PPK study including six anuric patients, the 
addition of TBW as a covariate decreased IIV from 55.7% 
to 0.3% for non-IHD CL and from 90.7% to 50.7% for V1 
[137]. In another PPK study including 46 patients with end-
stage renal disease, CLCR explained 35% and 53% of IIV 
in non-IHD CL and Vd, respectively. Of note, here CLCR 
is likely to be a marker of LBW and non-renal CLCR [63].

8.3 � Dosing and PK/PD Targets

For patients on IHD, data are limited and optimal dosing 
remains controversial [138]. Traditionally, gentamicin is 
administered at the end of an IHD session using a load-
ing dose of 2–3 mg/kg, followed by a maintenance dose of 
1.5 mg/kg [138, 139]. Using a range of simulated dosing 

schemes, several studies have evaluated the possible effects 
of higher doses of gentamicin preceding IHD, resulting in a 
higher Cmax, an acceptable AUC and a lower Cmin, maximiz-
ing efficacy while reducing the risk of toxicity, using Cmax 
/MIC >8–10 or Cmax >8 mg/L as PK/PD targets [64, 130, 
137, 140]. One prospective observational study first per-
formed simulations and subsequently treated ten critically 
ill patients using IHD with 6 mg/kg gentamicin just before 
dialysis, resulting in a mean Cmax of 31.8 mg/L, a mean Cmin 
(after 24 h) of 4.1 mg/L and a mean AUC of 190 mg·h/L 
[64]. This dosing schedule was subsequently validated in 
another prospective observational study [65]. A prospective 
PPK study including 23 patients on IHD concluded that pre-
dialysis doses of 2 mg/kg (for an MIC of 1 mg/L), 4 mg/kg 
(for an MIC of 2 mg/L) or 8 mg/kg (for an MIC of 4 mg/L) 
were associated with the best efficacy/toxicity ratio [140].

8.4 � Predictors of Efficacy and Toxicity

Nephrotoxicity concerns do not play a significant role in 
deciding on the optimal dose and time of aminoglycoside 
administration for patients with end-stage renal disease. 
For critically ill patients on IHD, a strategy with dosing of 
gentamicin preceding IHD may result in more potential for 
efficacy and less potential for toxicity [64]. However, we 
found no studies on the association between PK/PD target 
attainment and efficacy or toxicity in patients on IHD.

8.5 � Recommendations

When gentamicin is administered after the IHD session, a 
loading dose of 2–3 mg/kg is currently recommended, fol-
lowed by a maintenance dose of 1.5 mg/kg after each fol-
lowing session [139] and TDM for optimization of both the 
dosing interval (in order to reduce the risk of nephrotoxicity) 
and the probability of PK/PD target attainment. When gen-
tamicin is administered before the IHD session, allowing a 
high Cmax and low Cmin, a first dose of 4–6 mg/kg is recom-
mended, followed by TDM [64, 139]. A first dose of 6 mg/
kg before the IHD session may be the optimal approach for 
critically ill patients [64, 65].

9 � Pharmacokinetics in Patients 
on Peritoneal Dialysis

9.1 � Pharmacokinetic Parameters

Gentamicin can be administered intraperitoneally (IP) to 
achieve higher local concentrations for treatment of peri-
toneal dialysis (PD)-related peritonitis. The pharmacoki-
netic parameters of gentamicin IP are not well described, 
particularly during inflammation and infection. The largest 
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prospective pharmacokinetics study to date, including 24 
patients with peritonitis treated with gentamicin IP, reported 
systemic CL of 0.25 L/h and Vd of 21.0 L/70 kg [141]. 
Median bioavailability of IP gentamicin was reported to be 
76% (interquartile range 69–82%) [141].

9.2 � Variability and Causes

Apart from residual renal function, peritonitis is an impor-
tant determinant for gentamicin CL in PD patients. After IP 
gentamicin is absorbed into the circulation, CL takes place 
by glomerular filtration and through PD in anuric patients. 
Mean systemic half-life was 28.7 hours in peritonitis patients 
compared with 36 hours in volunteer PD patients without 
peritonitis [142, 143], which can be explained by increased 
membrane permeability in peritonitis patients, resulting in 
increased clearance from the plasma into the peritoneal cav-
ity during the 18 hours that no IP gentamicin is administered 
[141].

9.3 � Dosing and PK/PD Targets

The currently used gentamicin IP dose is 40 mg or 0.6 mg/
kg TBW once daily with 6 hours dwell time [141, 144–146]. 
Using 0.6 mg/kg and a PK/PD target of Cmax /MIC >8 in 
peritoneal dialysate, median intraperitoneal Cmax and 
Cmin were 23.8 mg/L and 1.5 mg/L and median Cmax and 
Cmin in plasma were 3.1 mg/L and 1.9 mg/L, respectively 
[141]. In a prospective cohort study using a plasma Cmin 
of 0.5–2.0 mg/L at day 2 as PK/PD target, mean Cmin in 
plasma was 1.8 mg/L but 43% had Cmin >2 mg/L [146]. 
However, even in patients with a Cmin in plasma <2 mg/L, 
the high systemic absorption of 76% in patients with peri-
tonitis and the prolonged plasma elimination half-life of 
28.7 hours may lead to drug accumulation in the systemic 
circulation, increasing the risk of toxicity [141]. A lower 
dose would decrease plasma Cmin but also intraperitoneal 
Cmax, which may negatively impact efficacy. A shorter 
dwell time would decrease systemic absorption and result 
in lower plasma Cmin, while the intraperitoneal Cmax would 
not change. A recent PPK study including 24 patients evalu-
ated the PTA for treatment success (defined as IP Cmax /MIC 
>10) and toxicity (defined as plasma AUC <120 mg*h/L) 
for a 2-week course using several dosing schemes with dwell 
times ranging from 2 to 6 hours using Monte Carlo simula-
tions. They reported that a dose of 0.6 mg/kg with a dwell 
time of 5 hours or a dose of 0.7 mg/kg with a dwell time of 
3 hours is sufficient (PTA >80% and >90%, respectively) to 
treat organisms with an MIC of ≤2 mg/L without the risk of 
significant systemic exposure (PTA >90%) [147]. However, 
to the best of our knowledge, there are no clinical studies 
that evaluate the efficacy and toxicity of dosing regimens 
with a shorter dwell time.

9.4 � Predictors of Efficacy and Toxicity

There are no data on the association between drug levels, 
PK/PD target attainment and peritonitis outcomes or tox-
icity. In a prospective cohort study including 51 patients, 
gentamicin serum levels at day 2 did not predict gentamicin-
related efficacy or toxicity during short-course gentamicin 
therapy for Gram-negative PD-related peritonitis, except 
in cases of polymicrobial peritonitis, where higher day 2 
serum levels were associated with cure (2.06 ± 0.41 in cured 
patients vs 1.29 ± 0.71 in patients with treatment failure; 
p = 0.01) [146].

9.5 � Recommendations

For patients on continuous ambulatory peritoneal dialysis 
(CAPD), the current recommended gentamicin IP dose is 
40 mg or 0.6 mg/kg once daily with 6 hours’ dwell time 
[141, 146], although regimens with shorter dwell time 
should be evaluated in future clinical studies.

10 � Discussion

We aimed to review the clinical pharmacokinetics and con-
sequences for optimal dosing of gentamicin for infections 
caused by Gram-negative bacteria in various patient popula-
tions, focusing on new insights from the past decade. Several 
new PPK studies have focused on specific subpopulations 
including obese patients [46], critically ill patients [66, 
68, 148], paediatric patients [90, 92, 106, 149], neonates 
[112, 115–118, 122], elderly patients [126] and patients on 
IHD [64, 137], providing insights into the typical values of 
CL and Vd in these patient groups, the variability of these 
parameters and possible explanations for this variability. 
But despite inclusion of covariates in many of these PPK 
models, unexplained IIV in CL and Vd often remained high, 
especially in critically ill patients, resulting in wide ranges 
of Cmax, Cmin and AUC. Because of this high variability, it 
is difficult to give unambiguous advice on optimal dosing, 
which is also illustrated by the wide range of dosing schemes 
used in the literature. Moreover, dosing advice from the lit-
erature is often based on simulations using PPK models that 
have not been externally validated and may therefore not be 
generalizable [3, 57, 89]. In addition, very limited new PPK 
data have been published in the last 10 years from healthy 
volunteers or the general adult patient population, which is 
quite remarkable since the general adult population may be 
the largest population in which gentamicin is used.

As described earlier, the PK/PD targets used in the lit-
erature vary widely and definitive clinical evidence on the 
optimal PK/PD target for gentamicin is still lacking, despite 
50 years of clinical use. Both Cmax /MIC and AUC/MIC 
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targets are advocated, and in clinical practice both may be 
used, since they show high collinearity when using ODD 
[30, 31]. The starting dose recommendations presented in 
Table 2 are expected to result in a high PTA after the first 
administration for both the Cmax /MIC and AUC/MIC targets 
associated with clinical efficacy.

However, a higher PTA does not automatically result in 
higher efficacy. Strikingly, a large review from 2017 of PPK 
studies on aminoglycosides identified no studies that showed 
a correlation between estimated or predicted PK/PD target 
attainment and clinical success [3]. Two more recent studies 
specifically focusing on ICU patients also failed to find this 
correlation; both studies also included patients treated with 
amikacin or tobramycin and used aminoglycosides as part 
of combination therapy [79, 82]. The failure to identify an 
association between target attainment and clinical efficacy 
may be due to the fact that gentamicin is often used as part 
of short courses of empirical combination therapy and rarely 
as targeted monotherapy. This complicates clinical evalu-
ation of optimal dosing since co-administered antibiotics 
may be responsible for clinical success. Furthermore, the 
location of the infection could be a determinant of the opti-
mal PK/PD target. Moreover, other factors such as severity 
of illness and comorbid conditions are probably stronger 
predictors of clinical outcome than PK/PD target attainment, 
especially in critically ill patients [81]. Consequently, before 
optimal dosing regimens can be defined, more research is 
needed on the targets for efficacy in the clinical situations 
in which gentamicin is currently used, that is, monotherapy 
for urinary tract infections or as part of combination therapy, 
with a focus on the validity of the AUC/MIC and Cmax /MIC 
targets.

Likewise, using a Cmin target to reduce the risk of nephro-
toxicity has been under debate for several decades, but the 
best available evidence suggests that high Cmin levels are 
indeed a risk factor for nephrotoxicity [33]. Additionally, 
the usefulness of daily AUC for predicting nephrotoxicity 
should be further investigated [3, 4].

Several studies have evaluated if patients receiving short 
empirical courses of gentamicin (mostly 1–2 days, some-
times 3–5 days) are at increased risk of nephrotoxicity, with 
conflicting results. Two studies found an increased risk of 
nephrotoxicity: one study in critically ill patients reported 
an adjusted odds ratio of 1.39 for renal failure in patients 
receiving empirical gentamicin add-on therapy for a median 
duration of 2 days compared with patients who did not 
receive gentamicin [150] and one study in cardiac surgery 
patients reported an adjusted odds ratio of 1.38 for AKI in 
patients receiving a single prophylactic dose of gentamicin 
compared with patients who received non-aminoglycoside 
prophylaxis [151]. In contrast, three studies in patients with 
bacteraemia [152–154], one in septic patients at the emer-
gency department [155] and one in critically ill patients [83] 

did not find an increased risk of nephrotoxicity after short 
empirical courses of gentamicin.

Performing TDM to optimize dosing intervals has been 
proven effective in reducing nephrotoxicity in non-critically 
ill patients, whether using only Cmin monitoring, both Cmin 
and Cmax monitoring or more complex Bayesian models [71]. 
An RCT has shown that TDM, using Cmax and a random 
concentration or Cmin measurement after the first adminis-
tration of gentamicin in a Bayesian model, reduced nephro-
toxicity and duration of hospital stay in non-critically ill 
patients who were treated for >48 hours [156]. In critically 
ill patients, where increasing the dosing interval is often 
necessary to reach a Cmin ≤0.5–1 mg/L, the interval recom-
mended by the Hartford nomogram was correct in only 62% 
of all cases when compared with Bayesian TDM based on 
a Cmax measurement and a measurement after 6 hours [58]. 
Although, to the best of our knowledge, there is no evidence 
that TDM reduces the risk of gentamicin nephrotoxicity in 
critically ill patients, we consider it prudent to perform TDM 
for optimization of the dosing interval in both critically and 
non-critically ill patients who receive more than one admin-
istration of gentamicin.

TDM using Cmax monitoring, with or without the use of 
Bayesian models, can also be used to increase the PTA in 
patients who show large variability in Cmax and AUC, par-
ticularly in critically ill patients (regardless of whether they 
are adult, child or neonate) and patients on IHD, as some 
of these patients are still at risk for underexposure despite a 
starting dose of 7 mg/kg. However, several studies evaluat-
ing TDM have shown an improvement of the PTA but no 
increase in clinical success [71]. As mentioned earlier, stud-
ies evaluating efficacy in critically ill patients have found no 
significant correlation between PK/PD target attainment and 
clinical outcome. Moreover, there is often high variability in 
Vd within the same patient over time, at least in the critically 
ill population, limiting the predictive value of one Cmax or 
AUC estimation for the next [66]. It is therefore unclear if 
performing TDM for optimization of Cmax and/or AUC is of 
clinical value in critically ill patients. But despite a lack of 
evidence, we think that performing TDM for optimization 
of the PK/PD target would be sensible in populations with 
large variability in Vd and CL.

Meanwhile, there is ongoing debate on the value of gen-
tamicin as part of empirical combination therapy, usually 
combined with a broad-spectrum β-lactam antibiotic, espe-
cially for critically ill patients. Some observational studies 
found added clinical benefit of gentamicin for specific sub-
populations [157–159] while others did not [150, 160, 161], 
and meta-analyses have shown conflicting conclusions [162, 
163]. An RCT is needed to evaluate the clinical value of 
gentamicin in empirical combination therapy [164], which is 
currently being performed [165]. If used, gentamicin should 



1088	 C. J. Hodiamont et al.

be dosed once daily and empirical treatment duration should 
be restricted to 2–5 days [31, 166, 167].

11 � Conclusion

A standard gentamicin starting dose of 7 mg/kg based on 
TBW (or on ABW in obese patients) appears to be the opti-
mal strategy for increasing the PTA after the first administra-
tion in both adults and children older than 1 month, includ-
ing critically ill patients, although we found no studies that 
showed a correlation between PK/PD target attainment and 
clinical success. Higher starting doses may further increase 
the PTA but evidence for improved clinical efficacy is lack-
ing while the risk of nephrotoxicity is likely to increase. To 
reduce the risk of nephrotoxicity, the optimal dosing interval 
for each patient should be established using TDM, target-
ing a Cmin of at least <2 mg/L but preferably <0.5–1 mg/L. 
TDM to optimize the probability of PK/PD target attainment 
is advised for patients with highly variable pharmacokinet-
ics, including patients from all subpopulations that are criti-
cally ill (such as elderly, children and neonates) and patients 
on IHD. Despite numerous recent PPK studies in specific 
subpopulations, the optimal PK/PD target for efficacy is still 
unclear for the clinical setting in which gentamicin is cur-
rently mostly used, that is, as part of short-term empirical 
combination therapy.
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