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Abstract

Severe sepsis and septic shock are major problems as the result of high rates morbidity and 
mortality in intensive care units (ICUs). In the presence of septic shock, each hour of delay in 
the administration of effective antibiotics is associated with a measurable increase in mortality. 
Aminoglycosides are effective broad-spectrum antibiotics that are commonly used in ICUs for 
the treatment of life-threatening Gram-negative infections and as a part of empiric therapy for 
severe sepsis and septic shock. Knowledge of the pharmacokinetic (PK) and pharmacodynamic 
(PD) properties of the antibiotics used for the management of critically ill patients is essential 
for selecting the antibiotic dosing regimens and improving patient outcome.

Volume of distribution (Vd) and clearance (CL) of aminoglycosides in critically ill patients 
differs from general population and these parameters change considerably during the therapy. 
Pathophysiological changes during the sepsis alter the pharmacokinetic and pharmacodynamic 
profile of many drugs (increase in Vd and variable changes in CL have been reported for 
aminoglycosides during the sepsis), therefore, dosing regimen optimization is necessary for 
achieving therapeutic goal, and critically ill patients should receive larger loading doses of 
aminoglycosides in order to achieve therapeutic blood levels and due to the considerable 
variation in kinetic parameters, the use of standard doses of aminoglycosides or dosing 
nomograms is not recommended in these populations.
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Introduction

Severe sepsis and septic shock are major 
problems leading to high rates of morbidity and 

mortality in intensive care units (ICUs) (1, 2). 
In spite of various medical modalities, mortality 
due to bacterial infections range from 16% to 
50% in sepsis and septic shock respectively (3).

In the management of sepsis, the role of 
prompt and appropriate antimicrobial therapy 
for life-threatening infections is mandatory (4). 
In the presence of septic shock, each hour delay 
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related changes in critically ill patients with 
pharmacokinetic parameters, toxicodynamics 
and optimal dosing of aminoglycosides.

Pharmacodynamics of aminoglycosides
Aminoglycosides are hydrophilic 

antimicrobials that bind to 30S ribosomal A-site 
RNA, cause the misreading of the genetic code 
and inhibit the translocation (11). The ensuing 
antimicrobial activity is usually bactericidal 
against susceptible aerobic Gram-negative 
bacilli. Aminoglycosides initially penetrate the 
organism by disrupting the magnesium bridges 
between lipopolysaccharide moieties. They are 
transported across the cytoplasmic membrane in 
an energy-dependent manner. This step can be 
inhibited in-vitro by divalent cations, increased 
osmolality, acidic pH, and an anaerobic 
environment (12).

The Minimum Inhibitory Concentration 
(MIC) is the lowest concentration of antibiotic 
that inhibits visible growth of bacteria. The 
MIC is the most precise method to compare 
the efficacy of different antibiotics against a 
particular organism (13, 14), and is reported to the 
clinician along with the qualitative interpretation 
(susceptible, intermediate, or resistant).

Aminoglycosides have both a concentration-
dependent bactericidal effect and a long post 
antibiotic effect (PAE) (15). The PAE refers to the 
persistent suppression of bacterial growth that 
occurs after the drug has been removed in-vitro 
or cleared by drug metabolism and excretion 
in-vivo. Initially described for Gram-negative 
bacilli, aminoglycosides also exhibit PAE 
against Staphylococcus aureus but not against 
other Gram-positive cocci. The duration of the 
PAE (approximately 3 h; ranges from 1 to 7.5 
h) depends upon the method of evaluation and 
the studied organism (16). PAE characteristic 
of aminoglycosides may allow sub-MIC trough 
levels at the end of dosage intervals.

Concentration-dependent killing refers 
to the ability of higher concentrations of 
aminoglycosides (relative to the organism’s 
MIC) to induce more rapid, and complete, 
killing of the pathogen (17). Because 
concentration-dependent killing characteristics 
of aminoglycosides, ratio of the peak drug 
concentration to the MIC of pathogen or 

in the administration of effective antibiotics 
is associated with a measurable increase in 
mortality. Kumar, et al. (5) showed that effective 
antimicrobial administration within the first hour 
of documented hypotension was associated with 
increased survival in adult patients with septic 
shock.

Aminoglycoside antibiotics are old, but 
effective broad-spectrum antibiotics that are 
commonly used in critical care units for the 
treatment of life-threatening Gram-negative 
infections and as a part of empiric therapy for 
severe sepsis and septic shock, especially if 
Pseudomonas aeruginosa infection is suspected 
(6). Besides, their use has been associated with 
less increase in microbial resistance over the 
years when compared with β-lactam antibiotics 
(7), however, resistance of Gram-negative 
bacteria to aminoglycosides differs from one 
region to another and the rate of aminoglycoside 
resistance is high in some countries (8). 
Gentamicin, Tobramycin, Amikacin and 
Netilmicin are the main aminoglycosides still 
in use.

Knowledge of the pharmacokinetic (PK) 
and pharmacodynamic (PD) properties of 
the antibiotics used for the management of 
critically ill patients is essential for selecting 
the antibiotic dosing regimens, which will 
optimize patient’s outcomes (Figure 1) (9, 10). 
Thus, we aim to review the effect of septic 

Figure 1. Appropriate, adequate, and optimal antibiotic therapy. 
Optimal therapy gives the best outcome (9).
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Cmax/MIC is considered to be the parameter 
that best characterizes the in-vivo exposure 
of the pathogen to serum aminoglycoside 
concentrations (18, 19). In a retrospective 
study, Kashuba et al. demonstrated that since 
the peak concentrations and area under the 
concentration-time curve (AUC) are highly 
correlated, it has been possible to link both 
Cmax/MIC and AUC/MIC ratio to outcome. 
Optimal antibacterial activity is achieved 
when the peak is 8 to 10 times greater than 
the MIC (20). To attain effective peak serum 
concentration and acceptable outcome in 
critically ill patients, close therapeutic drug 
monitoring is necessary.

Pharmacokinetic changes in critically ill 
patients

Dosing of aminoglycosides has been discussed 
in the literature due to the narrow therapeutic 
index of these agents. Many pathophysiological 
changes can occur in critically ill patients that 
can complicate antibiotic dosing. For example, 
changes in volume of distribution (Vd) and 
clearance (CL) of antibiotics have been noted 
in these patients. Initial dosing of drug is 
determined by Vd, whereas maintenance dosing 
should be based on CL (21, 22).

Aminoglycosides demonstrate similar PK 
properties. These agents have similar elimination 
half-lives of about 2-3 h in normal subjects, and 
similar Vd (Table 1) (23).

Sepsis process is a complex process 
in which the release of endotoxins (e.g. 
Lipopolysaccharides and lipotechoic acid) and 
exotoxins from pathogens lead to the production 
of various endogenous mediators. TNF-α, IL-6 
and IL-1β are the most important endogenous 
mediators in the sepsis process, the measurement 
of which can be helpful in the determination of 

sepsis severity (2). Release of these mediators 
can cause endothelial damage and thus increased 
capillary permeability (24, 25). It is shown that 
a significant association exists between these 
biomarker patterns in the first 72 h of sepsis, 
severity of tissue hypoxia, organ dysfunction, 
and the mortality (26). This capillary leak 
leads to the third spacing which is due to the 
shift of fluid from the intravascular space into 
the interstitial space. Moreover, the obvious 
reduction of oncotic pressure resulting from 
severe hypoalbuminemia (< 1.5 mg/dL) that 
occurs in some critically ills like head trauma 
patients, may contribute to the third spacing, 
which results in the increase of Vd, especially 
for drugs with small volume of distribution (27-
29).

In the Sabzghabaee et al. (30) study, the 
pharmacokinetic behavior of amikacin was 
evaluated in 31 critically ill patients. In this 
study, the mean of Vd were 0.39 ± 0.045 (L/
Kg) and half of patients had a Vd of more than 
0.39 (L/Kg) which is greater than 0.25 L/Kg in 
comparison with normal population. Resolving 
of sepsis cause mobilization of excess fluid and 
reduction in Vd. On the other hand, Vd will be 
increased proportionally with the increasing 
levels of sickness severity as measured by 
the Acute Physiology and Chronic Health 
Evaluation (APACHE II) score and can result 
in a decreased Cmax and possibly impairment 
of their concentration-dependent bactericidal 
efficacy (31).

Increase Vd of aminoglycosides during sepsis 
results in subtherapeutic plasma concentrations 
by using standard dosing regimen (32), even 
by increasing loading dose of tobramycin and 
gentamicin from 2 mg/Kg to 3 mg/Kg, only 
half of the septic patients reach therapeutic Cmax 
levels (32, 33).

Agent Vd Elimination half life Normal ClCr < 10 mL/min

Amikacin 0.3 2.5-3 30

Gentamicin 0.22-0.3 2.5-3 30-50

Netilmicin 0.26 2-2.3 40

Streptomycin 2.5 100

Tobramycin 0.33 2.5-3 56

Table 1. Pharmacokinetics of aminoglycoside.
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and cardiopulmonary by-pass may affect the 
drug›s clearance. Disease states in ICU patients 
such as burn, trauma and hyperdynamic septic 
shock increase drug clearance (41).

The body response to infection and injury can 
cause elevation of metabolic energy expenditure 
and oxygen consumption and higher cardiac 
output, blood flow, and organ perfusion. In severe 
sepsis and septic shock, cardiac index is normal 
or even increased. In this situation and in the 
absence of organ dysfunction, renal artery blood 
flow is also increased that results in the enhanced 
delivery and excretion of hydrophilic agents like 
aminoglycosides (42), and consequently their 
half-life decrease. The clearance of gentamicin 
was found to be 1.5-fold higher in hyperdynamic 
septic patients (4.1 ± 0.59 L/min/m²) in 
comparison with hypodynamic septic patients 
(2.7 ± 0.43 L/min/m²) (37).

Vasopressor agents that are used for the 
treatment of hypotension in critically ill patients 
can cause higher than normal cardiac indices 
in this population (43, 44). Administration of 
drugs which influence the glomerular filtration, 
such as dopamine, dobutamine and diuretics 
has the same effect (45). Conversely, cardiac 
failure decreases the renal perfusion and results 
in reducing the drug clearance and accumulation 
of aminoglycosides within body, so dosage 
changing is necessary, but most nomograms use 
creatinine clearance (CrCl) for the prediction of 
renal function and dose adjustment. CrCl poorly 
reflects the changes in renal function in critically 
ill patients and there is a marked difference 
between CrCl and total aminoglycosides 
clearance, thus in this situation, individualized 
pharmacokinetic dosing is the accurate method 
for the determination of dosing regimen (46-48).

Among other factors in critically ill 
patients, mechanical ventilation also affects 
aminoglycoside kinetic parameters, Vd increase 
and Cl vary. Tholl et al. (49) showed that 
aminoglycoside clearance rate was 4.37 L/h 
(0.55-11.56) and the elimination rate constant 
varied from 0.04 to 0.66/h. It was concluded 
that the aminoglycoside clearance was highly 
correlated with physiologic changes in critically 
ill patients. Aminoglycoside clearance was 
increased with urinary urea nitrogen excretion 
and decreased with the increase in blood urea 

Taccone et al. (34) assessed the loading dose of 
amikacin in patients with severe sepsis and septic 
shock. In this study after a loading dose of 25 mg/
Kg (total body weight), the peak concentration 
remained below therapeutic target level in about 
one third of these patients, due to the increase 
in Vd. According to these studies, even by using 
higher loading dose of aminoglycosides in early 
phase of sepsis, therapeutic levels can not be 
achieved in critically ill patients. Subtherapeutic 
levels increase the risk of multi drug resistance 
organisms and also mortality rate, therefore, 
the assessment of blood concentrations and 
individualization of dosing regimen seems 
necessary for achieving the therapeutic goal.

It should be considered that beside the 
capillary permeability, fluid therapy and total 
parenteral nutrition (TPN) may contribute to 
expanding the extracellular fluid and Vd and 
result in the dilution of aminoglycosides in 
critically ill patients.

In a clinical study, Tormo et al.  assessed the 
effect of TPN on kinetic behavior of amikacin in 
critically ill patients. In this study, 22 critically 
ill patients enrolled and were treated with 
15.5 ± 7.9 mg/Kg/day of amikacin. TPN was 
administered to malnourished patients while 
well nourished patients received fluid therapy. 
An expanded amikacin Vd (0.403 L/Kg vs. 
0.298 L/Kg) and a tendency towards increased 
total body clearance (0.089 L/Kg/h vs. 0.069 L/
Kg/h) was shown in TPN group. In addition, TPN 
produced lower peak concentrations. Tormo et 
al concluded that critically ill patients receiving 
TPN need higher amikacin doses to ensure the 
optimal therapeutic response (35). TPN affects 
gentamicin pharmacokinetic parameters in a 
similar way (36).

Cardiac output, body weight, oxygen 
extraction, serum albumin and severity of 
illness also influence the disposition kinetic of 
aminoglycosides in severely ill patients with 
sepsis, so physiologic response to the stress 
should be considered when determining dosing 
regimen for critically ill patients (37-40).

Almost all studies showed that the Vd of 
aminoglycosides was increased in critically ill 
patients but wide variation in aminoglycosides 
CL has been reported. Multiple factors such as 
patient hemodynamic status, vasopressor usage, 
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nitrogen concentrations. Besides, they stated that 
higher albumin and transferrin concentrations 
were associated with higher aminoglycoside CL 
rates (50).

The influence of controlled mechanical 
ventilation on the pharmacokinetic profile of 
gentamicin in 23 patients after elective open-
heart surgery has been reported (38). Lugo et al. 
demonstrated a poor but significant relationship 
between the application of Positive End-
Expiratory Pressure (PEEP) mode (about 10 ± 6 
cm H2O) and both Vd and clearance of amikacin 
in 30 critically ill septic patients (39). But in 
some studies, no inhibitory effects for PEEP 
were found to increase the concentration (51).

The interpatient variability of aminoglycoside 
kinetic parameters necessitates dosage 
individualization of these antimicrobials based 
on plasma concentrations. Pathophysiological 
changes in early phase of sepsis necessitate 
higher loading dose but after resolution of acute 
phase reevaluation of dosing regimen is crucial 
for avoiding drug accumulation and toxicity.

Aminoglycoside toxicity
Nephrotoxicity develops from aminoglycoside 

accumulation in the proximal renal tubular cells 
(52). Polycationic aminoglycosides bind to 
anionic, brush-border, phospholipid membranes 
and are transported intracellularly by proximal 
tubular cells of kidney. Sequestration of these 
drugs within lysosomes and development of 
a lysosomal phospholipidosis result in cell 
necrosis and apoptosis. Tubular necrosis is 
often accompanied by tubular regeneration and 
peritubular proliferation; such tubular alterations 
eventually cause a decline in glomerular 
filtration and hypo-osmotic polyuria (53, 54). 
Aminoglycosides’ toxicity is related to the 
duration of exposure rather than to high serum 
levels. The kidney is unable to excrete the dose 
of aminoglycoside within the dosing interval 
owing to impaired function. Numerous reports 
evaluate once-daily dosing of aminoglycosides 
in which the cumulative dose for a 24 h period 
would be administered as a single dose. 
This would take advantage of concentration-
dependent killing as well as the post-antibiotic 
effect while minimizing repeated exposure and 
potential nephrotoxicity. There are differences 

among the aminoglycosides in terms of renal 
accumulation and activation of the apoptosis 
pathway. Gentamicin and Netilmicin have higher 
renal accumulation compared to Tobramycin 
and Amikacin (55).

In Nordström et al. (56) study, oto- and 
nephrotoxicity of aminoglycoside were 
evaluated. Aminoglycosides were given once or 
three times a day for severe infections. Patients 
were treated with Netilmicin or gentamicin 4.5 
mg/Kg/day, either once a day or divided into 
three doses. Vestibular function and hearing 
acuity were examined by serial audiograms and 
electronystagmogram. The authors concluded 
that once daily aminoglycoside treatment has not 
greater oto- or nephrotoxicity compared to the 
conventional three times daily regimen.

However, Olsen et al. (57) showed that the 
once daily dose tobramycin regimen appeared 
to be less nephrotoxic in comparison with 
the multiple daily dose regimens despite 
significantly higher doses. In this study, the 
Tobramycin dose was higher in the once daily 
dose group in comparison with the multiple 
daily dose group (425 ± 122.5 mg vs. 312.8 ± 
116.6 mg, p < 0.001). In the once daily dose 
group, patients had a higher measured creatinine 
clearance at the end of therapy compared with 
multiple daily dose group (70 ± 18.6 vs. 64.8 ± 
17.5 mL/min, p = 0.047). Fewer patients in the 
once daily dose group developed nephrotoxicity 
than the multiple daily dose group (5 vs. 12, p = 
0.142). Although there were increases in urinary 
enzymes in both treatment groups (alanine 
aminopeptidase, 8.7 ± 2.9 vs. 5.2 ± 2.1 units/24 
h, p < 0.01 multiple daily dose vs. once daily 
dose; n-acetyl-beta-d-glucosaminidase, 14.7 ± 
4.9 vs. 6.8 ± 3.1, p < 0.01 multiple daily dose 
vs. once daily dose), increases in the once daily 
dose group were significantly lower than that 
of multiple daily dose group. Olsen et al. stated 
that Tobramycin administered by once daily 
dose may be the preferred dosing method in 
selected critically ill medical patients to reduce 
the incidence and extent of renal damage.

Aminoglycoside exposure-nephrotoxicity 
relationship was observed in randomized, double 
blind comparison of once- vs. twice-daily dosing 
of aminoglycosides (58, 59). There was a major 
shift in the probability of nephrotoxicity from 
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once-daily to twice-daily dosing. Time to the 
occurrence of a nephrotoxic event was a function 
of days of therapy, stratified by whether patients 
received vancomycin concurrently. In the absence 
of concurrent vancomycin use, there was a very 
small probability of a nephrotoxic event at day 
7. In contrast, the likelihood of nephrotoxicity 
was exacerbated by concurrent administration of 
vancomycin. The once-daily dosing group had a 
low probability of nephrotoxicity even with the 
co-administration of vancomycin. Consequently, 
by administering the drug once daily, avoiding 
concurrent nephrotoxins and limiting duration 
of therapy to 7 days, these agents can be safely 
administered in the ICU setting.

The relationship between ototoxicity and 
aminoglycoside pharmacokinetic is not clear, 
but it can be expected that in duration less than 
5-6 days, its incidence is low and this side effect 
is seen in prolonged therapy for 10 days or more.

It can be said that once-daily dosing regimens 
of aminoglycosides have less nephrotoxicity 
compared to the multiple-daily dosing, although 
once-daily dosing use for long time (> 7 days) 
can result in substantial nephrotoxicity (Table 
2). Aminoglycoside dosing considerations in 
critically ill patients should attempt to improve 
the outcome meanwhile reducing the toxicity.

Conclusion

Although antibiotic therapy is cornerstone 

modality in sepsis treatment, due to the 
pathophysiological changes during this process, 
optimal dosing of antibiotics is a major challenge 
in critical care for better outcome. However, 
owing to the clinically significant variations in 
aminoglycoside pharmacokinetics, routine use of 
conventional aminoglycoside dosing nomograms 
to achieve an appropriate dosage regimen is 
discouraged in many critically ill patients. The 
aminoglycoside volume of distribution (Vd) and 
clearance (CL) in critically ill patients differs 
from general population and pharmacokinetic 
parameters change considerably during the 
therapy. Critically ill patients should undergo 
individualized pharmacokinetic analysis to 
characterize efficiently and more effectively 
plasma concentrations and determine an 
appropriate dosing interval, considering site 
and severity of infection, plasma clearance, and 
the apparent post-antibiotic effect. Based on 
these data, the majority of critically ill patients 
would not be predicted to achieve the PD target 
under current dosing regimens. Since critically 
ill patients have significantly larger Vd and 
altered CL, they may require larger doses per 
kilogram of body weight of aminoglycoside 
and should receive larger loading doses of 
aminoglycosides in order to achieve therapeutic 
blood levels. Besides, the use of extended-
interval aminoglycoside dosing regimens should 
be based on pharmacodynamic endpoints and 
patient-specific pharmacokinetic assessment.

Estimated Creatinine Clearance (mL/min)
Dose (mg/Kg)

Dosing Interval (h)
Gentamicin, Tobramycin Amikacin, Netilmicin

100 7 20 24

90 7 20 24

80 7 20 24

70 5 15 24

60 5 15 24

50 4 12 24

40 4 12 24

30 5 15 48

20 4 12 48

10 3 10 48

> 10 2.5 7.5 48

Table 2. Recommended dosing schedules for adult patients with impaired renal function (60).
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