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  Abstract 
 The Swedish Reference Group for Antibiotics (SRGA) has carried out       a risk – benefi t analysis of aminoglycoside treatment 
based on clinical effi cacy, antibacterial spectrum, and synergistic effect with beta-lactam antibiotics, endotoxin release, toxicity, 
and side effects. In addition, SRGA has considered optimal dosage schedules and advice on serum concentration monitoring, 
with respect to variability in volume of drug distribution and renal clearance. SRGA recommends that aminoglycoside therapy 
should be considered in the following situations: (1) progressive severe sepsis and septic shock, in combination with broad-
spectrum beta-lactam antibiotics, (2) sepsis without shock, in combination with broad-spectrum beta-lactam antibiotics if the 
infection is suspected to be caused by multi-resistant Gram-negative pathogens, (3) pyelonephritis, in combination with a 
beta-lactam or quinolone until culture and susceptibility results are obtained, or as monotherapy if a serious allergy to beta-
lactam or quinolone antibiotics exists, (4) serious infections caused by multi-resistant Gram-negative bacteria when other 
alternatives are lacking, and (5) endocarditis caused by diffi cult-to-treat pathogens when monotherapy with beta-lactam anti-
biotics is not suffi cient. Amikacin is generally more active against extended-spectrum beta-lactamase (ESBL)-producing and 
quinolone-resistant Escherichia coli than other aminoglycosides, making it a better option in cases of suspected infection caused 
by multidrug-resistant Enterobacteriaceae. Based on their resistance data, local drug committees should decide on the choice 
of fi rst-line aminoglycoside. Unfortunately, aminoglycoside use is rarely followed up with audiometry, and in Sweden we cur-
rently have no systematic surveillance of adverse events after aminoglycoside treatment. We recommend routine assessment of 
adverse effects, including hearing loss and impairment of renal function, if possible at the start and after treatment with 
aminoglycosides, and that these data should be included in hospital patient safety surveillance and national quality registries.   

  Introduction 

 In the 1980s the use of aminoglycosides as mono-
therapy for Gram-negative sepsis was replaced by new 
cephalosporins, carbapenems, and fl uoroquinolones 

with a broad-spectrum effect against Gram-negative 
bacteria and less toxicity than aminoglycosides. In 
recent decades, beta-lactam antibiotics have often 
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been combined with an aminoglycoside for the 
treatment of severe sepsis/septic shock to broaden the 
antibacterial spectrum and achieve a rapid bacteri-
cidal and possible synergistic effect. 

 The Swedish Reference Group for Antibiotics 
(SRGA) has carried out       a risk – benefi t analysis of 
aminoglycoside treatment based on clinical effi cacy, 
antibacterial spectrum, synergistic effect with beta-
lactam antibiotics, endotoxin release, and toxicity. 
Our aim was to provide evidence-based guidelines 
for aminoglycoside use in Sweden. The guidelines are 
intended for use after adaptation to local resistance 
data by local drug committees. For example, chang-
ing the fi rst-line aminoglycoside from gentamicin or 
tobramycin to amikacin requires training and well-
developed decision support from the laboratory and 
infectious diseases specialists, to ensure that the 
advantages of amikacin are not outweighed by disad-
vantages of suboptimal dosing and increased adverse 
events during implementation of the change.   

 Antibacterial spectrum 

 Aminoglycosides have a broad antibacterial 
spectrum with good activity against staphylococci, 
Enterobacteriaceae, Pseudomonas, and Acineto-
bacter spp. [1,2]. Enterococci and streptococci are 
naturally low-grade-resistant to aminoglycosides. 
Aminoglycosides and beta-lactam antibiotics have a 
synergistic effect against many species of bacteria, 
which can be used in the treatment of infections 
where the intrinsic activity of the aminoglycoside is 
insuffi cient, e.g. Enterococcus faecalis and viridans 
streptococci. Aminoglycosides have insuffi cient activ-
ity against Pasteurella multocida, Stenotrophomonas 
maltophilia, and Burkholderia cepacia. Aminogly-
cosides have no effect against anaerobic bacteria, as 
an aerobic environment is required for effi cacy. 
Moreover, the effect is decreased at low pH.   

 Differences among aminoglycosides 

 Aminoglycosides have similar antibacterial spectra 
against wild-type bacteria, with certain exceptions. 
Amikacin is a better alternative in the treatment of 
infections caused by Escherichia coli with non-
susceptibility to cefotaxime, piperacillin – tazobactam, 
or ciprofl oxacin, as associated resistance is much 
more common for gentamicin/tobramycin than 
for amikacin. Tobramycin has a slightly higher 
activity against wild-type Pseudomonas aerugi-
nosa. Amikacin also offers good activity against 
Mycobacterium tuberculosis [1]. There is no estab-
lished ranking of differences in toxicity between 
gen tamicin, tobramycin, and amikacin, as studies 

are too small and too heterogeneous to show clear 
differences.   

 Indications 

 SRGA recommends that aminoglycoside therapy 
should always be considered in the following 
situations: 

  In combination with broad-spectrum beta-(1) 
lactams in patients with progressive severe 
sepsis or septic shock.  
  Sepsis without shock, in combination with (2) 
broad-spectrum beta-lactam antibiotics if 
the infection is suspected to be caused by 
multi-resistant Gram-negative pathogens.  
  Pyelonephritis, in combination with a beta-(3) 
lactam or quinolone until culture and sus-
ceptibility results are obtained, or as 
monotherapy in patients with a serious 
allergy to beta-lactam or quinolone antibiot-
ics.  
  Serious infections caused by multidrug-(4) 
resistant Gram-negative bacteria when other 
alternatives are lacking,  

  on the above indications (1 – 4) amikacin a. 
is preferred due to lower resistance 
among Enterobacteriaceae than for 
gentamicin/tobramycin,  
  the choice of fi rst-line aminoglycoside b. 
should be decided by local drug com-
mittees based on local resistance data.  

  Endocarditis caused by diffi cult-to-treat (5) 
pathogens when monotherapy with beta-
lactam antibiotics are not suffi cient.    

 Contraindications 

 Aminoglycosides are strongly associated with oto- 
and nephrotoxicity. To reduce the overall frequency 
of these serious adverse effects, aminoglycoside treat-
ment should be avoided in specifi c high-risk patients, 
and considered only if no other treatment alternative 
exists. These high-risk groups include patients with: 

  Chronic renal impairment.  (1) 
  Known hearing loss.  (2) 
  Genetic predisposition to aminoglycoside-(3) 
induced hearing loss.  
  Concomitant treatment with other nephro- (4) 
or ototoxic drugs.    

 Breakpoints for aminoglycoside 
susceptibility testing 

 Bacteria are defi ned as wild-type (WT) in the absence 
of acquired mechanisms of resistance. The bacteria are 
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categorized as WT, applying the epidemiological cut-off 
level (ECOFF) of aminoglycosides. The clinical break-
points will assume a once-daily dose with 5 – 7 mg/
kg    �    1 of gentamicin/tobramycin and 15 – 20 mg/kg of 
amikacin (Table I; http://mic.eucast.org/Eucast2/).   

 Prevalence of aminoglycoside resistance 

 In Sweden resistance is rare ( �    1%) in Staphylococ-
cus aureus, but occurs to varying degrees (1 – 10%) 
in Enterobacteriaceae (lower range for amikacin and 

higher range for gentamicin/tobramycin) and P. 
aeruginosa. Resistance is common ( �    10%) among 
coagulase-negative staphylococci (CoNS). High-level 
aminoglycoside resistance (HLAR) is common 
( �    10%) among E. faecalis and Enterococcus 
faecium (Figure 1). 

 Globally, high frequencies of aminoglycoside 
resistance have been reported from most parts of the 
world among Gram-negative bacteria, including 
P. aeruginosa [3] and methicillin-resistant staphylo-
cocci (methicillin-resistant S. aureus (MRSA) and 
methicillin-resistant S. epidermidis (MRSE)). 

 Before treatment, enterococcal strains causing 
endocarditis should be investigated for HLAR, 
because synergy between aminoglycosides and beta-
lactam antibiotics will not be expected in these strains. 
Gentamicin is used for detecting HLAR, defi ned as 
a gentamicin minimum inhibitory concentration 
(MIC)  �    128 mg/l. The production of transferable 
(plasmid or integron) aminoglycoside-modifying 
enzymes (AME; acetylating, adenylating, or phos-
phorylating enzymes) causes partial cross-resistance 
between aminoglycosides because the respective 
aminoglycoside is a substrate of some, but not all, 
of these enzymes. Chromosomally mediated defective 
transport of aminoglycosides through the bacterial cell 
wall will cause resistance to all aminoglycosides, 
whereas increased activity of effl ux pumps affects dif-
ferent aminoglycosides to various extents. Methyla-
tion of the RNA (transferable 16S rRNA methylases) 
confers resistance to all the aminoglycosides [4]. These 
transferable 16S rRNA methylases are commonly 
seen in strains with carbapenemases, such as New 
Delhi metallo-beta-lactamase (NDM)-producing 
Enterobacteriaceae. Resistance to amikacin might 
raise suspicions of 16S rRNA methylases, but AMEs, 

  Table I. Clinical breakpoints and epidemiological cut-off levels 
(ECOFF) for aminoglycosides.  

Species

Clinical 
breakpoint
  S  �  mg/l

Clinical 
breakpoint
  R  �  mg/l

ECOFF
   �  mg/l

Enterobacteriaceae
Gentamicin 2 4 2
Tobramycin 2 4 2
Amikacin 8 16 8

Staphylococcus aureus
Gentamicin 1 1 2
Tobramycin 1 1 2
Amikacin 8 16 8

Coagulase-negative 
staphylococci

Gentamicin 1 1 0.5
Tobramycin 1 1 2
Amikacin 8 16 ND

Pseudomonas aeruginosa
Gentamicin 4 4 8
Tobramycin 4 4 2
Amikacin 8 16 16

Acinetobacter spp.
Gentamicin 4 4 4
Tobramycin 4 4 4
Amikacin 8 16 8

 S, sensitive; R, resistant.   
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  Figure 1.      Aminoglycoside resistance among invasive isolates in Sweden 2005 – 2011. Source: EARSNet, http://www.smittskyddsinstitutet.
se. HLAR, High level aminoglycoside resistance. Median and (range) of number of isolates/year:  E. coli 3665 (3190–4123), K. pneumoniae 
642 (280–825), P. aeruginosa 300 (149–342), E. faecalis 561 (492–707),  E. faecium 286 (211–348).  
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as we see with extended-spectrum beta-lactamase 
(ESBL) strains, usually do not affect amikacin. 

 Amikacin has a better activity against Escherichia 
coli resistant to cephalosporins (ESBL-producing), 
quinolones, and piperacillin – tazobactam because 
these strains less often carry genes that also inacti-
vate amikacin. Among invasive isolates of E. coli 
from the Karolinska University Laboratory (Swe-
den) in 2011 ( n     �    1022), 5/1022 (0.5%) were resis-
tant to amikacin, whereas 80/1022 (7.8%) were 
resistant to gentamicin (unpublished data). Among 
E. coli isolates with decreased susceptibility (interme-
diate (I)  �  resistant (R)) to cefotaxime, piperacillin –
 tazobactam, or ciprofl oxacin, resistance was much 
more common to gentamicin than amikacin (Table 
II) (unpublished data).   

 Choice of aminoglycoside 

 In Sweden, the most frequently used aminoglycosides 
for bacterial infections are gentamicin and tobramy-
cin, whereas amikacin is used to a lesser extent and 
mainly to treat tuberculosis [1]. In many countries 
with high levels of multi-resistance, amikacin is used 
to a larger extent as it is more active against ESBL-
producing and quinolone-resistant E. coli than other 
aminoglycosides. This makes amikacin a better option 
in cases of suspected antibiotic resistance in Enter-
obacteriaceae, which is increasing globally. In 2011, 
the estimated Swedish consumption of intravenously 
administered aminoglycosides by defi ned daily dose 
(DDD) was about 34,400 for gentamicin, 40,600 for 
tobramycin, 6800 for amikacin, and 15 for netilmicin. 
The SRGA analysis has been limited to amikacin, 
gentamicin, and tobramycin. 

 Each decision on the use of a specifi c aminogly-
coside should be based on the presence of risk factors 
for resistance in the individual case and the local 
epidemiology of antibiotic resistance.   

 Pharmacodynamics and pharmacokinetics 

 Aminoglycosides primarily affect bacterial protein 
synthesis and result in rapid concentration-

dependent killing with a low release of endotoxin. 
Beta-lactam antibiotics with major affi nity for 
penicillin-binding protein 3 (cefotaxime, ceftazidime, 
piperacillin, etc.) induce fi lament formation and slow 
killing of Gram-negative bacteria, accompanied by 
high endotoxin release, which is associated with a 
stronger infl ammatory response than with carbapen-
ems or aminoglycosides [5,6]. Aminoglycosides have 
been shown to reduce the beta-lactam-induced endo-
toxin release [7]. Animal studies of Gram-negative 
sepsis have shown better survival with beta-lactam 
antibiotics that induce low endotoxin release than 
beta-lactams inducing high endotoxin release; how-
ever, clinical studies have failed to show a similar 
advantage [8]. The antibacterial effect of aminogly-
cosides correlates best with peak serum concentra-
tions in relation to MIC (Cmax/MIC), which provides 
a strong rationale for once-daily dosing. Multiple 
dosing (2 times daily) is recommended for the use of 
aminoglycosides in combination therapy for compli-
cated cases of endocarditis. In these cases, the main 
objective is to achieve synergy with cell wall-active 
antibiotics [9]. Available data indicate that the syner-
gistic effect is mainly due to the beta-lactam facilitat-
ing penetration of the aminoglycoside into the cell, 
which suggests that once-daily dosing is preferable 
on these indications as well [10]. However, no clari-
fying, randomized studies have been found on this 
issue. To achieve an adequate Cmax without causing 
drug accumulation and an increased risk of toxicity, 
the next dose should be withheld until a suffi ciently 
low trough value has been reached in the serum 
concentration. Importantly, pharmacokinetics may 
display high intra-individual variability, especially in 
severely ill patients, including those with sepsis and 
septic shock, which requires frequent laboratory 
monitoring and reconsideration of the optimal dos-
age [11 – 13]. The variation in pharmacokinetics in 
these patients is at least partly explained by increased 
extracellular volume, reduced protein binding, and 
variable clearance. High loading doses of aminogly-
cosides and beta-lactam antibiotics may be necessary 
to avoid suboptimal plasma concentration profi les 
and treatment failure [14 – 17]. There is, thus, a paral-
lel risk of overdose and drug accumulation after 
repeated dosing due to decreased renal clearance.   

 Aminoglycoside treatment for specifi c 
indications  

 Severe sepsis and septic shock 

 In a large observational study of patients with Gram-
negative bacteremia, mortality was higher for patients 
on aminoglycoside monotherapy than for those on 
the combination with beta-lactam antibiotics, except 

  Table II. Resistance to amikacin and gentamicin among Escherichia 
coli isolates with non-susceptibility (I    �    R) to cefotaxime, 
piperacillin – tazobactam, or ciprofl oxacin.  

Resistance a  (%)

Non-susceptibility (I    �    R) a Amikacin Gentamicin

Cefotaxime ( n     �    66) 4/66 (6%) 29/66 (44%)
Piperacillin – tazobactam ( n     �    66) 4/66 (6%) 16/66 (25%)
Ciprofl oxacin ( n     �    177) 4/177 (2%) 58/177 (33%)

   I, intermediate; R, resistant.   
  a Only 1 episode per patient has been included.   
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for those with infections in the urinary tract [18]. 
Beta-lactam antibiotics are often combined with an 
aminoglycoside for severe sepsis/septic shock to 
broaden the antibacterial spectrum and achieve rapid 
bactericidal, and possible synergistic, effects. A 
Cochrane analysis of sepsis studies conducted in 
1966 – 2004, in which beta-lactam and aminoglyco-
side combination therapy was compared with mono-
therapy with beta-lactam, was unable to demonstrate 
any difference in survival [19]. It was concluded that 
the combination with aminoglycoside provided no 
advantage, but merely added a signifi cant risk of 
nephrotoxicity. However, in this Cochrane meta-
analysis, only a fraction of the patients had septic 
shock; the use of combination therapy in septic shock 
remains a subject of debate. In another meta-analysis 
that compared the combination of mainly beta-
lactam and aminoglycoside with beta-lactam mono-
therapy in Gram-negative sepsis, no benefi t in survival 
was demonstrated, except for a subgroup of patients 
with Pseudomonas sepsis [20]. A small prospective, 
observational study of patients with Klebsiella bac-
teremia reported increased survival in a subgroup of 
patients with septic shock who were treated with 
the combination of beta-lactam and aminoglycoside 
rather than beta-lactam monotherapy [21]. In a con-
siderably larger observational study, Leibovici et   al. 
failed to show increased survival for combined 
beta-lactam and aminoglycoside compared with 
beta-lactam monotherapy, except in a subgroup of 
neutropenic patients [18]. Most previous studies and 
meta-analyses on sepsis have not been able to clearly 
show increased survival as a result of combination 
treatment [18 – 20,22]. This may in part be explained 
by poor design or underpowered studies [23]. In a 
recent meta-analysis, Kumar and colleagues showed 
that combination therapy with 2 antibiotics, both 
with activity against causative bacteria, resulted in 
lower mortality from septic shock compared with 
treatment with only 1 effective antibiotic — but only 
in the most severe cases [24]. In contrast, among the 
less critically ill, combination treatment tended to be 
harmful [24]. 

 The same authors recently published a retro-
spective analysis of a large prospectively collected 
cohort of patients in septic shock ( �    4600 patients), 
in which patients were compared with controls using 
an advanced matching technique based on so-called 
propensity analysis [25]. This study showed an 
increase in survival for patients with septic shock 
when a beta-lactam was combined with an amino-
glycoside, fl uoroquinolones, or macrolides/clindamycin 
[25]. The advantage of the combination treatment 
in this study was valid for most, but not all, beta-
lactam antibiotics, excluding beta-lactam antibiotics 
with an effect on Pseudomonas (carbapenems, 

anti-pseudomonal cephalosporins) in which no 
signifi cant mortality benefi t was observed. With the 
exception of carbapenems and anti-pseudomonal 
cephalosporins, combination therapy of beta-lactam 
antibiotics and aminoglycoside may increase survival 
in progressive severe sepsis and septic shock. As mul-
tidrug-resistant Gram-negative bacteria have become 
increasingly common in many countries, the risk of 
treatment failure when using monotherapy with a 
beta-lactam antibiotic in patients with severe sepsis 
has increased. Combination therapy with aminogly-
cosides might therefore be needed to broaden the 
spectrum of antibacterial effect [26 – 28]. For exam-
ple, Craig, in a recent review of aminoglycosides, 
recommends that aminoglycosides should be admin-
istered in combination with beta-lactam antibiotics 
or fl uoroquinolones in patients with septic shock or 
hypotension as high, once-daily doses and very rarely 
for more than 5 – 6 days [29]. 

 In Sweden, it has become practice to give a 
single dose of aminoglycoside in combination with 
beta-lactam antibiotics in severe infections. Many 
clinicians claim they have had good experiences 
with the single dose, which can be given for several 
reasons, e.g. to broaden the spectrum, achieve a 
synergistic effect, more rapidly eliminate bacteria 
with less endotoxin release, and reduce the risk of 
resistance. However, to our knowledge, no ran-
domized controlled trials exist that examine the 
effect on mortality, morbidity, ecology, and toxicity 
in various infections. Therefore, from an evidence-
based perspective, it is diffi cult to evaluate this 
procedure.   

 Pyelonephritis and other foci of infection 

 A meta-analysis of randomized controlled trials on 
the effi cacy of monotherapy with aminoglycosides 
compared with non-aminoglycosides included 37 
studies, of which 26 were studies of urinary tract 
infection [30]. Both clinical and bacteriological treat-
ment failure was slightly, but signifi cantly, more 
common in monotherapy with an aminoglycoside 
[30]. In total, fewer adverse events were reported in 
the aminoglycoside group, but several cases with 
renal involvement were noted [30]. The authors 
found support for recommending monotherapy with 
an aminoglycoside in urinary tract infections but not 
in infections with other foci [30]. A return to the use 
of benzylpenicillin in combination with aminoglyco-
sides has been recommended for bacterial infections 
of unknown origin to reduce the use of cepha-
losporins and quinolones, as this combination is less 
likely to select resistant bacteria [31]. However, this 
recommendation would imply monotherapy with an 
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3 mg/kg/day of gentamicin/tobramycin as endo-
carditis treatment in general; the exception is 5 mg/
kg of gentamicin/tobramycin once daily for the fi rst 
days of treating S. aureus endocarditis. No recom-
mendations are available for amikacin. The trough 
con centrations should be below 1 mg/l, and peak 
concentrations at least 3 – 5 mg/l after administration 
of gentamicin/tobramycin 1.5 mg/kg twice daily (= 
3 mg/kg/day).    

 Adverse events and toxicity 

 Shortly after streptomycin  –  the fi rst aminoglycoside  –  
was introduced in the 1940s, side effects reported 
were ototoxicity, nephrotoxicity, and neuromuscular 
blockade. Although new aminoglycosides were 
developed, the safety profi le remained largely the 
same. Between 1969 and August 2011, 311 cases 
with a total of 416 adverse events thought to be 
associated with aminoglycoside therapy were regis-
tered in the Swedish side-effect registry, SWEDIS. 
Nineteen of the cases had a fatal outcome. Most 
adverse events were reported in 1978 – 1991. The 
aminoglycoside most commonly associated with 
adverse events was gentamicin (63%), followed by 
tobramycin (16%), netilmicin (16%), amikacin 
(4%), and streptomycin (2%). Importantly, the dif-
ferences in frequency largely refl ect differences in 
clinical use. Despite the well-known ototoxicity of 
aminoglycosides, patients are rarely followed-up 
with audiometry.  

 Nephrotoxicity 

 Nephrotoxicity occurs in approximately 10 – 25% of 
patients treated with aminoglycosides [40,41]. The 
usual risk factors include advanced age, prior renal 
impairment, dehydration, concomitant exposure to 
other nephrotoxic drugs (e.g., amphotericin B, van-
comycin, diuretics, non-steroidal anti-infl ammatory 
drugs (NSAIDs), cisplatin, cyclosporin, and iodi-
nated contrast agents), and prolonged or repeated 
periods of treatment and high dose [41 – 43]. 
Typically, nephrotoxicity will manifest itself as a 
secretory dysfunction without a change in urine 
volume but with increased excretion of proteins, 
enzymes, glucose, potassium, calcium, and phospho-
lipids after only a few days of treatment [44]. 
The mechanism is a proximal tubular epithelial cell 
death, which in turn is partly caused by direct and 
indirect mitochondrial effects [45], a functional 
change in the cellular components involved in fl uid 
transport, and direct vascular effects [41]. When 
the kidneys can no longer compensate for the 
toxic effects, there is an increase in the plasma 

aminoglycoside in Gram-negative sepsis, which is 
supported by literature evidence only in Gram-
negative bacteremia with a urinary focus [18,30,32]. 
For progressive severe urosepsis/septic shock, mono-
therapy with an aminoglycoside will not suffi ce, as 
these patients ideally should receive treatment with 
2 effective antibiotics (see above: Sepsis) [24]. 

 It is not yet known whether the 5 – 7 day 
monotherapy with an aminoglycoside is as effective 
as longer aminoglycoside treatment of pyelonephritis 
and complicated urinary tract infections. However, 
urine concentrations of aminoglycoside are above the 
MIC for most Gram-negative rod bacteria at least 
4 days after the last dose of aminoglycoside. This 
favours shorter treatment as it reduces the risk of 
adverse events [29]. 

 Aminoglycoside therapy may also be indicated in 
cases of severe lung infections caused by P. aerugi-
nosa [26,27]. In ventilator-associated pneumonia, 
inhaled aminoglycosides can provide an alternative 
route of administration to avoid renal toxicity and 
ototoxicity [33]. 

 Two meta-analyses have shown aminoglycosides 
to have an inferior clinical effect compared with beta-
lactam antibiotics in the treatment of Gram-negative 
infections with an abdominal focus [34,35]. Treat-
ment with an aminoglycoside (plus clindamycin) was 
associated with a higher risk of renal impairment 
than was monotherapy with beta-lactam antibiotics.   

 Endocarditis 

 Aminoglycoside treatment of endocarditis is largely 
based on older studies [36–38]. The strongest docu-
mentation of the effect of combination therapy with 
an aminoglycoside is related to endocarditis caused 
by enterococci. In endocarditis due to streptococci, 
the main reason for using combination therapy has 
been to shorten the length of treatment, but no 
clinical trials have defi nitely supported the use of 
combination therapy for S. aureus endocarditis 
[35]. The Endocarditis Working Group (EWG) of 
the Swedish Society of Medicine has recently (2012) 
updated guidelines [39]. The group recommends a 
once-daily dosage in most cases of endocarditis, 
except a twice-daily dosage in diffi cult-to-treat cases 
of endocarditis such as enterococcal endocarditis 
and valvular prosthesis endocarditis. There are 
no documented differences between gentamicin, 
netilmicin, tobramycin, and amikacin for endo-
carditis except for E. faecium, when netilmicin and 
tobramycin should not be used. This is because E. 
faecium has a naturally occurring enzyme that 
prevents synergy with all aminoglycosides, except 
gentamicin, streptomycin, and amikacin. The EWG 
of the Swedish Society of Medicine recommends 
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many as 20% of patients treated with aminoglyco-
sides would develop a measurable hearing loss, which 
in 2 – 5% was clinically signifi cant [67 – 70]. Hearing 
damage is usually dose-dependent and related to 
renal function, but apparently it can develop after 
only a single dose and with serum concentrations 
within the reference range (case reports in SWEDIS; 
Swedish Adverse Drug Reactions Register). Although 
all aminoglycosides can damage the labyrinth and 
cochlea, gentamicin, and even more so streptomycin, 
seems to damage vestibular function. The relative 
incidence [of toxicity] appears to be equal for 
tobramycin, gentamicin and amikacin [67]. Vestibu-
lar dysfunction will usually fi rst manifest itself in 
nystagmus, dizziness, nausea, and vomiting [71]. As 
compensatory mechanisms occur relatively quickly, 
labyrinth lesions may easily be overlooked. A few 
patients do not develop compensatory mechanisms 
[72]. Patients with cochlear complications often 
complain of tinnitus and a pressure sensation in the 
ear, but deafness may come suddenly without warn-
ing and months after treatment [73]. The high fre-
quencies are lost fi rst, which can be determined 
using high-frequency audiometry before hearing loss 
in the vocal frequencies is a fact. 

 Despite rigorous control of aminoglycoside con-
centrations, it is diffi cult to prevent aminoglycoside-
induced ototoxicity. No signifi cant reduction in 
toxicity has been observed when changing from 
repeated daily dosing to once-daily dosing [58,59, 
74,76]. The most common genetic predisposing 
factor for aminoglycoside-induced hearing loss is 
the A1555G mutation in the mitochondrial genome. 
It makes the mitochondrial rRNA structurally sim-
ilar to the 16S rRNA of E. coli, with increased vul-
nerability to aminoglycosides as a result [77,78]. 
The mutation has been detected in a number of 
families around the world, but it also occurs spo-
radically. Typical of patients with A1555G is an 
aminoglycoside-induced, bilateral hearing loss 
without vestibular damage [79]. Hearing loss may 
occur among these patients even without exposure 
to aminoglycosides [80]. Information regarding the 
prevalence of the mutation in the Swedish popula-
tion is lacking. In a Danish study, the background 
for non-syndromic hearing loss in 2.4% of the 
patients was determined to be the A1555G muta-
tion [81]. In Spanish, Chinese, and Arab-Israeli 
patient material, corresponding fi gures rise to 
15 – 30% with variable penetrance [73,82 – 85]. In 
a recent British study this mutation was found in 
1/385 of a healthy population [86]. As preventive 
measures, we recommend that risk factors for 
clinically signifi cant hearing loss be identifi ed, 
including heredity, advanced age, renal impair-
ment, dehydration, and other nephrotoxic drugs. 

concentrations of creatinine and urea. This typically 
occurs after about 1 week of treatment and is there-
fore a late sign [44]. An earlier sign may be an 
increased trough concentration of aminoglycoside 
[46]. If the dose is adjusted or the treatment discon-
tinued when an increase in creatinine is observed 
[40], tubular cells will usually regenerate and renal 
function will be restored. 

 Clear evidence of the nephrotoxic effect of a 
single dose of aminoglycoside in severe sepsis or sep-
tic shock with early renal impairment has yet to be 
described. In intensive care unit (ICU) patients with 
varying renal function but a creatinine clearance 
(CrCl) of  �    30 ml/min, no additive renal toxicity was 
caused by aminoglycoside treatment [47]. Experi-
ments have failed to detect any additional effect of 
a high single dose of tobramycin on experimental 
animals whose kidneys are signifi cantly harmed by 
the sepsis-induced infl ammatory response [48]. 

 Among the aminoglycosides, neomycin has the 
most pronounced nephrotoxic effect, and strepto-
mycin the least. For other substances, there is no 
universally accepted classifi cation, and studies are 
often too small and too heterogeneous to show clear 
differences [49 – 53]. Gentamicin has, however, a 
more nephrotoxic effect in animal studies. It is 
excreted less and reabsorbed more than tobramycin, 
netilmicin, and amikacin [54]. In studies comparing 
once-daily dosing with more than 1 dose per day, the 
outcome has essentially shown no signifi cant differ-
ence or an advantage related to once-daily dosing 
[43,55 – 59]. A reduction in nephrotoxicity with once-
daily dosing is mainly due to the fact that renal tissue 
uptake of aminoglycosides is not directly propor-
tional to the serum level, appearing instead to be 
saturable at a transient high level [60,61].   

 Ototoxicity 

 Aminoglycosides damage the vestibule of the ear and 
the cochlea. Unlike renal toxicity, this is considered 
irreversible. Aminoglycosides can be detected in the 
inner ear a short time after the dose is administered 
systemically [62]. Elimination is slow, however, and 
aminoglycosides can be measured in hair cells up to 
11 months after treatment, as revealed by animal 
experiments [63]. The risk of deafness is related to 
the cumulative dose, and increases with repeated 
courses and prolonged exposure [64]. The mecha-
nism of ototoxicity has long been controversial. 
Recent research points to the production of damag-
ing oxygen free radicals [65,66], which may be pre-
vented or modifi ed in the future with antioxidants, 
and mitochondrial dysfunction. The size of the per-
manent damage depends on the extent of hair cell 
loss. In the West, it was previously expected that as 
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Aminoglycoside treatment should be minimized or 
even avoided in these patient categories. 

 Unfortunately, aminoglycoside use is rarely fol-
lowed up with audiometry, and in Sweden we have 
currently no systematic surveillance of adverse events 
after aminoglycoside treatment. We recommend rou-
tine assessment of adverse effects, including hearing 
loss and impairment of renal function, if possible at 
the start and after treatment with aminoglycosides. 
These data should be included in hospital patient 
safety surveillance and national quality registers.   

 Neuromuscular blockade 

 The neuromuscular blockade caused by aminoglyco-
sides is manifested as an acute muscular paralysis and 
apnoea, and can be treated with calcium and neostig-
mine. The phenomenon is now rare and in descending 
order coupled with neomycin, kanamycin, amikacin, 
gentamicin, and tobramycin. It is associated with 
anaesthesia, other neuromuscular-blocking drugs, and 
patients with myasthenia gravis, spinal injuries, chronic 
obstructive pulmonary disease, and tuberculosis 
[87 – 90]. As the clinical importance of this side effect 
remains the subject of debate, guidelines for amino-
glycoside use in spinal units can differ greatly between 
countries [91].    

 Dosing and treatment duration 

 Increasing evidence suggests that aminoglycosides 
should be administered on a once-daily basis for 
patients without renal impairment to achieve opti-
mal killing and reduce toxicity [29,92,93]. In 9 
meta-analyses, aminoglycoside dosing every 24 h 
was compared with conventional dosing every 8 or 
12 h [55,56,76,94 – 98]. Five of the meta-analyses 
showed a small, but statistically signifi cant, better 
clinical effect of dosing every 24 h. Three meta-
analyses showed a lower incidence of nephrotoxic-
ity when doses were administered every 24 h. The 
meta-analyses showed the same occurrence of 
ototoxicity or a trend towards lower ototoxicity 
with once-daily dosing. During short courses of 
treatment, nephrotoxicity seems to develop later 
with 24-h dosing intervals than with 8- or 12-h 
dosing intervals. However, if aminoglycoside treat-
ment continues for more than 10 – 14 days, once-
daily or multiple daily doses do not seem to differ 
with regard to nephrotoxicity [29]. In a Dutch 
study of 89 ICU patients with a suspected or con-
fi rmed infection, 7 mg/kg gentamicin or tobramy-
cin was given if CrCl was  �    30 ml/min [47]. A 
Cmax/MIC ratio    �    10 was achieved in most patients, 
but patients with septic shock and renal dysfunction 

displayed abnormal pharmacokinetics. In 12 
patients, impaired renal function (increase in 
CrCl    �    45  μ mol/l) was reported, and of these, 6 
had received only 1 dose of aminoglycoside [47]. 
Two of the patients with renal impairment died of 
septic shock; the other could be followed up and 
had reversible renal impairment [47]. In a larger 
observational study of 2184 patients treated with 
gentamicin 7 mg/kg every 24 h if renal function was 
normal (every 36 h at CrCl 59 – 40 ml/min and 
every 48 h at CrCl of 39 – 20 ml/min) [99], the 
median duration of treatment was 3 days, and only 
27 (1.2%) patients developed renal insuffi ciency 
( �    0.5 mg/dl increase in serum creatinine from 
baseline) and 3 (0.1%) had signs of vestibular dam-
age based on symptoms and status [99]. One of the 
patients with vestibular damage received this after 
only 1 dose of aminoglycoside. As audiometry was 
not performed, and no data were reported on 
symptomatic hearing loss, underreporting may 
exist. The recommendations of a dose every 24 h 
apply only to up to 5 – 6 days of treatment 
[44,92,100]. In a recent 3-armed study, patients 
with severe sepsis or septic shock were given ami-
kacin once daily at a dose of 15 mg/kg, 25 mg/kg, 
or 30 mg/kg, where 76% of patients with 30 mg/kg 
reached the recommended Cmax (60 mg/l). With 25 
mg/kg and 15 mg/kg, only 39% and 0%, respec-
tively, reached the recommended Cmax. The higher 
doses did not lead to greater nephrotoxicity [17]. 

 Our conclusion is that there is enough evidence 
to recommend once-daily dosing of aminoglycosides 
(except twice-daily dosing in diffi cult-to-treat cases 
of endocarditis), which should be high in septic shock 
and very rarely for more than 5 – 6 days. 

 The treatment must always be kept as short as 
possible to reduce the risk of toxicity. Pharmacoki-
netic studies show that 25 – 30 mg/kg of amikacin and 
7 mg/kg of gentamicin/tobramycin should be used 
for maximum effect in septic shock (Cmax/MIC ratio 
of 10). Importantly, this refers to recommended 
loading doses; dose 2 should be given after 24 h 
to patients without renal impairment, but the dose 
and dosing interval must always be guided by serum 
concentration determinations. 

 There is still a knowledge gap regarding the 
target concentration at 8 h after the increased 
loading doses in septic shock (see below). Alterna-
tively, in patients with septic shock and signs of 
renal impairment, we suggest waiting to administer 
the second dose of aminoglycoside until the 24-h 
concentration has been analyzed and reported 
from the laboratory to avoid toxic accumulation of 
the aminoglycoside. This highlights the need for 
laboratories to provide an analytical service on an 
acute basis 7 days a week.  
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therapy (CRRT) is the most commonly used renal 
replacement therapy in ICU patients. With CRRT, 
clearance of aminoglycosides varies greatly with the 
applied CRRT modality and fl ow rates, but clearance 
will correlate with the total haemodialysis and 
haemofi ltration fl ow if adjusted for the effect of 
replacement fl uid administered before the fi lter 
[106]. Typically, the clearance will be in the range of 
15 – 70 ml/min, which should be compared with a 
normal clearance of 100 – 120 ml/min. For amikacin, 
a loading dose of 10 – 15 mg/kg has previously been 
proposed for CRRT patients [104]. However, a 
recent study demonstrated that even a loading dose 
of 25 mg/kg reached the target peak concentration of 
64 mg/l in only 69% of the patients [15]. Pharma-
cokinetic modelling predicted that loading doses of 
10 or 15 mg/kg would fail to reach the target peak 
concentration in all patients. In the same study, the 
median time to reach the target trough concentration 
of 5 mg/l was 34 h, despite CRRT with high fl ows. 
Assuming similar pharmacokinetics for other amino-
glycosides, these data suggest that previously recom-
mended doses have often been too low, that increased 
loading doses should be used in severely ill patients, 
regardless of CRRT treatment, and that adequate 
dosing requires prolonged dosing intervals tailored 
to measured trough concentrations. 

 In summary, the use of aminoglycosides in 
patients with renal dysfunction is extremely diffi cult 
because the antibacterial effect is related to high peak 
concentrations, whereas reduced renal clearance 
requires extended dose intervals to avoid nephrotox-
icity. This, however, may allow bacterial regrowth. 
Although commonly used, reduced dose levels might 
only infer a risk of additional renal impairment with-
out achieving an antibiotic effect. However, little is 
known as to what extent the latter is a problem with 
combination therapy.   

 Dosing in patients with obesity 

 Aminoglycosides are water-soluble drugs with low 
protein binding, a volume of distribution which 
roughly corresponds to the extracellular body fl uids, 
and with an individual elimination capacity correlat-
ing well with the glomerular fi ltration rate (GFR). 

 Overweight due to obesity is dominated by fat, but 
also includes tissue components with a greater water 
content to which aminoglycosides are easily distrib-
uted. The distribution volume is therefore greater in 
obese patients than in patients of normal weight. Dose 
requirements in obesity are better understood for 
aminoglycosides than for most other antibiotics [108 –
 110], but uncertainty still remains concerning the 
appropriate dose adjustments. When total body weight 
is considered in the dose calculation, it is clear that 

 Dosage in renal impairment 

 As evident from above, the daily dose needs to be 
adjusted in patients with impaired renal function. 
However, reducing the size of individual doses 
poses the risk that peak concentrations might be sub-
therapeutic, whereas prolonged dosing intervals 
could ensure that the bactericidal serum levels will 
be reached after each new dose. Lower trough levels 
with a prolonged dosing interval should also reduce 
the risk of toxic effects, but there is a general lack of 
documentation that long dosing intervals (48 h or 
more) would effectively prevent microbial recovery. 
The obvious conclusion is that the use of aminogly-
cosides is complicated or even inappropriate in 
patients with severe renal impairment [101]. The 
longer half-life and prolonged elimination rate in 
renal insuffi ciency means that serum levels are quite 
stable over time and almost mimic continuous infu-
sion, which increases the risk of aminoglycoside tox-
icity because of higher tissue uptake [60,102]. 
Unfortunately, serious infections are common in 
patients with renal failure, so aminoglycosides are 
still given to these patients in situations where no 
obvious antibiotic alternatives exist. 

 Aminoglycosides are eliminated relatively effi -
ciently in both peritoneal dialysis and haemodialysis. 
The most commonly used dosage regimen for inter-
mittent haemodialysis is to administer a reduced 
dose of aminoglycoside during the fi nal hour of hae-
modialysis (1 – 2 mg/kg). In between haemodialysis 
sessions, elimination is very slow, with a half-life of 
up to 2 days and considerable variation between 
patients. For this reason, supplementation with half 
the normal daily dose may seem justifi ed. Although 
this would mean that peak concentrations are rela-
tively low (and potentially sub-therapeutic), expo-
sure over time will inevitably be higher for these 
haemodialysis patients than for patients with normal 
renal function. Therefore, other regimens have been 
discussed for intermittent haemodialysis and have 
been tested to a very limited extent, e.g. administer-
ing a higher dose just before the start of haemodi-
alysis [103,104]. However, this has not yet been 
evaluated for therapeutic outcome. It should be 
remembered that aminoglycoside treatment in 
haemodialysis patients is almost always given in 
combination with other antibiotics, which may be 
important for the overall antimicrobial effect. 

 For patients with peritoneal dialysis, the same 
reduced intravenous doses might be used as for 
patients with haemodialysis, whereas higher doses 
can be given directly into the dialysate in the case of 
peritonitis. Patients with peritoneal dialysis are 
dependent on the small residual renal function and 
are therefore particularly vulnerable to even limited 
nephrotoxicity [105]. Continuous renal replacement 
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signifi cant obesity leads to an overestimation of both 
renal elimination capacity and apparent volume of 
distribution of water-soluble drugs. Patients with 
severe obesity therefore need a smaller dose when 
expressed as mg/kg actual weight. One approach to 
this is to use a standard mg/kg dose, but calculated for 
an adjusted body weight. It has been suggested that 
the adjusted body weight should be calculated as the 
patient ’ s ideal weight (based on sex, height, and age) 
 �    40% of the difference between the patient ’ s current 
weight and ideal weight. It is unclear from what degree 
of obesity this reduction should apply; in cases of mild 
obesity, dosages should probably be calculated for a 
weight closer to the patient ’ s actual weight. 

 Formulae for ideal weight and corrected weight 
follow. 

 Ideal weight (males)    �    50 kg    �    0.9 kg per cm height 
 over 152 cm 

 Ideal weight (women)    �    46 kg    �    0.9 kg per cm height 
 over 152 cm 

 Adjusted weight (severe obesity)    �    ideal weight    �    0.4 
  �  (current weight 
  �  ideal weight) 

 Although the use of adjusted body weight has 
been criticized [105], the key message is that a stan-
dard dose expressed as mg/kg body weight should 
not be used without individual concern. Of course, 
serum concentrations should be monitored in obese 
patients. Importantly, the situation is not identical 
for patients with high body weight due to increased 
muscle mass or for patients with extensive oedema 
due to chronic or acute disease. Since the volume 
of distribution is then increased, the initial dose 
should be based on actual bodyweight. However, 
for these patients, too, the indication for serum con-
centration measurements is stronger than for other 
patients.    

 Monitoring 

 Concentration determination of aminoglycosides is rec-
ommended as a routine procedure, but the indication 
for monitoring varies greatly between patients. 
Haemodynamically unstable patients, patients with 
large fl uid shifts, and patients with dynamic changes 
in renal function should be subject to frequent 
concentration measurements, even daily. Middle-
aged or younger patients with normal renal function 
and no reason to suspect an increased volume of 
distribution can be monitored less frequently, e.g. 
1 – 2 times/week. Patients with a normal volume of 
distribution and renal function who are subjected to 
a once-daily dosing regime will usually reach the 

pharmacokinetic/pharmacodynamic target after 
repeated doses. Therefore, concentration measure-
ments should focus on the early detection of accumu-
lation, and should measure concentrations 8 or 24 h 
after the new dose (see below) [101]. The latter is even 
more important in elderly patients whose renal func-
tion and sen sitivity to adverse events vary widely, even 
without underlying renal disease [101,109 – 111]. Post-
dose concentrations, i.e. peak concentrations, should 
be monitored in more unstable patients to ensure that 
antimicrobial concentrations are reached, preferably 
with a Cmax/MIC ratio  �    10.  

 Patient data 

 An appropriate individual medical assessment of 
the analytical result requires information about the 
patient ’ s dosage regimen and when the sample is 
taken in relation to the last dose (indicated by the 
exact time of the dose). In addition, renal function, 
body weight, treatment indication, and route of 
administration are of great value for proper assess-
ment of the analytical results. The assay itself is 
based on immunoquantifi cation and is relatively 
quick. As the result of analysis may directly affect 
decision-making related to the next dose, it should 
be available electronically or by phone before the 
next dose is planned.   

 Sampling 

 Typically, a sample will be taken (less than 1 h) 
before a new dose, and 30 min after intravenous infu-
sion or injection. This specifi c time for a  ‘ post-dose 
sample ’  is derived from early clinical studies in which 
the peak concentration was measured 45 min after 
intramuscular injection. 

 In once-daily dosing, the concentration in a 
sample taken 8 h after the dose may guide the next 
dose. However, the target interval for 8-h samples 
is uncertain (see below), and is lacking not only for 
the more aggressive, high doses listed above (see also 
below) [101], but also for the relatively low dosages 
used in the treatment of endocarditis [112].   

 Analysis 

 Most of the literature on this subject indicates that 
trough concentrations of gentamicin and tobramycin 
(in 2 or 3 times daily dosing) should be less than 
2 mg/l before the next dose. Otherwise the risk of toxic 
side effects will increase, and the dosing interval would 
therefore need to be extended. With normal renal 
function and once-daily dosing, virtually all of the pre-
vious dose will be eliminated in 24 h. In other words, 
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very low concentrations are expected for the trough 
value, and the actual exposure over the day is diffi cult 
to assess. Because the total exposure is related to the 
risk of side effects (see above), low trough levels ( �    1 
mg/l) should be aimed for during longer (several 
weeks) treatment courses. For amikacin, the recom-
mended trough level is  �    5 mg/l [113]. 

 Trough levels that increase during treatment on 
the same dose is a strong signal for decreased renal 
fi ltration capacity. For gentamicin or tobramycin 
and a dose of 4 – 5 mg/kg/day, 8-h concentrations 
above 3 – 4 mg/l indicate slow elimination and a too 
high dose in relation to elimination capacity and 
24-h dosing. In other words, the dosing interval 
should then be extended. No guidelines exist for 
8-h concentrations after 7 mg/kg of gentamicin or 
tobramycin, as well as 8-h recommendations for 
amikacin concentrations.   

 The recommended Cmax 

 MIC ratios are 8 – 10 according to the literature 
[17]. This level (gentamicin/tobramycin Cmax 
 �    7 mg/l) will almost always be reached for wild-
type Enterobacteriaceae in patients with a normal 
distribution volume by giving the entire daily dose 
of gentamicin/tobramycin (4.5 – 7mg/kg) at one time. 
However, in divided daily doses or an abnormal dis-
tribution volume, it is sometimes diffi cult to reach. 
The more aggressive loading dose of amikacin 
recently proposed in the literature (25 mg/kg/day) 
for severe sepsis/septic shock results in the majority 
of patients (70%) having concentrations  �    64 mg/l 
after a new dose, equivalent to 8 times higher levels 
than the breakpoints for Enterobacteriaceae and 
Pseudomonas [14]. Note that only about half of the 
patients with severe sepsis or septic shock were able 
to eliminate the amikacin dose of 25 mg/kg in 24 h 
[14]. According to information provided by the 
manufacturer of amikacin, patients who receive a 
dose of 15 mg/kg reach post-dose values of around 
50 mg/l.   

 Future developments 

 The sampling procedure described above is rela-
tively simple and applies to Swedish laboratories. 
Limiting of monitoring to trough and top concen-
trations has only been criticized for giving too 
rough an estimate of actual patient exposure. It 
also has its origins in studies of divided daily doses. 
Other countries, e.g. Australia, recommend that 
single concentration measurements be used in 
combination with patient-specifi c characteristics 
(e.g. dose, weight, renal function) in pharmacoki-
netic models to predict more precisely the dose 

required to reach a given exposure (area under the 
curve, AUC) [101]. It remains to be clinically 
demonstrated whether this will lead to more effec-
tive and safer treatment. For unstable sepsis 
patients, however, day-to-day variations in renal 
function signifi cantly reduce the predictive value 
of such single concentration determinations. 

 Knowledge gaps 

 The SRGA literature review has identifi ed specifi c 
areas where more clinical data are required: 

  Risk – benefi t: Combination therapy with (1) 
beta-lactam and aminoglycoside compared 
with monotherapy with beta-lactam antibi-
otics in severe sepsis without shock.  
  Risk – benefi t: Combination therapy with (2) 
beta-lactam and aminoglycoside compared 
with monotherapy with carbapenem in 
severe sepsis with and without shock.  
  Risk – benefi t: Beta-lactam antibiotic com-(3) 
bined with a single-dose aminoglycoside 
compared with combination therapy with 
multiple daily aminoglycoside doses in 
severe sepsis with or without shock.  
  Risk – benefi t: Combination therapy with (4) 
beta-lactam and aminoglycoside compared 
with monotherapy of beta-lactam antibiot-
ics for endocarditis, without septic shock, 
caused by S. aureus and viridans strepto-
cocci with low MIC for the beta-lactam 
antibiotic used.  
  Ecology: Will addition of a single dose of (5) 
aminoglycoside reduce the risk of resist-
ance occurring? Monitoring target ranges 
for 8-h post-dose samples with higher daily 
doses.  
  Monitoring: Will population pharmacoki-(6) 
netic modelling enable safer treatment for 
individual patients?  
  Security: How can we better identify indi-(7) 
viduals who are at increased risk of ototoxic-
ity?  
  Dosage: How much can the dose interval be (8) 
prolonged in patients with renal impairment 
without risking bacterial regrowth or the 
development of resistance?  
  Dosing: What is the optimal dosing regimen (9) 
for intermittent haemodialysis — before, or 
at the end of each treatment?  
  Treatment duration: Effect on mortality, (10) 
morbidity, ecology, and toxicity in various 
infections using a single dose of aminogly-
coside in combination with beta-lactam 
antibiotics in severe infections.  

Sc
an

d 
J 

In
fe

ct
 D

is
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
K

ar
ol

in
sk

a 
In

st
itu

te
t U

ni
ve

rs
ity

 L
ib

ra
ry

 o
n 

10
/1

7/
13

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



172 H. Hanberger et al.  

          Declaration of interest:   The authors report no 
confl icts of interest. The authors alone are respon-
sible for the content and writing of the paper. 

 References 

    Gilbert   DN  .  Aminoglycosides .  In :  Mandell  GL , [1] 
Bennett  JE , Dolin  R , Douglas RG , editors.  Mandell, 
Douglas and Bennett ’ s principles and practice of infec-
tious diseases .  4th ed .  New York: Churchill Livingstone ; 
 1995  pp.  279 – 306 .  
   Antimicrobial wild type distributions of microorganisms . [2] 
 Database of the European Society of Clinical Microbiology 
and Infectious Diseases (ESCMID), European Committee 
on Antimicrobial Susceptibility Testing (EUCAST); 2012 . 
 Available at:   http://mic.eucast.org/Eucast2/  (accessed 1 
November 2012).  
    Poole   K  .  Pseudomonas aeruginosa: resistance to the max . [3] 
 Front Microbiol   2011 ; 2 : 65 .  
  Wachino J, Arakawa Y . Exogenously acquired 16S rRNA [4] 
methyltransferases found in aminoglycoside-resistant 
pathogenic Gram-negative bacteria: an update. Drug Resist 
Updat  2012 ; 15 : 133 – 48  .
    Lepper   PM ,  Held   TK ,  Schneider   EM ,  Bolke   E , [5] 
 Gerlach   H ,  Trautmann   M  .  Clinical implications of antibiotic-
induced endotoxin release in septic shock .  Intensive Care 
Med   2002 ; 28 : 824 – 33 .  
    Prins   JM ,  van Agtmael   MA ,  Kuijper   EJ ,  van Deventer   SJ , [6] 
 Speelman   P  .  Antibiotic-induced endotoxin release in 
patients with Gram-negative urosepsis: a double-blind 
study comparing imipenem and ceftazidime .  J Infect Dis  
 1995 ; 172 : 886 – 91 .  
    Sjolin   J ,  Goscinski   G ,  Lundholm   M ,  Bring   J ,  Odenholt   I  . [7] 
 Endotoxin release from Escherichia coli after exposure to 
tobramycin: dose-dependency and reduction in cefuroxime-
induced endotoxin release .  Clin Microbiol Infect   2000 ; 6 :
 74 – 81 .  
    Bucklin   SE ,  Morrison   DC  .  Differences in therapeutic effi -[8] 
cacy among cell wall-active antibiotics in a mouse model of 
Gram-negative sepsis .  J Infect Dis   1995 ; 172 : 1519 – 27 .  
    Sandoe   JA ,  Wysome   J ,  West   AP ,  Heritage   J ,  Wilcox   MH  . [9] 
 Measurement of ampicillin, vancomycin, linezolid and gen-
tamicin activity against enterococcal biofi lms .  J Antimicrob 
Chemother   2006 ; 57 : 767 – 70 .  
    Davis   BD  .  Bactericidal synergism between beta-lactams [10] 
and aminoglycosides: mechanism and possible therapeutic 
implications .  Rev Infect Dis   1982 ; 4 : 237 – 45 .  
    Goncalves-Pereira   J ,  Martins   A ,  Povoa   P  .  Pharmacokinet-[11] 
ics of gentamicin in critically ill patients: pilot study evalu-
ating the fi rst dose .  Clin Microbiol Infect   2010 ;
 16 : 1258 – 63 .  
    Dufour   G ,  Montravers   P  .  Pharmacokinetics of antibiotics [12] 
or antifungal drugs in intensive care units .  Curr Infect Dis 
Rep   2009 ; 11 : 14 – 20 .  
    McKenzie   C  .  Antibiotic dosing in critical illness . J Antimi-[13] 
crob Chemother   2011 ; 66(Suppl 2) : ii25 – 31 .  
    Taccone   FS ,  Laterre   PF ,  Spapen   H ,  Dugernier   T , [14] 
 Delattre   I ,  Layeux   B , et   al .  Revisiting the loading dose of 
amikacin for patients with severe sepsis and septic shock . 
 Crit Care   2010 ; 14 : R53 .  
    Taccone   FS ,  de Backer   D ,  Laterre   PF ,  Spapen   H , [15] 
 Dugernier   T ,  Delattre   I , et   al .  Pharmacokinetics of a loading 
dose of amikacin in septic patients undergoing continuous 
renal replacement therapy .  Int J Antimicrob Agents  
 2011 ; 37 : 531 – 5 .  

    Cataldo   MA ,  Petrosillo   N ,  Cipriani   M ,  Cauda   R ,  [16] 
Tacconelli   E  .  Prosthetic joint infection: recent developments 
in diagnosis and management .  J Infect   2010 ; 61 : 
443 – 8 .  
    Galvez   R ,  Luengo   C ,  Cornejo   R ,  Kosche   J ,  Romero   C , [17] 
 Tobar   E , et   al .  Higher than recommended amikacin loading 
doses achieve pharmacokinetic targets without associated 
toxicity .  Int J Antimicrob Agents   2011 ; 38 : 146 – 51 .  
    Leibovici   L ,  Paul   M ,  Poznanski   O ,  Drucker   M ,  Samra   Z , [18] 
 Konigsberger   H , et   al .  Monotherapy versus beta-lactam –
 aminoglycoside combination treatment for Gram-negative 
bacteremia: a prospective, observational study .  Antimicrob 
Agents Chemother   1997 ; 41 : 1127 – 33 .  
    Paul   M ,  Silbiger   I ,  Grozinsky   S ,  Soares-Weiser   K , [19] 
 Leibovici   L  .  Beta lactam antibiotic monotherapy versus 
beta lactam – aminoglycoside antibiotic combination therapy 
for sepsis .  Cochrane Database Syst Rev   2006 ; (1) :
 CD003344 .  
    Safdar   N ,  Handelsman   J ,  Maki   DG  .  Does combination [20] 
antimicrobial therapy reduce mortality in Gram-negative 
bacteraemia?   A meta-analysis. Lancet Infect Dis   2004 ; 4 :
 519 – 27 .  
    Korvick   JA ,  Bryan   CS ,  Farber   B ,  Beam   TR  Jr,  Schenfeld   L , [21] 
 Muder   RR , et   al .  Prospective observational study of Kleb-
siella bacteremia in 230 patients: outcome for antibiotic 
combinations versus monotherapy .  Antimicrob Agents 
Chemother   1992 ; 36 : 2639 – 44 .  
    Kreger   BE ,  Craven   DE ,  McCabe   WR  .  Gram-negative bac-[22] 
teremia. IV. Re-evaluation of clinical features and treatment 
in 612 patients .  Am J Med   1980 ; 68 : 344 – 55 .  
    Paul   M ,  Shani   V ,  Muchtar   E ,  Kariv   G ,  Robenshtok   E , [23] 
 Leibovici   L  .  Systematic review and meta-analysis of the 
effi cacy of appropriate empiric antibiotic therapy for sepsis . 
 Antimicrob Agents Chemother   2010 ; 54 : 4851 – 63 .  
    Kumar   A ,  Safdar   N ,  Kethireddy   S ,  Chateau   D  .  A survival [24] 
benefi t of combination antibiotic therapy for serious infec-
tions associated with sepsis and septic shock is contingent 
only on the risk of death: a meta-analytic/meta-regression 
study .  Crit Care Med   2010 ; 38 : 1651 – 64 .  
    Kumar   A ,  Zarychanski   R ,  Light   B ,  Parrillo   J ,  Maki   D , [25] 
 Simon   D , et   al .  Early combination antibiotic therapy yields 
improved survival compared with monotherapy in septic 
shock: a propensity-matched analysis .  Crit Care Med   2010 ;
 38 : 1773 – 85 .  
    Sun   HY ,  Fujitani   S ,  Quintiliani   R ,  Yu   VL  .  Pneumonia due [26] 
to Pseudomonas aeruginosa: part II: antimicrobial resist-
ance, pharmacodynamic concepts, and antibiotic therapy . 
 Chest   2011 ; 139 : 1172 – 85 .  
    El Solh   AA ,  Alhajhusain   A  .  Update on the treatment [27] 
of Pseudomonas aeruginosa pneumonia .  J Antimicrob 
Chemother   2009 ; 64 : 229 – 38 .  
    Micek   ST ,  Welch   EC ,  Khan   J ,  Pervez   M ,  Doherty   JA , [28] 
 Reichley   RM , et   al .  Empiric combination antibiotic therapy 
is associated with improved outcome against sepsis due to 
Gram-negative bacteria: a retrospective analysis .  Antimi-
crob Agents Chemother   2010 ; 54 : 1742 – 8 .  
    Craig   WA  .  Optimizing aminoglycoside use .  Crit Care Clin  [29] 
 2011 ; 27 : 107 – 21 .  
    Vidal   L ,  Gafter-Gvili   A ,  Borok   S ,  Fraser   A ,  Leibovici   L , [30] 
 Paul   M  .  Effi cacy and safety of aminoglycoside mono-
therapy: systematic review and meta-analysis of rand-
omized controlled trials .  J Antimicrob Chemother   2007 ;
 60 : 247 – 57 .  
    Swedish Strategic Programme against Antibiotic Resistance [31] 
(Strama),  Available at :  http://soapimg.icecube.snowfall.se/
strama/Strama%20ESBL%20eng.pdf, 2007 (accessed 1 
November 2012).   

Sc
an

d 
J 

In
fe

ct
 D

is
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
K

ar
ol

in
sk

a 
In

st
itu

te
t U

ni
ve

rs
ity

 L
ib

ra
ry

 o
n 

10
/1

7/
13

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



   Rational use of aminoglycosides      173

    Leibovici   L ,  Vidal   L ,  Paul   M  .  Aminoglycoside drugs in [32] 
clinical practice: an evidence-based approach .  J Antimicrob 
Chemother   2009 ; 63 : 246 – 51 .  
  Luyt CE, Combes A, Nieszkowska A, Trouillet JL, Chastre J . [33] 
Aerosolized antibiotics to treat ventilator-associated pneu-
monia. Curr Opin Infect Dis.  2009 ; 22 : 154 – 8.  
    Bailey   JA ,  Virgo   KS ,  DiPiro   JT ,  Nathens   AB ,  Sawyer   RG , [34] 
 Mazuski   JE  .  Aminoglycosides for intra-abdominal infection: 
equal to the challenge?   Surg Infect (Larchmt)   2002 ; 3 :
 315 – 35 .  
    Falagas   ME ,  Matthaiou   DK ,  Karveli   EA ,  Peppas   G  . [35] 
 Meta-analysis: randomized controlled trials of clindamycin/
aminoglycoside vs .  beta-lactam monotherapy for the treat-
ment of intra-abdominal infections. Aliment Pharmacol 
Ther   2007 ; 25 : 537 – 56 .  
  Falagas ME, Matthaiou DK, Bliziotis IA . The role of [36] 
aminoglycosides in combination with a beta-lactam for 
the treatment of bacterial endocarditis: a meta-analysis of 
comparative trials. J Antimicrob Chemother.  2006 ; 57 :
 639 – 47 . 
    Graham   JC ,  Gould   FK  .  Role of aminoglycosides in [37] 
the treatment of bacterial endocarditis .  J Antimicrob 
Chemother   2002 ; 49 : 437 – 44 .  
    Le   T ,  Bayer   AS  .  Combination antibiotic therapy for [38] 
infective endocarditis .  Clin Infect Dis   2003 ; 36 : 
615 – 21 .  
   Endocarditis Working Group (EWG) of the Swedish Soci-[39] 
ety of Medicine .  Available at:   http://www.infektion.net/
sites/default/fi les/pdf/Vardprogram_endokardit_2012.pdf#
overlay-context=v%25C3%25A5rdprogram-infektionss-
jukdomar, 2012 (accessed 1 November 2012).   
    Cosgrove   SE ,  Vigliani   GA ,  Fowler   VG  Jr,  Abrutyn   E , [40] 
 Corey   GR ,  Levine   DP , et   al .  Initial low-dose gentamicin 
for Staphylococcus aureus bacteremia and endocarditis is 
nephrotoxic .  Clin Infect Dis   2009 ; 48 : 713 – 21 .  
    Lopez-Novoa   JM ,  Quiros   Y ,  Vicente   L ,  Morales   AI , [41] 
 Lopez-Hernandez   FJ  .  New insights into the mechanism of 
aminoglycoside nephrotoxicity: an integrative point of view . 
 Kidney Int   2011 ; 79 : 33 – 45 .  
    Tablan   OC ,  Reyes   MP ,  Rintelmann   WF ,  Lerner   AM  .  Renal [42] 
and auditory toxicity of high-dose, prolonged therapy with 
gentamicin and tobramycin in pseudomonas endocarditis . 
 J Infect Dis   1984 ; 149 : 257 – 63 .  
    Smyth   A ,  Tan   KH ,  Hyman-Taylor   P ,  Mulheran   M , [43] 
 Lewis   S ,  Stableforth   D , et   al .  Once versus three-times daily 
regimens of tobramycin treatment for pulmonary exacerba-
tions of cystic fi brosis — the TOPIC study: a randomised 
controlled trial .  Lancet   2005 ; 365 : 573 – 8 .  
    Rougier   F ,  Ducher   M ,  Maurin   M ,  Corvaisier   S ,  Claude   D , [44] 
 Jelliffe   R , et   al .  Aminoglycoside dosages and nephrotoxicity: 
quantitative relationships .  Clin Pharmacokinet   2003 ; 42 : 
493 – 500 .  
    Quiros   Y ,  Vicente-Vicente   L ,  Morales   AI ,  Lopez-Novoa   JM , [45] 
 Lopez-Hernandez   FJ  .  An integrative overview on the 
mechanisms underlying the renal tubular cytotoxicity of 
gentamicin .  Toxicol Sci   2011 ; 119 : 245 – 56 .  
  Bartal C, Danon A, Schlaeffer F, Reisenberg K, Alkan M, [46] 
Smoliakov R, Sidi A, Almog Y . Pharmacokinetic dosing of 
amino glycosides: a controlled trial. Am J Med.  2003 ; 114 :
 194 – 8 . 
    Buijk   SE ,  Mouton   JW ,  Gyssens   IC ,  Verbrugh   HA ,  [47] 
Bruining   HA  .  Experience with a once-daily dosing program 
of aminoglycosides in critically ill patients .  Intensive Care 
Med   2002 ; 28 : 936 – 42 .  
    Lipcsey   M ,  Carlsson   M ,  Larsson   A ,  Algotsson   L ,  [48] 
Eriksson   M ,  Lukinius   A , et   al .  Effect of a single dose of 
tobramycin on systemic infl ammatory response-induced 

acute kidney injury in a 6-hour porcine model .  Crit Care 
Med   2009 ; 37 : 2782 – 90 .  
    Smith   CR ,  Baughman   KL ,  Edwards   CQ ,  Rogers   JF ,  [49] 
Lietman   PS  .  Controlled comparison of amikacin and 
gentamicin .  N Engl J Med   1977 ; 296 : 349 – 53 .  
    Smith   CR ,  Lipsky   JJ ,  Laskin   OL ,  Hellmann   DB , [50] 
 Mellits   ED ,  Longstreth   J , et   al .  Double-blind comparison 
of the nephrotoxicity and auditory toxicity of gentamicin 
and tobramycin .  N Engl J Med   1980 ; 302 : 1106 – 9 .  
    Gatell   JM ,  SanMiguel   JG ,  Araujo   V ,  Zamora   L ,  Mana   J , [51] 
 Ferrer   M , et   al .  Prospective randomized double-blind 
comparison of nephrotoxicity and auditory toxicity of 
tobramycin and netilmicin .  Antimicrob Agents Chemother  
 1984 ; 26 : 766 – 9 .  
    Lerner   SA ,  Schmitt   BA ,  Seligsohn   R ,  Matz   GJ  . [52] 
 Comparative study of ototoxicity and nephrotoxicity in 
patients randomly assigned to treatment with amikacin or 
gentamicin .  Am J Med   1986 ; 80 : 98 – 104 .  
    Buring   JE ,  Evans   DA ,  Mayrent   SL ,  Rosner   B ,  Colton   T , [53] 
 Hennekens   CH  .  Randomized trials of aminoglycoside anti-
biotics: quantitative overview .  Rev Infect Dis   1988 ; 10 : 951 – 7 .  
    Contrepois   A ,  Brion   N ,  Garaud   JJ ,  Faurisson   F , [54] 
 Delatour   F ,  Levy   JC , et   al .  Renal disposition of gentamicin, 
dibekacin, tobramycin, netilmicin, and amikacin in humans . 
 Antimicrob Agents Chemother   1985 ; 27 : 520 – 4 .  
    Munckhof   WJ ,  Grayson   ML ,  Turnidge   JD  .  A meta-analysis [55] 
of studies on the safety and effi cacy of aminoglycosides 
given either once daily or as divided doses .  J Antimicrob 
Chemother   1996 ; 37 : 645 – 63 .  
    Hatala   R ,  Dinh   T ,  Cook   DJ  .  Once-daily aminoglycoside [56] 
dosing in immunocompetent adults: a meta-analysis .  Ann 
Intern Med   1996 ; 124 : 717 – 25 .  
    Olsen   KM ,  Rudis   MI ,  Rebuck   JA ,  Hara   J ,  Gelmont   D , [57] 
 Mehdian   R , et   al .  Effect of once-daily dosing vs .  multiple 
daily dosing of tobramycin on enzyme markers of nephro-
toxicity. Crit Care Med   2004 ; 32 : 1678 – 82 .  
    Smyth   AR ,  Bhatt   J  .  Once-daily versus multiple-daily dosing [58] 
with intravenous aminoglycosides for cystic fi brosis .  Cochrane 
Database Syst Rev   2010 ; (1) : CD002009 .  
    Mavros   MN ,  Polyzos   KA ,  Rafailidis   PI ,  Falagas   ME  . [59] 
 Once versus multiple daily dosing of aminoglycosides for 
patients with febrile neutropenia: a systematic review and 
meta-analysis .  J Antimicrob Chemother   2011 ; 66 : 251 – 9 .  
    Verpooten   GA ,  Giuliano   RA ,  Verbist   L ,  Eestermans   G , [60] 
 De Broe   ME  .  Once-daily dosing decreases renal accumula-
tion of gentamicin and netilmicin .  Clin Pharmacol Ther  
 1989 ; 45 : 22 – 7 .  
    De Broe   ME ,  Verbist   L ,  Verpooten   GA  .  Infl uence of dosage [61] 
schedule on renal cortical accumulation of amikacin 
and tobramycin in man .  J Antimicrob Chemother   1991 ;
 27(Suppl C) : 41 – 7 .  
    Becvarovski   Z ,  Michaelides   EM ,  Kartush   JM ,  Bojrab   DI , [62] 
 LaRouere   MJ  .  Rapid elevation of gentamicin levels in the 
human labyrinth following intravenous administration . 
 Laryngoscope   2002 ; 112(7 Pt 1) : 1163 – 5 .  
    Aran   JM ,  Erre   JP ,  Lima da Costa   D ,  Debbarh   I ,  Dulon   D  . [63] 
 Acute and chronic effects of aminoglycosides on cochlear 
hair cells .  Ann N Y Acad Sci   1999 ; 884 : 60 – 8 .  
    Perletti   G ,  Vral   A ,  Patrosso   MC ,  Marras   E ,  Ceriani   I , [64] 
 Willems   P , et   al .  Prevention and modulation of aminoglyco-
side ototoxicity (Review) .  Mol Med Report   2008 ; 1 : 3 – 13 .  
    Huth   ME ,  Ricci   AJ ,  Cheng   AG  .  Mechanisms of aminogly-[65] 
coside ototoxicity and targets of hair cell protection .  Int 
J Otolaryngol   2011 ; 2011 : 937861 .  
    Raimundo   N ,  Song   L ,  Shutt   TE ,  McKay   SE ,  Cotney   J , [66] 
 Guan   MX , et   al .  Mitochondrial stress engages E2F1 apop-
totic signaling to cause deafness .  Cell   2012 ; 148 : 716 – 26 .  

Sc
an

d 
J 

In
fe

ct
 D

is
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
K

ar
ol

in
sk

a 
In

st
itu

te
t U

ni
ve

rs
ity

 L
ib

ra
ry

 o
n 

10
/1

7/
13

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



174 H. Hanberger et al.  

   Brunton   LL ,  Chabner   BA ,  Knollmann   BC  , editors. Good-[67] 
man & Gilman´s The pharmacological basis of therapeutics. 
12th ed. New York: McGraw-Hill; 2011. 
    Moore   RD ,  Smith   CR ,  Lietman   PS  .  Risk factors for the [68] 
development of auditory toxicity in patients receiving 
aminoglycosides .  J Infect Dis   1984 ; 149 : 23 – 30 .  
    Moore   RD ,  Lerner   SA ,  Levine   DP  .  Nephrotoxicity and [69] 
ototoxicity of aztreonam versus aminoglycoside therapy in 
seriously ill nonneutropenic patients .  J Infect Dis   1992 ;
 165 : 683 – 8 .  
    Gurtler   N ,  Schmuziger   N ,  Kim   Y ,  Mhatre   AN ,  Jungi   M , [70] 
 Lalwani   AK  .  Audiologic testing and molecular analysis of 
12S rRNA in patients receiving aminoglycosides .  Laryngo-
scope   2005 ; 115 : 640 – 4 .  
    Dhanireddy   S ,  Liles   WC ,  Gates   GA  .  Vestibular toxic effects [71] 
induced by once-daily aminoglycoside therapy .  Arch 
Otolaryngol Head Neck Surg   2005 ; 131 : 46 – 8 .  
    Black   FO ,  Pesznecker   S ,  Stallings   V  .  Permanent gentamicin [72] 
vestibulotoxicity .  Otol Neurotol   2004 ; 25 : 559 – 69 .  
    Lu   J ,  Li   Z ,  Zhu   Y ,  Yang   A ,  Li   R ,  Zheng   J , et   al .  Mitochondrial [73] 
12S rRNA variants in 1642 Han Chinese pediatric subjects 
with aminoglycoside-induced and nonsyndromic hearing 
loss .  Mitochondrion   2010 ; 10 : 380 – 90 .  
    Mueller   EW ,  Boucher   BA  .  The use of extended-interval [74] 
aminoglycoside dosing strategies for the treatment of 
moderate-to-severe infections encountered in critically ill 
surgical patients .  Surg Infect (Larchmt)   2009 ; 10 : 563 – 70 .  
    Abreu   BC ,  Peloquin   SM  .  Embracing diversity in our profes-[75] 
sion .  Am J Occup Ther   2004 ; 58 : 353 – 9 .  
    Ali   MZ ,  Goetz   MB  .  A meta-analysis of the relative effi cacy [76] 
and toxicity of single daily dosing versus multiple daily 
dosing of aminoglycosides .  Clin Infect Dis   1997 ; 24 :
 796 – 809 .  
    Hobbie   SN ,  Akshay   S ,  Kalapala   SK ,  Bruell   CM ,  Shcherba-[77] 
kov   D ,  Bottger   EC  .  Genetic analysis of interactions with 
eukaryotic rRNA identify the mitoribosome as target in 
aminoglycoside ototoxicity .  Proc Natl Acad Sci U S A  
 2008 ; 105 : 20888 – 93 .  
    Qian   Y ,  Guan   MX  .  Interaction of aminoglycosides with [78] 
human mitochondrial 12S rRNA carrying the deafness-
associated mutation .  Antimicrob Agents Chemother   2009 ; 
53 : 4612 – 8 .  
    Braverman   I ,  Jaber   L ,  Levi   H ,  Adelman   C ,  Arons   KS , [79] 
 Fischel-Ghodsian   N , et   al .  Audiovestibular fi ndings in 
patients with deafness caused by a mitochondrial suscepti-
bility mutation and precipitated by an inherited nuclear 
mutation or aminoglycosides .  Arch Otolaryngol Head Neck 
Surg   1996 ; 122 : 1001 – 4 .  
    Berrettini   S ,  Forli   F ,  Passetti   S ,  Rocchi   A ,  Pollina   L ,  [80] 
Cecchetti   D , et   al .  Mitochondrial non-syndromic 
sensorineural hearing loss: a clinical, audiological and 
pathological study from Italy, and revision of the literature . 
 Biosci Rep   2008 ; 28 : 49 – 59 .  
    Østergaard   E ,  Montserrat-Sentis   B ,  Grønskov   K ,  Brøndum-[81] 
Nielsen   K  .  The A1555G mtDNA mutation in Danish hear-
ing-impaired patients: frequency and clinical signs .  Clin 
Genet   2002 ; 62 : 303 – 5 .  
    Ballana   E ,  Morales   E ,  Rabionet   R ,  Montserrat   B , [82] 
 Ventayol   M ,  Bravo   O , et   al .  Mitochondrial 12S rRNA gene 
mutations affect RNA secondary structure and lead 
to variable penetrance in hearing impairment .  Biochem 
Biophys Res Commun   2006 ; 341 : 950 – 7 .  
    Torroni   A ,  Cruciani   F ,  Rengo   C ,  Sellitto   D ,  Lopez-Bigas   N , [83] 
 Rabionet   R , et   al .  The A1555G mutation in the 12S rRNA 
gene of human mtDNA: recurrent origins and founder 
events in families affected by sensorineural deafness . 
 Am J Hum Genet   1999 ; 65 : 1349 – 58 .  

    Shen   Z ,  Zheng   J ,  Chen   B ,  Peng   G ,  Zhang   T ,  Gong   S , et   al . [84] 
 Frequency and spectrum of mitochondrial 12S rRNA 
variants in 440 Han Chinese hearing impaired pediatric 
subjects from two otology clinics .  J Transl Med   2011 ; 9 : 4 .  
    Guan   MX  .  Mitochondrial 12S rRNA mutations associated [85] 
with aminoglycoside ototoxicity .  Mitochondrion   2011 ; 11 :
 237 – 45 .  
    Rahman   S ,  Ecob   R ,  Costello   H ,  Sweeney   MG ,  Duncan   AJ , [86] 
 Pearce   K , et   al .  Hearing in 44 – 45 year olds with m.1555A �    G, 
a genetic mutation predisposing to aminoglycoside-induced 
deafness: a population based cohort study .  BMJ Open   2012 ;
 2:e000411.   
    Pittinger   CB ,  Eryasa   Y ,  Adamson   R  .  Antibiotic-induced [87] 
paralysis .  Anesth Analg   1970 ; 49 : 487 – 501 .  
    Pasquale   TR ,  Tan   JS  .  Nonantimicrobial effects of antibacte-[88] 
rial agents .  Clin Infect Dis   2005 ; 40 : 127 – 35 .  
    Barrons   RW  .  Drug-induced neuromuscular blockade and [89] 
myasthenia gravis .  Pharmacotherapy   1997 ; 17 : 1220 – 32 .  
    Kass   JS ,  Shandera   WX  .  Nervous system effects of antitu-[90] 
berculosis therapy .  CNS Drugs   2010 ; 24 : 655 – 67 .  
    Vaidyanathan   S ,  Peloquin   C ,  Wyndaele   JJ ,  Buczynski   AZ , [91] 
 Almog   Y ,  Markantonis   SL , et   al .  Amikacin dosing and mon-
itoring in spinal cord injury patients: variation in clinical 
practice between spinal injury units and differences in 
experts recommendations .  Scientifi cWorldJournal   2006 ; 6 : 
187 – 99 .  
    Drusano   GL ,  Ambrose   PG ,  Bhavnani   SM ,  Bertino   JS , [92] 
 Nafziger   AN ,  Louie   A  .  Back to the future: using aminogly-
cosides again and how to dose them optimally .  Clin Infect 
Dis   2007 ; 45 : 753 – 60 .  
    Rybak   MJ ,  Abate   BJ ,  Kang   SL ,  Ruffi ng   MJ ,  Lerner   SA , [93] 
 Drusano   GL  .  Prospective evaluation of the effect of an 
aminoglycoside dosing regimen on rates of observed neph-
rotoxicity and ototoxicity .  Antimicrob Agents Chemother  
 1999 ; 43 : 1549 – 55 .  
    Ferriols-Lisart   R ,  Alos-Alminana   M  .  Effectiveness and [94] 
safety of once-daily aminoglycosides: a meta-analysis .  Am J 
Health Syst Pharm   1996 ; 53 : 1141 – 50 .  
    Freeman   CD ,  Strayer   AH  .  Mega-analysis of meta-analysis: [95] 
an examination of meta-analysis with an emphasis on once-
daily aminoglycoside comparative trials .  Pharmacotherapy  
 1996 ; 16 : 1093 – 102 .  
    Galloe   AM ,  Graudal   N ,  Christensen   HR ,  Kampmann   JP  . [96] 
 Aminoglycosides: single or multiple daily dosing? A meta-
analysis on effi cacy and safety .  Eur J Clin Pharmacol  
 1995 ; 48 : 39 – 43 .  
    Barza   M ,  Ioannidis   JP ,  Cappelleri   JC ,  Lau   J  .  Single or [97] 
multiple daily doses of aminoglycosides: a meta-analysis . 
 BMJ   1996 ; 312 : 338 – 45 .  
    Bailey   TC ,  Little   JR ,  Littenberg   B ,  Reichley   RM ,  [98] 
Dunagan   WC  .  A meta-analysis of extended-interval dosing 
versus multiple daily dosing of aminoglycosides .  Clin Infect 
Dis   1997 ; 24 : 786 – 95 .  
    Nicolau   DP ,  Freeman   CD ,  Belliveau   PP ,  Nightingale   CH , [99] 
 Ross   JW ,  Quintiliani   R  .  Experience with a once-daily 
aminoglycoside program administered to 2,184 adult 
patients .  Antimicrob Agents Chemother   1995 ; 39 : 650 – 5 .  
    Hansen   M ,  Christrup   LL ,  Jarlov   JO ,  Kampmann   JP , [100] 
 Bonde   J  .  Gentamicin dosing in critically ill patients .  Acta 
Anaesthesiol Scand   2001 ; 45 : 734 – 40 .  
    Begg   EJ ,  Barclay   ML ,  Kirkpatrick   CM  .  The therapeutic [101] 
monitoring of antimicrobial agents .  Br J Clin Pharmacol  
 2001 ; 52(Suppl 1) : 35S – 43S .  
    Croes   S ,  Koop   AH ,  van Gils   SA ,  Neef   C  .  Effi cacy, nephro-[102] 
toxicity and ototoxicity of aminoglycosides, mathematically 
modelled for modelling-supported therapeutic drug moni-
toring .  Eur J Pharm Sci   2012 ; 45 : 90 – 100 .  

Sc
an

d 
J 

In
fe

ct
 D

is
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
K

ar
ol

in
sk

a 
In

st
itu

te
t U

ni
ve

rs
ity

 L
ib

ra
ry

 o
n 

10
/1

7/
13

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



   Rational use of aminoglycosides      175

    Akers   KS ,  Cota   JM ,  Frei   CR ,  Chung   KK ,  Mende   K , [108] 
 Murray   CK  .  Once-daily amikacin dosing in burn patients 
treated with continuous venovenous hemofi ltration . 
 Antimicrob Agents Chemother   2011 ; 55 : 4639 – 42 .  
    Lindeman   RD  .  Changes in renal function with aging .  [109] 
Implications for treatment. Drugs Aging   1992 ; 2 : 423 – 31 .  
    Morike   K ,  Schwab   M ,  Klotz   U  .  Use of aminoglycosides in [110] 
elderly patients .  Pharmacokinetic and clinical considera-
tions. Drugs Aging   1997 ; 10 : 259 – 77 .  
    Bourguignon   L ,  Goutelle   S ,  De Saint-Martin   JB ,  Maire   P , [111] 
 Ducher   M  .  Evaluation of various gentamicin dosage 
regimens in geriatric patients: a simulation study .  Fundam 
Clin Pharmacol   2010 ; 24 : 109 – 13 .  
    Lovering   AM ,  Reeves   DS  .  Potentially dangerous misuse [112] 
of the Hartford once-daily nomogram for gentamicin . 
 J Antimicrob Chemother   2009 ; 64 : 1117 – 8 .  
    Beaucaire   G ,  Leroy   O ,  Beuscart   C ,  Karp   P ,  Chidiac   C , [113] 
 Caillaux   M  .  Clinical and bacteriological effi cacy, and practi-
cal aspects of amikacin given once daily for severe infections . 
 J Antimicrob Chemother   1991 ; 27(Suppl C) : 91 – 103 .    

    Teigen   MM ,  Duffull   S ,  Dang   L ,  Johnson   DW  .  Dosing of [103] 
gentamicin in patients with end-stage renal disease receiv-
ing hemodialysis .  J Clin Pharmacol   2006 ; 46 : 1259 – 67 .  
    Roberts   JA ,  Field   J ,  Visser   A ,  Whitbread   R ,  Tallot   M , [104] 
 Lipman   J , et   al .  Using population pharmacokinetics to 
determine gentamicin dosing during extended daily diafi l-
tration in critically ill patients with acute kidney injury . 
 Antimicrob Agents Chemother   2010 ; 54 : 3635 – 40 .  
    Shemin   D ,  Maaz   D ,  St Pierre   D ,  Kahn   SI ,  Chazan   JA  .  Effect [105] 
of aminoglycoside use on residual renal function in peritoneal 
dialysis patients .  Am J Kidney Dis   1999 ; 34 : 14 – 20 .  
  Yamamoto T, et al . Proposal of a pharmacokinetically opti-[106] 
mized dosage regimen of antibiotics in patients receiving 
continuous hemodiafi ltration. Antimicrob Agents Chem-
other  2011 ; 55 : 5804 – 12  .
    Heintz   BH ,  Matzke   GR ,  Dager   WE  .  Antimicrobial dosing [107] 
concepts and recommendations for critically ill adult 
patients receiving continuous renal replacement therapy or 
intermittent hemodialysis .  Pharmacotherapy   2009 ; 29 : 
562 – 77 .  

Sc
an

d 
J 

In
fe

ct
 D

is
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
K

ar
ol

in
sk

a 
In

st
itu

te
t U

ni
ve

rs
ity

 L
ib

ra
ry

 o
n 

10
/1

7/
13

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.


