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Abstract

Background: Appropriate empiric antibiotic therapy for ventilator-associated pneumonia improves outcomes.
Controversy exists regarding the inclusion of aminoglycosides in empiric therapeutic regimens.
Methods: The Ovid and Cochrane databases were searched for relevant literature regarding the use of ami-
noglycosides in combination therapy for ventilator-associated pneumonia. The data supporting the use of
aminoglycosides in certain populations and strategies to limit toxicity are summarized.
Results: In patients at high risk of infection with antibiotic-resistant gram-negative bacilli and in those with
severe illness, aminoglycosides improve clinical outcomes. In critically ill populations, short-duration therapy
and high-dose extended-interval dosing of aminoglycosides can improve therapeutic efficacy while limiting
nephrotoxicity.
Conclusions: In selected populations using appropriate dosing strategies, aminoglycosides should be consid-
ered for empiric treatment of ventilator-associated pneumonia.

Aminoglycosides as an antibiotic class maintain
broad-spectrum activity against both gram-negative

bacilli and gram-positive cocci, with the rate of resistance to
this class remaining relatively stable despite decades of use
[1]. Their mechanism of action is believed to be interruption
of protein synthesis at the ribosomal level, demonstrating
both in vitro synergism with b-lactam antibiotics for many
gram-negative bacilli and gram-positive cocci and substan-
tial post-antibiotic effect [1,2]. Thus, two separate rationales
may support the use of aminoglycosides for empiric therapy:
(1) Improvement of the coverage of resistant gram-negative
bacilli and (2) obtaining better outcomes as a result of thera-
peutic synergy with other agents. The routine use of ami-
noglycosides commonly is limited by their potential to induce
or potentiate nephrotoxicity. However, when dosed appropri-
ately and de-escalated when culture and sensitivity data show
they are not appropriate, nephrotoxicity should be limited.

An appropriate risk/benefit analysis for the use of empiric
aminoglycosides requires knowledge of the relatively com-
plex data regarding appropriate empiric antibiotic therapy
(i.e., pathogens sensitive to empiric regimen), the likelihood
of resistant pathogens, mortality risk stratification, ami-
noglycoside dosing strategies, and the risk of nephrotoxicity.
An argument for the use of aminoglycoside agents in com-

bination therapy for the empiric therapy for ventilator-
associated pneumonia (VAP) in selected patients is presented
here, as well as a strategy to limit nephrotoxicity.

Increasing the Adequacy of Empiric Coverage
of Resistant GNB

In certain patient populations, aminoglycosides may im-
prove substantially the likelihood of appropriate empiric
coverage of VAP caused by gram-negative bacilli. Ob-
servational data demonstrate the importance of correctly
treating causative pathogens empirically in VAP, with inad-
equate treatment significantly increasing the risk of death
[1,3–7]. In hospital-acquired pneumonia, resistance among
gram-negative pathogens may limit the ability to cover all
likely pathogens with a single agent or class [1,7–9]. Thus,
combination therapy, including aminoglycosides, may in-
crease the likelihood of adequate empiric therapy and im-
prove outcomes.

The importance of adequate empiric coverage of patho-
gens in those patients suspected of having VAP was sug-
gested in the late 1980s by Celis et al. [10] and was
established in the mid-1990s through a series of observational
studies by various authors [3–6]. Four studies demonstrated
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roughly a doubling of both crude and attributable death if
empiric therapy did not provide adequate coverage of path-
ogens [3,5,6,10]. These findings were supported by a subse-
quent prospective observational study by Kollef et al. in 1999
[4]. Those authors followed all critically ill patients admitted
to either of two surgical intensive care units (ICUs). Six
hundred fifty-five patients had infections (either community-
or hospital-acquired), and 26% received inadequate empiric
therapy. Those latter patients had a greater than a two-fold
increase in the risk of death. Of the gram-negative pathogens
isolated in this study, a quarter were antibiotic resistant.

The importance of adequate empiric coverage for serious
infections, including VAP, continues to be confirmed in re-
cent observational studies [7,11–13]. Table 1 outlines 17
studies examining the outcome of VAP with and without
appropriate antibiotic therapy. All studies demonstrate greater
numbers of deaths with inadequate empiric coverage, the
differences in 13 of these studies reaching statistical signif-
icance [3–7,10,12–22]. A delay in appropriate antibiotic
therapy is associated with more deaths even if antibiotics are
adjusted when sensitivity data are returned after 48 to 72 h
[5,19,23]. Multivariable analysis of independent risk factors
for the 30-day mortality rate in patients with gram-negative
VAP demonstrates that inappropriate initial antibiotic ther-
apy is strongly and significantly associated with the risk of
death (adjusted odds ratio [OR] 11.7) [12].

The presence of multi-drug-resistant (MDR) pathogens
greatly increases the risk of inadequate empiric antibiotic
therapy. As noted above in the study by Kollef et al., anti-
biotic resistance is common, with a quarter of the isolated
gram-negative pathogens being antibiotic resistant [4].
Multi-drug-resistant gram-negative pathogens within ICUs
are a serious concern. In a prospective observational study of
nosocomial infections in 24 ICUs in Belgium from 2006–
2007, 49.6% of the gram-negative pathogens were MDR, and
in 36% of all nosocomial infections, antibiotic therapy was
classified as inadequate [24]. Prior antibiotic exposure within
the last 90 d or during the hospital stay appears to be among

the strongest risk factors for the presence of MDR bacteria
[24–26]. Other risk factors include exposure to healthcare
environments in the previous 90 d, current hospital length of
stay greater than five d, and chronic illness or immunosup-
pression.

Unless highly effective antibiotic stewardship programs
are in place, and efforts to reduce resistant pathogens have
been highly successful within the local environment, the risk
of MDR pathogens as a cause of hospital-acquired infection
remains significant. Thus, to improve the adequacy of em-
piric antibiotic treatment for patients at risk of MDR patho-
gens, existing guidelines recommend combination therapy
[25]. The use of local data to establish guidelines can increase
compliance with adequate empiric therapy for VAP by tar-
geting therapy to the most common pathogens historically
isolated within an institution or specific ICU and their anti-
biotic sensitivities [8,27]. In a before and after study of im-
plementing such a locally developed guideline, Ibrahim et al.
demonstrated an increase in compliance with appropriate
empiric therapy to greater than 90% coverage with the
combination of a b-lactam and fluoroquinolone [27]. In
contrast, in a similar study by Beardsley et al., the combi-
nation of a b-lactam and fluoroquinolone achieved appro-
priate empiric coverage in only 70% of episodes of late-onset
pneumonia, whereas a combination including an aminogly-
coside achieved appropriate coverage in 93% of cases [8].

At the author’s institution, empiric antibiotic therapy for
VAP using combination therapy with aminoglycosides is
based on risk stratification utilizing local unit-specific data to
ensure adequate coverage, a system employed for more than
10 years [28]. Additionally, aggressive antibiotic stewardship
and infection-reduction programs have been employed dur-
ing the same period. Stewardship protocols include limiting
antibiotic prophylaxis to evidence-supported indications with
the narrowest appropriate coverage for 24 h or less, quanti-
tative cultures for the diagnosis of VAP, and de-escalation
of therapy based on culture results. In 2005, a program
to maintain antibiotic heterogeneity while eliminating an

Table 1. Influence of Adequate Initial Antibiotic Therapy on Mortality

Rate in Ventilator-Associated Pneumonia

Series Year
No. of

patients
Adequate treatment

death/pts (%)
Inadequate treatment

death/pts (%) p

Celis et al. [10] 1988 118 33/118 (28) 11/ 12 (92) <0.001
Alvarez-Lerma [3] 1996 430 46/284 (16) 36/146 (25) 0.03
Luna et al. [5] 1997 50 6/ 16 (38) 31/ 34 (91) <0.01
Rello et al. [6] 1997 113 13/ 86 (15) 10/ 27 (37) <0.05
Sanchez-Nieto et al. [22] 1998 38 6/ 24 (25) 6/ 14 (43) NS
Kollef et al. [4] 1999 411 48/106 (45) 51/305 (17) <0.01
Bercault & Boulain [14] 2001 135 37/ 92 (40) 18/ 34 (53) NS
Dupont et al. [16] 2001 111 21/ 55 (38) 27/ 57 (47) NS
Iregui et al. [19] 2002 107 21/ 74 (28) 23/ 33 (70) <0.01
Hanes et al. [18] 2002 163 9/ 79 (11) 21/ 84 (25) 0.02
Dupont et al. [17] 2003 322 37/220 (17) 21/ 92 (23) NS
Leroy et al. [20] 2003 132 42/106 (40) 16/ 26 (62) 0.04
Clec’h C et al. [15] 2004 70 2/ 27 ( 7) 16/ 43 (37) <0.01
Mueller et al. [21] 2005 82 1/ 28 ( 4) 12/ 54 (22) <0.01
Kollef et al. [12] 2008 76 8/ 59 (14) 11/ 17 (65) <0.01
Rello et al. [11] 2011 484 (35) (48) 0.01
Tseng et al. [13] 2012 131 20/ 71 (28) 37/ 60 (62) 0.0225

NS = non-significant.
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antibiotic class on a rotating quarterly schedule was insti-
tuted. Antibiotic resistance to one or multiple classes of drugs
among local gram-negative pathogens has declined signifi-
cantly over time in the trauma and surgical ICUs (Fig. 1).
During the 8-y period from 2001 to 2008, these ICUs have
had a 77% relative reduction in MDR gram-negative patho-
gens and a 56% relative increase in the percentage of pan-
sensitive pathogens [28].

Despite these positive effects of antibiotic stewardship
initiatives, combination empiric coverage of potential gram-
negative pathogens, including aminoglycosides, have still
proved to be beneficial. Analysis of our empiric combination
therapy for VAP over a 5-y period demonstrated that ami-
noglycoside use was required to achieve adequate coverage
in 20% of cases. Adequate empiric therapy was achieved for
94% and 88% of pathogens, respectively, for the trauma and
surgical ICUs. Additionally, no pathogens resistant to ami-
noglycosides were sensitive to fluoroquinolones during this time.
However, the majority of pathogens resistant to fluoroquinolones
were sensitive to aminoglycosides (63%). Thus, the addition
of aminoglycosides to our empiric regimen has improved the
frequency of adequate empiric coverage substantially.

Improved Outcomes Secondary to Therapeutic Synergy

As noted above, the combination of an aminoglycoside
with a b-lactam antibiotic demonstrates a synergistic
bacteriocidal effect for both gram-negative bacilli and gram-
positive cocci in vitro [1]. However, demonstrating a thera-
peutic benefit from this combination therapy in the clinical
setting has been much more complex, perhaps because of an
offsetting detrimental effect of aminoglycoside nephrotoxi-
city. On the basis of an analysis of both observational and
interventional studies, the combination of an aminoglycoside
and a b-lactam appears to offer therapeutic benefit in more
severely ill populations while potentially being detrimental in
those who are less ill [1,11,29,30].

Aminoglycosides have been studied extensively in both
pneumonia and sepsis and several meta-analyses published.
Most studies published prior to 2010 have not demonstrated a
clear benefit to combination therapy for pneumonia or sepsis
as long as empiric therapy appropriately covered the patho-
gen [26,31–34]. However, most of these studies either did not
include the most severely ill patient population or did not
perform analyses based on severity of illness stratification
[35]. In a prospective study of 200 consecutive cases of
P. aeruginosa bacteremia, combination therapy resulted in
a significantly lower mortality than monotherapy (27% vs
47%; p < 0.02) [36]. These findings were confirmed in a meta-
analysis of combination therapy for gram-negative bacilli
bacteremia by Safdar et al., demonstrating a clear benefit to
the use of combination therapy in patients with P. aeruginosa
bacteremia with roughly a 50% reduction in the number of
deaths [33]. Combination therapy improves outcomes in
patients with severe community-acquired pneumonia (i.e.,
those with septic shock or requiring mechanical ventilation)
even when the b-lactam therapy appropriately covers the
pathogen [35–37]. Therapeutic benefit for combination
therapy with an aminoglycoside has been demonstrated in
patients with bacteremia who present in septic shock or who
are neutropenic [11]. In a meta-analysis of studies of com-
bination therapy versus monotherapy for the treatment of
serious infections associated with sepsis and septic shock,
Kumar et al demonstrated that combination therapy improves
survival and clinical response in high-risk, life-threatening
infections but may be detrimental in those patients who are at
low risk [30].

Dosing Strategies and Nephrotoxicity

The main concern about using aminoglycosides in em-
piric therapy for pneumonia is the fear of nephrotoxicity.
However, if aminoglycosides are dosed appropriately and de-
escalated as indicated when sensitivity data become available,

FIG. 1. Percentage of gram-negative pathogens that were either pansensitive or multi-drug resistant by quarter after
initiation of an antibiotic stewardship program in 2001. Trend lines demonstrate significant increase in percentage of
pathogens that were pansensitive and decrease in those that were multi-drug resistant in both the trauma (TICU) and the
surgical (SICU) intensive care units. (Reprinted with permission from Dortch et al. [28]).
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nephrotoxicity should rarely, if ever, occur. Nephrotoxicity
from aminoglycosides is correlated most strongly with trough
levels and total time of exposure [38]. Extended dosing
regimens should be employed for aminoglycosides, maxi-
mizing concentration-dependent killing and limiting toxicity
by allowing troughs to fall below 0.5 mcg/mL [1]. The ma-
jority of the therapeutic effect from combination therapy is
believed to occur early in the course of treatment, and ap-
propriate de-escalation should limit aminoglycoside expo-
sure to 3 d or less. Meta-analysis of extended versus routine
dosing regimens clearly demonstrated reduced nephrotox-
icity of extended regimens, with an overall rate of acute
kidney injury of 5.5% for patients receiving full therapeutic
courses of aminoglycosides [39]. However, in one large ob-
servational study of more than 2,000 patients with a median
therapeutic course of 3 d of aminoglycoside, the overall rate
of a creatinine concentration ‡0.5 mg/dL above the baseline
was 1.2% [40]. Thus, the overall rate of severe renal dys-
function as a result of empiric therapy should be well under
1%. At our institution, all cases of renal failure developing in
our surgical ICUs are reviewed as part of our quality assur-
ance and process improvement programs. No cases of acute
renal failure have been attributed to empiric exposure to
aminoglycosides during the period of the program.

In summary, the addition of an aminoglycoside to b-lactam
therapy for empiric coverage of pathogens in patients sus-
pected of having VAP should be considered when the risk of
gram-negative bacilli resistance is significant or when pa-
tients are more severely ill, particularly in the presence of
septic shock. The need to cover the involved pathogens em-
pirically has substantial support on the literature. Even in
settings with aggressive antibiotic stewardship and infection
reduction programs, aminoglycosides increase the percent-
age of gram-negative pathogens that are adequately covered
empirically. If quantitative techniques for the diagnosis of
pneumonia, extended dosing of aminoglycosides, short ther-
apeutic courses, and appropriate de-escalation are all em-
ployed, nephrotoxicity should be eliminated. Extending the
use of aminoglycosides to double cover pathogens for longer
therapeutic courses is not supported in the literature.
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