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Sepsis caused by multidrug-resistant microorganisms is one of the most serious infectious
diseases of childhood and poses significant challenges for pediatricians involved in
management of critically ill children. This review discusses the use of pharmacokinetic/dynamic
principles (i.e., prolonged infusion of b-lactams and vancomycin, once-daily administration of
aminoglycosides and rationale of therapeutic drug monitoring) when prescribing antibiotics to
critically ill patients. The potential of ‘old’ agents (i.e., colistin, fosfomycin) and newly approved
antibiotics is critically reviewed. The pros and cons of combination antibacterial therapy are
discussed and finally suggestions for the treatment of sepsis caused by multidrug-resistant
organisms are provided.
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Severe sepsis in children is a major healthcare
problem with about 75,000 cases occurring in
2005 in the USA [1]. The incidence is highest in
infants (5.16 per 1000) and lowest in older chil-
dren accordingly [2]. About half of the septic
children have serious underlying conditions of
which prematurity in the first year of life and
immunologic/hematologic and neoplastic dis-
ease in older age groups are the most common.
With the hospital mortality rate of 10% in gen-
eral and about 23% of cases caused by
multidrug-resistant gram-negative (MDR-GN)
organisms, sepsis is by far the most serious
infectious disease in childhood [2,3]. The most
common infecting organism of sepsis in the
USA was Staphylococcus (17.5% overall), espe-
cially among neonates [2]. Opportunistic micro-
organisms that are common colonizers of GI
tract are mainly associated with nosocomial
infections, but the border between community-
and hospital-acquired infections in the era of
modern medicine is blurred.

Antibiotic resistance, especially emergence of
MDR-GN organisms is in rise and poses clinical
problems in adults as well as in children with
sepsis. MDR pathogens (with resistance to at
least three different classes of antibiotics) are
reported with increasing frequency and pan-
resistant strains (not susceptible to any registered
antibiotics) have already appeared [4,5]. This

phenomenon is threatening, since treatment
options for infected patients are extremely
limited [6–8]. The situation in low- and middle-
income countries is even worse than in the devel-
oped world. About 70% of hospital-acquired
neonatal infections in developing countries
could not be successfully treated by the regimen
recommended by WHO [9]. A study in
Tanzanian children confirmed that ineffective
treatment of bloodstream infections due to
antibiotic-resistant bacteria predicted fatal out-
come independent of underlying diseases [10].
The key factors driving antibiotic resistance
are over- and misuse of antibiotics selecting
MDR strains, globalization promoting the
spread of successful clones and suboptimal hos-
pital hygiene enabling spread of resistant clones.

At the same time, the pipeline of new antimi-
crobial agents with activity against resistant
organisms is dry. A search of three commercial
databases on the antibiotic research and devel-
opment pipeline identified 66 new active
substances with antibacterial properties. Fifteen
of these were assessed as acting via a new or pos-
sibly new mechanism or on a new or possibly
new target. Out of these, 12 agents had
documented in vitro activity against antibiotic-
resistant gram-positive bacteria and only
4 against antibiotic-resistant gram-negative bac-
teria [11]. The lack of new antibiotics is further
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complicated by the fact that even if they become available for
adults, pediatric dosing recommendations and safety data are
often missing or are limited to small studies or case reports,
making the use of these agents in pediatrics uncertain [12].

Microorganisms commonly associated with antibiotic
resistance
The epidemiological studies exclusively conducted in children
are rare or small; often susceptibility of pediatric isolates is
reported together with adult isolates. As antibiotic-resistant
organisms in children may originate from community or hospi-
tal, one could speculate that antibiotic resistance pattern in
both populations is similar. Antibiotic Resistance and Prescrib-
ing in European Children (ARPEC) project, a pan-European
project, was exclusively conducted in children and included
10 European countries and 18 hospitals in 2011–2012. Similar
to the European Antimicrobial Resistance Surveillance Net-
work, antibiotic susceptibility was reported for key microorgan-
isms associated with invasive disease [13].

Penicillin-resistant Streptococcus pneumoniae

S. pneumoniae is the most common cause of community-
acquired pneumonia but cases of sepsis have been described as
well [14]. The first outbreaks of infection due to penicillin-
resistant S. pneumoniae (PRSP) occurred in 1977 and 1978 in
South Africa [15,16]. Penicillin resistance in pneumococci is
caused by mutations in the penicillin-binding proteins (PBP)
needed for synthesis of peptidoglycan. Six PBPs have been
identified in pneumococci (1A, 1B, 2A, 2B, 2X, 3). Mutations
lead to reduction of penicillin-binding affinity, but it can be
overcome by using higher doses of antibiotics.

In the ARPEC project, the PRSP rate varied from 12% in
Southern Europe to 35% in Western Europe; resistance rates
in northern European countries were low, that is, <10% [13].

The acquisition of a cassette of genetic elements that encode
resistance to penicillin leads to resistance to other antibiotics (e.
g., macrolides, quinolones, clindamycin) as well. Many PRSP
strains have alterations in PBPs, especially PBP 2X and 1A,
that also make them resistant to third-generation cephalospor-
ins. PRSP strains harbor more likely co-resistance to macro-
lides, triggered by erm(B) (alteration of macrolide binding site
in ribosome) and mef gene (antibiotic efflux pump system). In
contrast to PBP mutations, the ermB gene expression leads to
high-level resistance (MIC >128 mg/l) to macrolides, lincos-
amines and streptogramin B. The concentrations exceeding
128 mg/l can hardly be safely achieved by increasing the dose
and these strains require treatment with different antibiotics.
Dual b-lactam/macrolide resistance is becoming more preva-
lent, especially in serotypes commonly found in children (sero-
types 6A, 6B, 14, 15A, 19A, 19F) [17].

Methicillin-resistant Staphylococcus aureus &

Staphylococcus epidermidis

Staphylococcus aureus is a common cause of skin and soft tissue
infections, bacteremia, osteomyelitis, endocarditis and other

invasive infections in children. Coagulase-negative staphylococci
(CoNS; mostly Staphylococcus epidermidis) are the predominant
agents of late-onset sepsis in very-low-birth-weight infants [18,19].
In children with hematological malignancies, CoNS have equal
frequency with Enterobacteriaceae (median 23%) in causing
bloodstream infections as demonstrated in the review of
16 studies from various counties [20]. About 90% S. epidermidis
strains are methicillin-resistant and thus with a few exceptions
not susceptible to b-lactams. Methicillin resistance, first
described in 1961, is conferred by the mecA gene, which enco-
des PBP2a with decreased affinity to b-lactam antibiotics. Until
the late 1990s, a few clones circulating in healthcare settings
accounted for most methicillin-resistant S. aureus (MRSA)
infections. In the 21st century, two main clones circulate: USA
100 is the predominant hospital-acquired MRSA and USA
300 is the predominant community-acquired MRSA [21].

The prevalence of MRSA in Europe varied from 1.3% in
Denmark to 54% in Portugal and Romania in 2012 [22].
According to the ARPEC data, MRSA accounted for 15% of
all invasive S. aureus isolates; again the incidence was highest in
southern (24%) and lowest in northern parts of Europe
(4%) [13]. In the USA, nearly 60,000 children with S. aureus
infection were hospitalized from 2002 to 2007; MRSA
accounted for 51% of cases [23]. More recently, the rate of
MRSA has stabilized in many European countries [24,25].

In 2002, vancomycin-resistant strain of S. aureus with MIC
>32 mg/ml was reported. This time resistance was triggered by
gene cluster vanA acquired most probably from vancomycin-
resistant enterococci (VRE) [26]. Few cases of vancomycin-
resistant strain of S. aureus have been reported worldwide [27,28].
The impact of vancomycin-resistant strain of S. aureus for pedi-
atric population is not known.

Vancomycin-resistant enterococci

Serious enterococcal infections are rising in neonatal, intensive
care and oncology units [29]. High-level resistance to vancomy-
cin is encoded by different clusters of genes referred to as the
vancomycin resistance gene clusters (e.g., vanA, vanB and vanD
gene clusters) resulting in the replacement of D-Ala-D-Ala end-
ing of peptidoglycan precursors with D-alanyl-D-lactate termini,
to which vancomycin binds with significantly lower affinity.
The replacement of D-alanine by D-lactate increases the MIC of
vancomycin almost 1000-fold [30].

VanA enterococci are resistant to high levels of vancomycin
(MIC ‡64 mg/ml) and teicoplanin (MIC ‡8 mg/ml). VanB
organisms are resistant to a range of vancomycin concentra-
tions, from 4 to >1024 mg/ml [31]. High-level resistance is usu-
ally associated with Enterococcus faecium.

At present, reported VRE prevalence rates vary from 0 in
Eastern and Northern Europe to 44% in Ireland [22].

Multidrug-resistant gram-negative organisms

MDR-GN organisms have emerged and are characterized by
high mortality rates. They include Enterobacteriaceae producing
extended-spectrum b-lactamases (ESBL) and carbapenemases;
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MDR Pseudomonas aeruginosa and Acinetobacter baumannii.
b-Lactamases are enzymes that inactivate b-lactam antibiotics
by hydrolyzing the b-lactam ring. ESBLs are able to inactivate
most b-lactam antibiotics, including most penicillins, cephalo-
sporins and the monobactam aztreonam [31,32]. There are three
major groups of ESBLs: TEM, SHV and CTX-M. The genes
determining ESBL production are located in plasmids and
therefore have a good potential to spread [33].

MDR-GN bacteria account predominantly for nosocomial
infections such as ventilator-associated pneumonia, complicated
urinary tract, intra-abdominal but also bloodstream infections
and neonatal sepsis [34,35].

Despite the rising relevance of MDR-GN infections in
adults, only a few studies have evaluated this problem in pedi-
atric population. Those that have, observed large geographical
variations, the rates ranged from 4 to 6% in North America
and Europe to 17% in Asia Pacific and Latin America [36].
Slightly higher numbers were observed in the ARPEC study:
13% of invasive isolates of Escherichia coli and 32% of Klebsi-
ella pneumoniae were resistant to higher class cephalosporins
suggestive of ESBL production [13].

More recently, carbapenem-resistant (CR) Enterobacteriaceae
due to the production of carbapenemases or alterations/loss of
porins have emerged. At present, the prevalence of CR K. pneu-
moniae in general varies between 4 and 6% [37], but rates up to
60% have been reported in some countries (e.g., Greece) [22].
In the ARPEC study, the CR resistance was low, that is, <1%
in E. coli and 6% in K. pneumoniae [13].

Non-fermentative microorganisms P. aeruginosa and
A. baumannii have a wide capacity to resist antibiotics, either
intrinsically (due to b-lactamases, efflux pumps and low
permeability of outer membrane, decreased expression of por-
ins) or following acquisition of resistance genes (increased
production of antibiotic-inactivating enzymes, antibiotic
target modification) [34,38–40].

In otherwise healthy children and in those younger than
5 years, P. aeruginosa infection is extremely rare. Most reported
cases involve patients with serious underlying conditions
(e.g., hematological malignancies, cystic fibrosis [CF] and pro-
longed hospitalization to ICU). In ARPEC study, 32% of
P. aeruginosa strains were CR, 30% resistant to high-generation
cephalosporins, 27% to aminoglycosides (AG) and 24% to flu-
oroquinolones [13]. A. baumannii is almost always associated
with nosocomial spread and outbreaks and rarely affects previ-
ously healthy children [41–43]. According to European Antimi-
crobial Resistance Surveillance Network, up to 51% of isolates
of A. baumannii spreading in Europe in 2012 were MDR [22].

General concept in management of infections caused
by MDR microorganisms
The treatment of sepsis caused by MDR microorganisms is fre-
quently limited to one of three strategies. The first option is to
administer first-line antibiotics (i.e., meropenem, cefepime,
vancomycin) at higher doses and/or as prolonged infusions to
overcome resistance. However, if the microorganisms exhibit

very high MICs to first-line agents, extremely high doses with
unacceptable toxicity would be needed to achieve exposures
required for efficacy. The second choice is to use an old antibi-
otic (i.e., colistin, fosfomycin) or a new agent with good activ-
ity against MDR isolates. Unfortunately, second-line agents are
more toxic than first-line agents and prone to rapid resistance
development. Thus, monotherapy may not be feasible. In addi-
tion, the dosing regimens of new agents in children are mostly
absent and clinical experience on their use is largely missing [12].
The final strategy for treating MDR infections is to combine
first- and second-line antibiotics with the hope that synergistic
interactions between antibiotics will lessen the need for
extremely high doses, suppress the emergence of resistance and
overcome the pharmacokinetic (PK) weaknesses of individual
agents. The risk of cumulative toxicity may become an issue.
All these options are discussed below.

Improving PK/PD properties of first-line antibiotics
Site of infection, body size, disease severity and age affect vol-
ume of distribution (Vd) and drug elimination [44,45]. In septic
patients, changes in physiology like altered protein binding,
poor tissue penetration (perfusion) and disease-related fluctua-
tions in Vd and clearance (CL) lead to further variation in
drug concentrations, compromising safety but also efficacy [46,47].
Disease severity and host immunologic status affect dose–
response relationship with higher PK/pharmacodynamic (PD)
indices required for success in the critically ill [46,48]. Higher
PK/PD targets may also be needed for sites with poor tissue
penetration, like lung or CNS [49–51]. Subtherapeutic antibiotic
levels may promote the selection of resistant pathogens [45].
Additional role of bacterial load in eradication (effective PK/
PD target) as well as resistance emergence has been suggested
by in vitro studies with much higher PD targets compared with
clinical efficacy needed to prevent resistance [52,53].

Aminoglycosides
AG are concentration-dependent antibiotics in which maxi-
mum serum concentration (Cmax) over MIC (Cmax/MIC) or
area under the time concentration curve over MIC (AUC/
MIC) of the infecting pathogen is the main efficacy related PD
parameter [54–56]. Optimum therapeutic response is achieved at
AG Cmax/MIC exceeding 8–10 or AUC/MIC 75–150 [55,57].
This concept has led to the recommendation of higher unit
doses, resulting in earlier achievement of therapeutic concentra-
tion and higher Cmax/MIC; administered at longer inter-
vals [55,58,59]. As reabsorption of AG in proximal renal tubules is
saturable, favorable nephrotoxicity profile could also be
expected. Both, animal and human data have found more frac-
tionated administration to result in higher drug concentrations
in tubular epithelial cells [60,61].The concern that longer drug-
free period during prolonged dosing intervals potentially
exceeds the post-antibiotic effect of AG and allows regrowth of
bacteria, is not well supported by evidence, although some
uncertainty in relation to resistance development exists. Once
(ODD) but not multiple daily (MDD) high-dose tobramycin
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has been reported to result in increased MIC of P. aeruginosa
in CF [58].

When targeting pathogens with higher MIC values (>1 mg/l),
ODD administration of the currently recommended daily
doses of 4–7 mg/kg for gentamicin, 15–20 mg/kg for amika-
cin or 6–7.5 mg/kg for tobramycin has a greater potential to
achieve Cmax/MIC ratio of 8–10. In neonates, a meta-analysis
of 11 trials comparing gentamicin ODD versus MDD found
the former to result in improved PK/PD profile with less fail-
ures to attain target gentamicin peak (>5 mg/l) and trough
levels (<2 mg/l) [62]. All infants in both regimens showed ade-
quate resolution of sepsis. Another meta-analysis of 24 ran-
domized clinical trials (RCT) evaluating ODD versus MDD
AG administration found overall comparable efficacy in pedi-
atric population [63]. Significantly lower clinical or microbio-
logical failure rate in ODD compared with MDD regimen
was seen in trials using amikacin (10/114 vs 25/112; risk
ratio; 95% CI: 0.41; 0.22–0.77).

Zakova et al. retrospectively evaluated the feasibility of genta-
micin ODD regimen in 140 critical care children and found
that with 6 mg/kg the highest percentage of patients achieved
Cmax (16–20 mg/l), and drug-free interval within target ranges
simultaneously [64]. In neonates, gentamicin 6 mg/kg with a
dosing interval of 24 h in post-menstrual age (PMA)
‡29 weeks and 36 h in PMA <29 weeks was associated with
trough concentrations exceeding 2 mg/l in only 6% of epi-
sodes [65]. In 86 children (61% with febrile neutropenia),
treated for 106 episodes of suspected sepsis with gentamicin
7 mg/kg trough values were within the 24 h range of the Hart-
ford nomogram in 100% of cases. Permanent hearing loss was
seen in 2% and transient nephrotoxicity in 1%; in all cases
additional risk factors were present [66]. In children with febrile
neutropenia, tobramycin ODD regimen to achieve Cmax of
20–22.5 mg/l and a drug-free interval (Cdrug <1 mg/l) of 4 h
required initial doses of 10 mg/kg for patients aged 6 months
to 9 years, 8 mg/kg for those aged 9–12 years and 6 mg/kg for
children aged >12 years [67]. Amikacin doses of 25 mg/kg have
been advocated in adults with sepsis [68]. As an extreme, suc-
cessful monotherapy with 25–50 mg/kg/day of amikacin and
concomitant renal replacement therapy to reduce adverse effects
has been reported in an adult with MDR-GN sepsis [69].

Toxicity
Higher doses inevitably result in higher risk of toxicity [55]. AG
nephrotoxic potential increases from amikacin to tobramycin
and netilmicin to gentamicin [70]. Pre-existing renal dysfunc-
tion, hypovolemia, shock, liver dysfunction as well as previous
and concurrent exposure to other nephrotoxic drugs, all fre-
quently present in sepsis, are risk factors for renal toxicity [50].
Adult studies show decrease in renal toxicity with prolonged
dosing intervals [61]. In children, who have a significantly lower
rate of AG-induced renal injury compared with adults, the
meta-analysis found no difference in the rise in serum creati-
nine or decrease in creatinine CL between ODD versus MDD
regimen [63]. A number of biochemical markers including

b2-microglobulin, urinary casts, urine AG (gentamicin), N-ace-
tyl-b-D-glucosaminidase and alanine aminopeptidase concentra-
tion and urinary metabolic profile have been studied, yet no
successful strategy is currently implemented [50,71].

While AG-related nephrotoxicity is reversible in most cases,
ototoxicity, manifesting as cochlear or vestibular toxicity, is
irreversible. The total plasma AUC, proportional to the AUC
in cochlear perilymph, has been suggested as the main determi-
nant of ototoxicity. Hence, regimens that use the same total
daily dose and duration result in similar ototoxicity rates. In
the above-mentioned meta-analysis, the pooled ototoxicity rates
for studies that provided auditory testing results were 2.3%
(10 of 436 cases) in the ODD and 2.0% (8 of 406 cases) in
the MDD arms with the fixed-effects risk ratio of 1.06 (95%
CI: 0.51–2.19) [63]. Cumulative dose and duration appears the
strongest predictor of ototoxicity [72,73]. A recent study of
23 children undergoing cancer therapy found amikacin cumula-
tive dose of more than 1200 mg/kg and duration exceeding
50 days to be associated with 68–71% rate of hearing
loss [74,75].

The role of therapeutic drug monitoring
Prolonged dosing intervals together with short duration of
treatment make therapeutic drug monitoring (TDM) in guid-
ing AG therapy often impractical. A recent study of 79 children
(aged 1 month to 16 years) treated with ODD gentamicin at
7 mg/kg/day concluded that TDM (using a nomogram) neither
predicted nor prevented toxicity [66]. Monitoring of Cmin is
advocated as cost–effective in populations at high risk of toxic-
ity, like patients with organ failure, and for AG treatment last-
ing more than 5 days. Targets vary from 0.5 to 1 or 2 mg/l
for gentamicin, tobramycin or netilmicin and 2.5–5 mg/l for
amikacin [50]. A more targeted approach with a single Cmin

measurement (after the first dose) and subsequent individual
PK-based dose adjustment has been suggested [76]. However,
one should bear in mind that after first dose steady state has
not been achieved yet. Cmax monitoring is not routinely recom-
mended as it results in additional economic burden with little
or no added clinical value [77]. It may be advantageous to opti-
mize efficacy when targeting pathogens with very high AG
MIC [50].

b-Lactams
All b-lactam antibiotics are time-dependent and thus the time
during which the free (unbound fraction) drug concentration
remains above the MIC (fT > MIC) is the dominant PK/PD
index associated with bacterial killing [46,78] and clinical
outcome [79–81]. The maximum killing by b-lactams occurs at
concentrations, exceeding the MIC of a pathogen by approxi-
mately four- to five-times. Further increase in concentration does
not provide additional benefit. Higher fT > MIC can be reached
with higher doses (and increased dose fractionation) and/or pro-
longed/continuous infusion of b-lactams (FIGURE 1) [79,81,82].

With current intermittent b-lactam dosing regimens
under-dosing appears frequent in adult ICU populations with
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extremely wide variations in individual drug exposure [45].
A large multicenter ICU study found that 16% of 248 patients
treated for infection did not achieve the 50% fT > MIC [81].
Positive clinical outcome was associated with 50% fT > MIC
with further effect seen when increasing to 100% fT > MIC
ratios (odds ratio [OR]: 1.02 and 1.56, respectively; p < 0.03).
Significant interaction with sickness severity status was
observed. However, four meta-analyses of existing clinical stud-
ies comparing continuous infusion of b-lactams over intermit-
tent bolus dosing have failed to prove higher cure rates or
mortality benefit [83–86]. Retrospective and non-randomized
studies, however, have reported improved outcomes with con-
tinuous or prolonged infusion of b-lactams [85,86]. In addition
to methodological flaws (inadequate allocation sequence genera-
tion, allocation concealment, lack of intention-to-treat analysis,
lower doses used in prolonged infusion arm), only a few RCTs
have addressed populations at high risk of MDR infec-
tions [84,85]. A recent double-blind, RCT of continuous infusion
versus intermittent bolus dosing of piperacillin-tazobactam,
meropenem and ticarcillin-clavulanate in 60 patients treated in
five intensive care units found higher clinical cure rate in the
continuous group (70 vs 43%; p = 0. 037), but ICU-free days
(19.5 vs 17 days) and survival (90 vs 80%) were similar [79].
Survival benefit with prolonged infusion compared to bolus
dosing of cefepime in bacteremia or pulmonary infection due
to P. aeruginosa has been suggested [87].

In pediatric patients, simulation studies have demonstrated
improved therapeutic target attainment with prolonged (3 or
24 h) compared to 0.5 h infusion of cefepime, ceftazidime,
imipenem/cilastatin, meropenem and piperacillin/tazobactam
[82]. A meta-analysis including one RCT, five PK studies, two
PD studies of Monte Carlo simulation, one case series and
seven case reports also support the use of extended infusion in
pediatric patients [88]. The only prospective clinical trial using
continuous infusion of ceftazidime in CF, however, failed to
demonstrate any clinical benefit over traditional dosing [89].

In a modeling study in adults, Rhodes et al. showed that
prolonged or continuous infusion of b-lactams without a load-
ing dose may delay time to effective antimicrobial plasma con-
centrations, especially for microorganisms with high MIC
values (FIGURE 1) [80]. The latter in turn is a major predictor of
survival in severe sepsis and septic shock [90]. Children, espe-
cially preterm neonates have higher body size adjusted Vd, fur-
ther increased in severe infection [91]. The significantly higher
body size adjusted doses of most b-lactams used in children
compared with adults do not necessarily overcome this effect.
Therefore, initial loading dose is needed when using prolonged
infusions. Developmental changes in organ function, especially
over the first few weeks of life, may require further dose adjust-
ments. Bertels et al. found cefotaxime continuous infusion of
100 mg/kg/day (without loading dose) in neonates and chil-
dren result in plasma concentrations ranging from 0.6 to
182.6 mg/l on day 1 [92]. Significant increase in cefotaxime CL
over the first week of life and subsequent negative correlation
between cefotaxime concentration and glomerular filtration rate

was seen. In very preterm neonates with relatively long half-life
and low CL of renally eliminated drugs, Padari et al. found lit-
tle improvement of the fT > MIC with prolonging 20 mg/kg
q12h meropenem infusion time from 30 min to 4 h in the
treatment of infections caused by susceptible (MIC £2 mg/l)
microorganisms [93]. Similar to an earlier study, benefit of pro-
longed infusion on modeled PK/PD parameters (T > MIC)
was suggested with MIC increasing to 4–8 mg/l [94].

When applying prolonged administration, drug stability
needs to be considered. Several b-lactams have good (piperacil-
lin/tazobactam, ticarcillin/clavulanate and aztreonam) stability
at body temperature, whereas others are stable for 24 h only at
lower temperatures (cefepime, ceftazidime, doripenem and mer-
openem) [95,96]. In very small infants, substantial delay and vari-
ability in the rate of drug delivery due to low infusion rates of
small fluid volumes can occur [97]. Terminal injection line
incompatibility may further compromise efficacy.

In children no data on TDM of b-lactams are available.
Studies in adults do not support its routine use in unselected
populations. Scenarios, where TDM allows overcoming varia-
tions in PK include hypoalbuminemia, augmented renal CL,
kidney injury with renal replacement therapy and possibly
infection sites with poor drug penetration or targeting more
virulent or less susceptible microorganisms [47].

Vancomycin
The continuous infusion of vancomycin has been advocated
with the aim of improving bactericidal efficacy and decreasing
off-target concentrations and/or need for TDM [98,99]. The PK/
PD index found to best correlate with clinical efficacy for van-
comycin is the AUC/MIC ratio. Concerns about increasing
MIC in staphylococci and improved efficacy associated with
vancomycin AUC/MIC >400 in adults with MRSA pneumonia
have led to recommendations to aim for trough vancomycin
levels of 15–20 mg/l when treating pathogens with vancomycin
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Dotted lines represent standard deviation.
Data are presented in [93].
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MIC >1 mg/l [100]. Intermittent bolus regimens targeting as
high trough concentrations have not been proven safe. A recent
meta-analysis incorporating five RCTs found lower risk of
nephrotoxicity in adult patients receiving vancomycin as con-
tinuous infusion compared with bolus dosing, although it failed
to show differences in efficacy [101].

Current data from neonatal studies including a variety of
continuous infusion regimens with and without loading dose
are inconclusive. Similar to b-lactams, the larger Vd and lower
CL in neonates compared with adult population as well as aim-
ing at fast achievement of therapeutic concentration mandate
an initial loading dose to reach timely steady state concentra-
tion. Reported first concentrations (taken mostly 24–48 h after
start of infusion) within the target range have been achieved in
71–89% of infants receiving vancomycin as continuous
infusion [98,102–104]. Large inter-individual variability seen in all
studies mandates the need for TDM. Even individual PK
model based loading and subsequent continuous infusion dose
calculation incorporating current weight as a determinant of
Vd; current weight, post-natal age and serum creatinine as
determinants of CL resulted in first TDM concentrations
within the target range of 15–25 mg/l in only 71% of
cases [104]. Target range was achieved in all cases after dose
adjustment, suggesting lower need for subsequent TDM.

Unfortunately, none of these studies had adequate study
design or power to draw definite conclusions on clinical effi-
cacy in comparison to bolus dosing. In one study with continu-
ous infusion, 92% treatment success within 4 days without
removal of indwelling catheters was reported [102]. In children,
anecdotal evidence supports improved efficacy of continuous
vancomycin infusion in difficult-to-treat infections with
increased vancomycin MIC. Fung described adequate serum
levels of vancomycin followed by clinical success in three chil-
dren with CF and MRSA infection, in whom target serum lev-
els could not be achieved with conventional bolus dosing
despite repeated dose adjustments [105].

New antibiotics for resistant microorganisms
A total of 11 new antibacterial agents have been approved in the
EU from 2000 to 2010; 5 of them potentially useful for the treat-
ment of sepsis. Out of 11, only ertapenem and retapumilin have
pediatric dosing recommendations but neither of them can be
used for treatment of severe sepsis [12]. The newly approved
agents that could be potentially used for the treatment of sepsis
caused by resistant organisms are reviewed below.

Ceftaroline fosamil is a novel broad-spectrum parenteral
cephalosporin with activity against several gram-positive micro-
organisms including MRSA and PRSP [106]. In adults, ceftaro-
line fosamil is recommended for treatment of complicated skin
and soft tissue infections and community-acquired pneumonia
at a dose of 600 mg b.i.d. The dosing regimens for children
have not yet been established but several pediatric trials are
ongoing [107].

Daptomycin is a cyclic lipopeptide with concentration-
dependent activity against gram-positive microorganisms,

including MRSA and VRE. In adults, daptomycin is indicated
for the treatment of complicated skin and soft tissue infections,
staphylococcal bacteremia and right-sided endocarditis but not
for pneumonia due to its interactions with pulmonary surfac-
tant. The treatment experience with daptomycin is limited in
children [12]. Two single-dose PK studies in children aged
2–17 years have been performed and showed the higher CL of
daptomycin in younger children as compared to adolescents
and adults. This suggests that higher doses (8–10 mg/kg) and
twice-daily administration is needed in age between 2 and
12 years to achieve similar exposure to adults [108,109]. The PK
data in neonates, however, are scarce but indicate the need of
higher doses as well [110,111].

Doripenem monohydrate is the newest carbapenem indicated
for treatment of complicated urinary tract infections, ventilator-
associated pneumonia and complicated intra-abdominal infec-
tions in adults. In vitro doripenem is the most active carbape-
nem against P. aeruginosa, displaying higher percentage
susceptibility than either imipenem or meropenem but overall,
the susceptibilities of the MDR isolates are similarly low for all
available carbapenems [112]. The clinical studies of doripenem
in children are absent, but according to adult data, it is
unlikely to be advantageous over the other carbapenems in the
treatment of sepsis caused by MDR microorganisms.

Tigecycline is the first member of the glycylcyclines. It is a
bacteriostatic antibiotic structurally related to tetracycline. Tige-
cycline covers a variety of gram-positive (including MRSA,
VRE) but also difficult-to-treat gram-negative bacteria (Steno-
trophomonas maltophilia, A. baumannii including ESBL and/or
AmpC-producing and MDR Enterobacteriaceae, K. pneumoniae
carbapenemase) [113,114]. Thus, it would be an excellent candi-
date for the treatment of infections caused by highly resistant
microorganisms. A PK study in children aged 8–11 years
revealed a dosage of ~1.2 mg/kg q12h to be the most appropri-
ate. With this dose, up to 82% of patients achieved therapeutic
target [115]. Tigecycline has similar side effects to the tetracy-
cline, such as diarrhea, nausea and vomiting. However, in a
meta-analysis of RCTs in nosocomial pneumonia and blood-
stream infection, higher overall mortality rate in tigecycline-
treated patients versus comparator drugs that achieve higher
concentrations in the lung and bloodstream was observed [116].
Therefore, in children with sepsis similar to adults, the use of
tigecycline should be restricted to situations where no alterna-
tives are available. No studies have reported the use of tigecy-
cline in children below 8 years of age.

Linezolid is the first member of the oxazolidinones with spe-
cific activity against gram-positive organisms including MRSA,
methicillin-resistant S. epidermidis, VRE and PRSP. The US
FDA-labeled linezolid for pediatric use in 2002 at doses of
10 mg/kg q8h in children aged 0–11 years and 10 mg/kg q12h
(maximum 600 mg q12h) in older children. The experience of
using linezolid has been gathered mainly from patients with
serious underlying conditions (oncological patients, premature
infants) who have failed treatment with other antibiotics; the
response rate to linezolid therapy of around 75% has been
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reported [117,118]. Altogether 25–29% of patients reported side
effects (mainly hematological penias, increased liver function
tests and skin rash). Adverse events were reversible in most
cases and led to discontinuation of linezolid treatment in less
than 5% of patients [117].

Potential use of ‘old’ antibiotics with good efficacy
against MDR organisms
Polymyxins have been marketed since 1950s. Two polymyxins
are commercially available, polymyxin B and polymyxin E
(colistin). Polymyxin B does not have a prodrug and is admin-
istered in the form of its active microbiological agent. Colistin
is a cationic peptide and exhibits concentration-dependent
activity against many MDR organisms. Until recently, its use
was negligible due to nephro- and neurotoxicity concerns.
However, increasing resistance rates among gram-negative
pathogens against which colistin is very active has resurrected
the use of this old drug.

Colistin is administered as prodrug (colistin methanesulfo-
nate [CMS]), which in vivo slowly is converted to active com-
pound colistin. In critically ill adults, it will take 2–3 days
before the steady state is achieved suggesting the need of load-
ing doses [119]. Both prodrug and active compound have differ-
ent pathways of elimination. More specifically, colistin has
longer elimination half-life and, in contrast to CMS, does not
undergo extensive renal elimination. Thus, its concentration in
bloodstream is much lower than previously reported [120].
Recent PK/PD studies together with extensive popPK analysis
and modeling in adult patients have demonstrated that in
severe infections a loading dose of 9 MU (720 mg or 10 mg/
kg in a 70-kg patient) of CMS should be followed by the
9 MU fractioned twice-daily maintenance dose to achieve max-
imum efficacy [119,121].

In children, colistin has been used mostly in patients with
CF. In non-CF patients, doses of 50,000–80,000 IU/kg
(4–6 mg/kg CMS) divided into two- to four-times a day with no
loading dose have been used [122–124]. The dose of colistin that in
children will achieve similar exposure to adults (fAUC/MIC
50–65 or greater) has not yet been defined, but it is likely that
similar to adults, a loading dose followed by high maintenance
dose is required when treating severe infections caused by
MDR organisms.

One concern with the use of higher doses of colistin is the
potential nephrotoxicity and/or neurotoxicity. In two pediatric
retrospective studies using currently recommended dosing regi-
men, nephrotoxicity ranged between 10 and 22% [122,124] and
neurotoxicity was reported in 4 patients out of 92. These fig-
ures are similar to those reported in adults by using the above-
described high dose of colistin [125]. Thus, current limited data
in adults suggest that high doses of colistin are relatively effec-
tive with acceptable and reversible nephrotoxicity in severely ill
patients. It is important to note that in clinical settings, colistin
is often given in combination with other antibiotics [122],
although a clear benefit of combination therapy has not been
demonstrated yet.

Fosfomycin is a cell-wall inhibitor with time-dependent bac-
terial killing. In therapeutically relevant concentrations, fosfo-
mycin exerts excellent in vitro bactericidal activity against a
wide spectrum of gram-positive and gram-negative bacteria
including MRSA, methicillin-resistant S. epidermidis, PRSP,
VRE, ESBL-producing enterobacteria and the majority of
P. aeruginosa strains [126]. Even in regions where fosfomycin is
frequently prescribed, the emergence of resistance to fosfomycin
is a minor problem [127–129]. It is important to note that this
antibiotic is currently not utilized in bioindustry and animal
husbandry. Intravenous fosfomycin is generally well tolerated
and its adverse effects (mostly gastrointestinal symptoms and
phlebitis) do not necessitate treatment discontinuation. Further-
more, fosfomycin exerts negligible protein binding [130] and
penetrates well into the interstitial space fluid of tissues [131,132].
Intravenous fosfomycin has been in clinical use for almost four
decades in Japan, some European countries and in South
America. However, the current dosing recommendations vary
from 100 to 400 mg/kg/day divided into 2–3 doses regardless
of age; the highest end of dosing band is recommended for
severe infections [133]. No dosing recommendations are given
for children with renal impairment. Available PK studies were
recently reviewed and the T > MIC values for currently recom-
mended doses were recalculated by Traunmuller et al. [133].
The authors concluded that for achieving T > MIC target
of 40–70%, the current dosing strategies are insufficient in
children aged 1–12 years, if pathogens with MIC of 32 mg/l
are suspected and subjects have normal renal function. Because
of the time-dependent PD properties, fosfomycin needs to be
given every 6–8 h except of premature neonates for whom the
12 hourly dosing intervals are sufficient. Further studies should
clarify the PK of fosfomycin in children at any age and at dif-
ferent stages of renal impairment to identify the most appropri-
ate doses for children.

Combination versus monotherapy of antibiotics
In desperate situations (e.g., sepsis caused by MDR organisms),
combination antibiotics with different mechanisms of action is
commonly used despite the controversial evidence. The benefits
of combination therapy include broader antibacterial coverage,
enhanced efficacy through the synergistic effects between differ-
ent antibiotics and prevention of resistance development. The
pros and cons of antibiotic combinations are thoroughly
reviewed elsewhere [134].

In vitro several antibiotic combinations act synergistically
even if the microorganism is resistant to both agents in the
combination (TABLE 1).

Still, in vitro synergy appears to be variably present, is strain-
and inoculum size-dependent and varies in different antibiotic
combinations [135]. One of the combinations that has shown
synergistic effect in vitro and in animal models against
MDR-GN organisms, especially A. baumannii, is colistin plus
a glycopeptide (vancomycin or teicoplanin), due to the activity
of glycopeptides on the cell wall after overcoming the outer
membrane. This combination could potentially be used in
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colistin-resistant strains to prevent further development of colis-
tin resistance but the data are highly experimental thus
far [136,137].

The best established combination today is b-lactam plus AG.
In the treatment of sepsis, AG are never used alone, although
successful monotherapy has been reported [69].

Despite the theoretical grounds and in vitro findings, the
supporting clinical data are neither overwhelming nor defini-
tive. Meta-analyses that have been conducted exclusively on
RCT in adults demonstrate no difference in clinical outcomes
or mortality between mono- and combined therapy, but there
are well-documented increased toxicities with the combination
therapy [138]. Studies in children point to the same direction.
In a retrospective analysis comparing b-lactam monotherapy
with combination therapy in children with gram-negative bac-
teremia, no difference in mortality was found but similarly to

adults combination therapy resulted in doubling odds of nephro-
toxicity (OR: 2.15; 95% CI: 2.09–2.21) [139]. However, in con-
trast to earlier studies, a more recent retrospective study
including 226 matching pairs of children with gram-negative
bacteremia treated with a b-lactam alone or in combination with
AG demonstrated a survival benefit of empirical combination
therapy in patients infected with MDR organisms (OR: 0.70;
95% CI: 0.51–0.84), suggesting the benefits of combination
therapy when antibiotic-resistant organisms are suspected [140].

It is still important to note that most of the analyzed studies
have included highly variable patient populations, employed a
range of antibiotics and/or their combinations and did not
have sufficient power to analyze patients infected with resistant
or difficult-to-treat microorganisms separately. The meta-
analyses also showed that monotherapy with broad-spectrum b-
lactam is more efficacious than the combination of an older b-
lactam with AG but there are very little comparative studies on
combining new broad-spectrum b-lactams with AG [134,138]. An
RCT comparing combination of ampicillin or cefotaxime with
gentamicin to meropenem monotherapy in neonatal sepsis is
ongoing and results are awaited in 2015 [141].

As mentioned above in clinical settings colistin is rarely
given as monotherapy. Commonly it is combined with an anti-
biotic to which the isolate is resistant (e.g., a carbapenem), to
improve the outcomes of colistin monotherapy. Paul et al. [142]

plotted the results of all-cause mortality in 12 retrospective
cohort studies or case series, 2 prospective observational studies
and 2 RCTs for colistin mono- versus combination therapy in
a forest plot, sub-grouped by the type of combination regimen
(unadjusted results in the observational studies) and found no
differences between two study regimens against CR gram-
negative bacteria. Presently, an international RCT comparing
colistin/carbapenem combination therapy to colistin monother-
apy for invasive infections caused by CR gram-negative bacte-
ria [143,144] is ongoing and hopefully the evidence, at least in
adults will emerge in the near future. The results then could be
extrapolated to pediatric population.

Although combination therapy has not been proven better
than monotherapy in general, a number of studies have sug-
gested that in severely ill or septic patients there is a survival
benefit of combining antibiotics in patients with K. pneumonia
or Enterobacter bacteremia [145] and those in septic shock [146].
However, in a meta-analysis of 64 RCTs comprising
7568 patients, comparing b-lactam and AG combination ther-
apy with b-lactam monotherapy for severe infections no differ-
ence in mortality between the treatment groups was observed
(RR: 0.90; 95% CI: 0.77–1.06) [147]. Thus, further studies
with new and broad-spectrum antibiotics need to be performed
to conclusively demonstrate that combination therapy is better
and as well tolerated as monotherapy in patients with severe
sepsis or septic shock.

Monitoring mucosal colonization
There is sufficient amount of evidence that opportunistic micro-
organisms causing late-onset sepsis in neonates at first colonize

Table 1. Selected antibiotic combinations that act
synergistically against multidrug-resistant
microorganisms in vitro.

Antibiotic Microorganisms Ref.

Colistin with

aztreonam VIM and NDM

Klebsiella
pneumoniae

[165]

fosfomycin VIM and NDM

K. pneumoniae

[165]

meropenem VIM and NDM

K. pneumoniae;
CR K. pneumoniae

[165,166]

rifampicin VIM and NDM

K. pneumoniae

[165]

vancomycin MDR Acinetobacter

baumannii

[136]

b-Lactam with aminoglycoside

oxacillin + gentamicin MRSE [135]

Tigecycline with

rifampicin CR K. pneumoniae [167]

fosfomycin CR K. pneumoniae [168]

colistin CR

Enterobacteriaceae
(except Serratia

marcescens)

[169]

b-Lactam with other

doripenem + fosfomycin MRSA, MDR

Escherichia coli

and MDR

K. pneumoniae

[170]

CR: Carbapenem-resistant; MDR: Multidrug-resistant; MRSA: Methicillin-resistant
Staphylococcus aureus; MRSE: Methicillin-resistant Staphylococcus epidermidis;
NDM: New Delhi metallo-b-lactamase; VIM: VIM-type metallo-b-lactamase.
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mucosal surfaces of the GI tract and/or nasopharynx [148–152].
Thus, it would be logical to use monitoring of mucosal cultures
in selecting empiric therapy for sepsis. Still, studies conducted in
neonatal intensive care units indicate that non-selective monitor-
ing of mucosal cultures is labor intensive, time consuming and
costly and has suboptimal sensitivity and specificity in predicting
neonatal late-onset sepsis [149,153,154]. This does not mean that
monitoring of mucosal cultures should be totally abandoned. If
targeted to a specific MDR organism, the active continuous sur-
veillance combined with appropriate isolation of affected
patients could significantly reduce the number of colonized
patients with MDR-GN organisms in neonatal intensive care
unit [155,156]. Whether the reduction in colonization will results
in reduction of infection rate will be studied in the large nation-
wide program in Germany introduced in 2012 [157].

Treatment recommendations
Emerging resistance together with the increasing role of immu-
nocompromise and previous exposure to toxic therapies
(i.e., chemotherapy) warrants a well-tailored approach in the

antibacterial treatment of pediatric sepsis. Treatment recommen-
dations by pathogen and resistance mechanism are summed up
in TABLE 2, the final choice remaining to be guided by the source
of infection and local resistance data. Due to the lack of pediat-
ric data, the large majority of these recommendations are based
on in vitro or experimental data or studies conducted in adults.

In children with high risk of resistant gram-negative patho-
gens, a primary choice covering broad antimicrobial spectrum
such as a fourth-generation cephalosporin or a carbapenem
(meropenem) should be preferred [158]. Because of growing
clinical data demonstrating therapeutic failure of third-
generation cephalosporins for Enterobacter species, these agents
are not recommended for invasive Enterobacter infections [158].
Broad-spectrum b-lactam/b-lactamase inhibitor combinations
may be considered as an alternative. A post hoc analysis of six
prospective cohorts evaluating broad-spectrum b-lactam-b lacta-
mase inhibitor (piperacillin-tazobactam or amoxicillin clavula-
nate) versus carbapenems in the treatment of adult ESBL
E. coli bacteremia found similar mortality rates and length of
hospital stay in both groups [159]. Increased clinical and

Table 2. Treatment option for sepsis caused by multidrug-resistant microorganisms.

First-line treatment Potential for the second-line treatment

Staphylococcus aureus MRSA Vancomycin Vancomycin prolonged infusion

Linezolid‡

Clindamycin‡

Ceftaroline

Daptomycin

Staphylococcus epidermidis MRSE Vancomycin Vancomycin prolonged infusion

Linezolid

Oxacillin + gentamicin

Oxacillin + rifampin

VRE Linezolid Daptomycin

Streptococcus pneumoniae PRSP High-dose penicillin G†

third-generation cephalosporins

Third-generation cephalosporins + vancomycin

Enterobacteriacae ESBL Meropenem

Imipenem/cilastatin

Tigecycline

Colistin + aminoglycoside

Fluoroquinolone

TMP/SMX

AmpC Meropenem

Cefepime

Tigecycline

Colistin + aminoglycoside

KPC Colistin + aminoglycoside

Fosfomycin

High dose meropenem+ colistin OR

aminoglycoside

OR fluoroquinolone Tigecycline

Pseudomonas aeruginosa KPC Colistin + aminoglycoside

Fosfomycin

Colistin+ fluoroquinolone

Acinetobacter baumanii MDR Ampicillin sulbactam Tigecycline Colistin + fosfomycin

Colistin + tigecyclin Tigecyclin + aminoglycoside

High dose meropenem + aminoglycoside OR

fluoroquinolone OR colistin

†Not suitable if meningitis is suspected.
‡Not suitable for endovascular infections.
ESBL: Extended-spectrum b-lactamases; KPC: Klebsiella pneumoniae carbapenemase; MDR: Multidrug-resistant;
MRSA: Methicillin-resistant Staphylococcus aureus; MRSE: Methicillin-resistant Staphylococcus epidermidis; PRSP: Penicillin-resistant Streptococcus pneumoniae;
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microbiological failure and mortality rates with cefepime com-
pared to a carbapenem have been found in an adult RCT of
ESBL bacteremia [158]. Increase in cefepime MIC with an
increase in inoculum size makes it a less reliable option, espe-
cially for infections with high bacterial burden [158]. However,
in confirmed AmpC-producing Enterobacteriaceae bacteremia,
hospital-acquired pneumonia or intra-abdominal infections
with adequate source control, cefepime has been found equally
effective compared with meropenem [160]. In general, combina-
tion therapy has not been proven advantageous over monother-
apy but may be considered in situations like septic shock or
high likelihood of MDR-GN infection.

Bacteremia caused by PRSP could still be treated with peni-
cillin G bearing in mind that higher doses and more frequent
administration or prolonged infusion should be used to over-
come increased MICs. However, penicillin G (even in high
doses) is suboptimal in patients with pneumococcal meningitis
as penicillin poorly penetrates through blood–brain barrier. In
meningitis, the combination of third-generation cephalosporins
with vancomycin is the first choice.

Vancomycin is the first choice for the treatment of bacter-
emia and infective endocarditis caused by staphylococci. Data
regarding the safety and efficacy of alternative agents in chil-
dren are still limited, although new agents might be an option.
Clindamycin and linezolid as bacteriostatic agents are alterna-
tive treatments for non-endovascular infections. The clinical
evidence of combinations therapy (vancomycin + gentamicin,
vancomycin + rifampicin, oxacillin + gentamicin) in staphylo-
coccal infections caused by methicillin-resistant organisms is
still very limited [161].

Prolonged or continuous infusion of time-dependent antibi-
otics in the treatment of infections due to pathogens with
increased MIC values is supported by in vitro data and PK/PD
modeling studies. Based on existing clinical evidence, its rou-
tine use cannot be recommended. When applied, loading dose
should be used to achieve timely bactericidal concentrations.
The role of b-lactam TDM remains to be established.

Expert commentary
Resistance of microorganisms to antibiotics is increasingly
important, particularly in children with added comorbidities
undergoing frequent hospitalizations and repeated antibiotic
courses. The widespread antibiotic resistance is most alarming
in the hospital setting (nosocomial infections); however,
patients infected with MDR bacteria could be admitted from
community settings as well.

Treating children with sepsis caused by the MDR organisms
pose many challenges for physicians. The most important is
the lack of data. Most RCTs on antibiotic treatment has been
conducted in adults so far and even then the studies have been
too small to draw specific recommendations for patients with
MDR organisms or critically ill. Considering the small number
of children with sepsis caused by MDR organisms, it is
unlikely that RCT are feasible. Furthermore, they may not be
needed, provided that with currently recommended doses,

antibiotic exposure in children and adults is similar. Therefore,
using PK/PD approach and extrapolating efficacy data from
adult studies will likely be the direction for the future.

It is of utmost importance that the PK studies in children be
conducted sooner than later as it has been clearly demonstrated
that due to immaturity of drug-eliminating organs, the PK
properties of all medicines including antibiotics differ signifi-
cantly between children and adults and also between various
pediatric age groups. Several recommendations in this review
are based on adult data. For example, if high doses are shown
to be more efficacious in adults, similar suggestions were made
for children as well, despite the fact that there are no data.

When making treatment recommendations for specific
antibiotic-resistant microorganisms, several sources (e.g., PK
safety and efficacy studies in adults, in vitro susceptibility data,
PK/PD modeling and experimental models) were considered
by carefully weighing pros and cons of the recommended regi-
men. We believe that suggestions made by us could be safely
used in children, but appreciate that extrapolated and modeled
data have limitations. We believe that using PK/PD modeling
allows fast generation of pediatric data and is often the only
option. However, the modeling is likely sufficient in making
efficacy claims but we are not aware of any antibiotic PK/PD
approach that also accounts for safety concerns. The latter
should be considered, as most model-based dosing re-
calculations recommend higher doses that are currently in use.

Five-year view
Although several pharmaceutical companies have departed from
antibiotic development, few new agents with the potential to
cover MDR microorganisms (mostly gram-positives) are in
clinical development. For some of them, clinical trials in chil-
dren are planned or are already ongoing (e.g., ceftazidime/avi-
bactam, tazobactam/ceftolozane, tedizolid) [162]. There are
antibiotics approved for adults for which pediatric investiga-
tional plans are agreed and pediatric data should become avail-
able soon. This all will broaden our options for management
of septic patients infected with MDR organisms.

Although attrition rate of monoclonal antibodies in treatment
of bacterial infections has been high thus far, the search for new
opportunities is continuing. Growing number of biotechnology
companies are engaged in the development of monoclonal anti-
bodies or their cocktails for prevention and/or adjunctive
treatment of infections caused by MDR microorganisms
(e.g., S. aureus, P. aeruginosa). Some of these monoclonal anti-
bodies have entered into early phases of clinical development [163].

It is also hoped that the diagnostic possibilities will improve
so that the patients infected with MDR organisms could be rap-
idly identified. This would then allow immediate initiation of
appropriate therapy and isolation of infected patients in order to
prevent further spread of MDR organisms. New diagnostic tech-
niques like matrix-assisted laser desorption/ionization-time of
flight allowing rapid and cheap detection of specific antibiotic
resistance mechanisms in addition to identification of microor-
ganisms are already introduced to clinical practice [164].
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With the further development of medical devices, the treat-
ment of critically ill patients becomes more individualized;
equipment for bedside TDM is already under development.

Last but not least, several international studies will broaden
our understanding of the prevalence of antibiotic resistance
worldwide and enable knowledge transfer on the prevention
and rational antibiotic use from one country to the other.
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Key issues

• Efficacy data on the treatment of sepsis caused by multidrug-resistant (MDR) organisms in children are largely extrapolated from adult

studies, as evidence-based pediatric studies are very limited. Pharmacokinetic/pharmacodynamic studies can partly overcome

existing gaps.

• The number of new antibiotics for treatment of MDR infections in children is still low.

• Old agents (i.e., colistin, fosfomycin) could be potentially used after appropriate dosing regimen for all pediatric age groups have

been defined.

• Advanced generation b-lactams for MDR gram-negative organisms and vancomycin for methicillin-resistant Staphylococcus aureus/

methicillin-resistant S. epidermidis remains the cornerstone of therapy.

• Prolonged or continuous infusion of time-dependent antibiotics for pathogens with increased MICs is supported by the pharmacokinetic/

pharmacodynamic modeling studies, but existing clinical evidence is still too limited to recommend its routine use.

• When prolonged infusion is applied, a loading dose should be used to achieve timely bactericidal concentrations.

• ODD doses of aminoglycosides have been safely used in neonates and children with sepsis.

• For vancomycin and aminoglycosides, high inter-individual and inter-microbial variability mandates the use of therapeutic drug monitoring

to ensure safety and efficacy. The role of b-lactam therapeutic drug monitoring remains to be established.

• Combination therapy should be reserved for situations with high risk of resistance and/or severe disease. When considered, increased

adverse event rates compared to monotherapy need to be borne in mind.

References

1. Hartman ME, Linde-Zwirble WT,

Angus DC, Watson RS. Trends in the

epidemiology of pediatric severe sepsis*.

Pediatr Crit Care Med 2013;14:686-93

2. Watson RS, Carcillo JA, Linde-Zwirble WT,

et al. The epidemiology of severe sepsis in

children in the United States. Am J Respir

Crit Care Med 2003;167:695-701

3. Folgori L, Livadiotti S, Carletti M, et al.

Epidemiology and clinical outcomes of

multidrug-resistant gram-negative

bloodstream infections in a European

tertiary pediatric hospital during a

12-month period. Pediatr Infect Dis J 2014.

[Epub ahead of print]

4. Bonomo RA, Szabo D. Mechanisms of

multidrug resistance in Acinetobacter species

and Pseudomonas aeruginosa. Clin Infect

Dis 2006;43(Suppl 2):S49-56

5. Miriagou V, Tzelepi E, Daikos GL, et al.

Panresistance in VIM-1-producing Klebsiella

pneumoniae. J Antimicrob Chemother

2005;55:810-11

6. Lepape A, Monnet DL. Experience of

European intensive care physicians with

infections due to antibiotic-resistant bacteria,

2009. Euro Surveill 2009;14

7. Nordmann P, Cuzon G, Naas T. The real

threat of Klebsiella pneumoniae

carbapenemase-producing bacteria. Lancet

Infect Dis 2009;9:228-36

8. Souli M, Galani I, Giamarellou H.

Emergence of extensively drug-resistant and

pandrug-resistant Gram-negative bacilli in

Europe. Euro Surveill 2008;13

9. Zaidi AK, Thaver D, Ali SA, Khan TA.

Pathogens associated with sepsis in

newborns and young infants in developing

countries. Pediatr Infect Dis J 2009;28:

S10-18

10. Blomberg B, Manji KP, Urassa WK, et al.

Antimicrobial resistance predicts death in

Tanzanian children with bloodstream

infections: a prospective cohort study. BMC

Infect Dis 2007;7:43

11. Freire-Moran L, Aronsson B, Manz C, et al.

Critical shortage of new antibiotics in

development against multidrug-resistant

bacteria-Time to react is now. Drug Resist

Updat 2011;14:118-24

12. Garazzino S, Lutsar I, Bertaina C, et al.

New antibiotics for paediatric use: a review

of a decade of regulatory trials submitted to

the European Medicines Agency from

2000–why aren’t we doing better? Int J

Antimicrob Agents 2013;42:99-118

13. Sharland M, Bielicki J. Variation in

antimicrobial resistance for key pathogens

causing serious infections in children.

ARPEC WP6; 2014

14. Cardinale F, Cappiello AR,

Mastrototaro MF, et al.

Community-acquired pneumonia in

children. Early Hum Dev 2013;

89(Suppl 3)):S49-52

15. Appelbaum PC, Bhamjee A, Scragg JN,

et al. Streptococcus pneumoniae resistant to

penicillin and chloramphenicol. Lancet

1977;2:995-7

16. Jacobs MR, Koornhof HJ,

Robins-Browne RM, et al. Emergence of

multiply resistant pneumococci. N Engl J

Med 1978;299:735-40

17. Linares J, Ardanuy C, Pallares R, Fenoll A.

Changes in antimicrobial resistance,

serotypes and genotypes in Streptococcus

pneumoniae over a 30-year period. Clin

Microbiol Infect 2010;16:402-10

Treatment option for sepsis in children in the era of antibiotic resistance Review

informahealthcare.com 1247

D
ow

nl
oa

de
d 

by
 [

T
ar

tu
 U

el
lik

oo
li]

 a
t 0

8:
37

 0
6 

Ja
nu

ar
y 

20
16

 

http://www.ncbi.nlm.nih.gov/pubmed/23897242?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23897242?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12433670?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12433670?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24642515?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24642515?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24642515?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24642515?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24642515?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16894515?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16894515?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16894515?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15772141?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15772141?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19324295?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19324295?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19324295?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19106757?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19106757?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19106757?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17519011?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17519011?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17519011?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21435939?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21435939?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21435939?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23962481?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23962481?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/29219?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/29219?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20132251?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20132251?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20132251?dopt=Abstract
http://informahealthcare.com


18. Shane AL, Stoll BJ. Recent developments

and current issues in the epidemiology,

diagnosis, and management of bacterial and

fungal neonatal sepsis. Am J Perinatol

2013;30:131-41

19. Lutsar I, Chazallon C, Carducci FI, et al.

Current management of late onset neonatal

bacterial sepsis in five European countries.

Eur J Pediatr 2014;173:997-1004

20. Mikulska M, Viscoli C, Orasch C, et al.

Aetiology and resistance in bacteraemias

among adult and paediatric haematology

and cancer patients. J Infect 2014;68:

321-31

21. David MZ, Daum RS. Update on

epidemiology and treatment of

MRSA infections in children. Curr Pediatr

Rep 2013;1:170-81

22. ECDC. European Centre for Disease

Prevention and Control. Antimicrobial

resistance surveillance in Europe 2012.

Annual Report of the European

Antimicrobial Resistance Surveillance

Network (EARS-Net). ECDC; Europe:

2013

23. Gerber JS, Coffin SE, Smathers SA,

Zaoutis TE. Trends in the incidence of

methicillin-resistant Staphylococcus aureus

infection in children’s hospitals in the

United States. Clin Infect Dis 2009;49:

65-71

24. Johnson AP, Davies J, Guy R, et al.

Mandatory surveillance of

methicillin-resistant Staphylococcus aureus

(MRSA) bacteraemia in England: the first

10 years. J Antimicrob Chemother 2012;67:

802-9

25. Recent trends in antimicrobial resistance

among Streptococcus pneumoniae and

Staphylococcus aureus isolates: the French

experience. Euro Surveill 2008;13(46):pii

19035

26. Staphylococcus aureus resistant to

vancomycin–United States, 2002. MMWR

Morb Mortal Wkly Rep 2002;51:565-7

27. Gould IM. VRSA-doomsday superbug or

damp squib? Lancet Infect Dis 2010;10:

816-18

28. Melo-Cristino J, Resina C, Manuel V, et al.

First case of infection with

vancomycin-resistant Staphylococcus aureus

in Europe. Lancet 2013;382:205

29. Butler KM. Enterococcal infection in

children. Semin Pediatr Infect Dis 2006;17:

128-39

30. Cetinkaya Y, Falk P, Mayhall CG.

Vancomycin-resistant enterococci. Clin

Microbiol Rev 2000;13:686-707

31. Pitout JD, Laupland KB.

Extended-spectrum

beta-lactamase-producing Enterobacteriaceae:

an emerging public-health concern. Lancet

Infect Dis 2008;8:159-66

32. Paterson DL, Bonomo RA.

Extended-spectrum beta-lactamases:

a clinical update. Clin Microbiol Rev

2005;18:657-86

33. Rodriguez-Bano J, Pascual A. Clinical

significance of extended-spectrum

beta-lactamases. Expert Rev Anti Infect Ther

2008;6:671-83

34. Lister PD, Wolter DJ, Hanson ND.

Antibacterial-resistant Pseudomonas

aeruginosa: clinical impact and complex

regulation of chromosomally encoded

resistance mechanisms. Clin Microbiol Rev

2009;22:582-610

35. Nasa P, Juneja D, Singh O, et al. An

observational study on bloodstream

extended-spectrum beta-lactamase infection

in critical care unit: incidence, risk factors

and its impact on outcome. Eur J Intern

Med 2012;23:192-5

36. Badal RE, Bouchillon SK, Lob SH, et al.

Etiology, extended-spectrum beta-lactamase

rates and antimicrobial susceptibility of

gram-negative bacilli causing

intra-abdominal infections in patients in

general pediatric and pediatric intensive care

units–global data from the Study for

Monitoring Antimicrobial Resistance Trends

2008 to 2010. Pediatr Infect Dis J 2013;32:

636-40

37. Guh AY, Limbago BM, Kallen AJ.

Epidemiology and prevention of

carbapenem-resistant Enterobacteriaceae in

the United States. Expert Rev Anti Infect

Ther 2014;12:565-80

38. Mesaros N, Nordmann P, Plesiat P, et al.

Pseudomonas aeruginosa: resistance and

therapeutic options at the turn of the new

millennium. Clin Microbiol Infect 2007;13:

560-78

39. Munoz-Price LS, Weinstein RA.

Acinetobacter infection. N Engl J Med

2008;358:1271-81

40. Singh H, Thangaraj P, Chakrabarti A.

Acinetobacter baumannii: a brief account of

mechanisms of multidrug resistance and

current and future therapeutic management.

J Clin Diagn Res 2013;7:2602-5

41. Poirel L, Lebessi E, Heritier C, et al.

Nosocomial spread of OXA-58-positive

carbapenem-resistant Acinetobacter

baumannii isolates in a paediatric hospital

in Greece. Clin Microbiol Infect 2006;12:

1138-41

42. Simmonds A, Munoz J,

Aguero-Rosenfeld M, et al. Outbreak of

Acinetobacter infection in extremely low

birth weight neonates. Pediatr Infect Dis J

2009;28:210-14

43. McGrath EJ, Chopra T, Abdel-Haq N,

et al. An outbreak of carbapenem-resistant

Acinetobacter baumannii infection in a

neonatal intensive care unit: investigation

and control. Infect Control Hosp Epidemiol

2011;32:34-41

44. de Hoog M, Mouton JW,

van den Anker JN. New dosing strategies

for antibacterial agents in the neonate.

Semin Fetal Neonatal Med 2005;10:185-94

45. Udy AA, Roberts JA, Lipman J. Clinical

implications of antibiotic pharmacokinetic

principles in the critically ill. Intensive Care

Med 2013;39:2070-82

46. Lutsar I, Metsvaht T. Understanding

pharmacokinetics/pharmacodynamics in

managing neonatal sepsis. Curr Opin Infect

Dis 2010;23:201-7

47. Hayashi Y, Lipman J, Udy AA, et al.

Beta-lactam therapeutic drug monitoring in

the critically ill: optimising drug exposure in

patients with fluctuating renal function and

hypoalbuminaemia. Int J Antimicrob Agents

2013;41:162-6

48. Lee LS, Kinzig-Schippers M, Nafziger AN,

et al. Comparison of 30-min and 3-h

infusion regimens for imipenem/cilastatin

and for meropenem evaluated by Monte

Carlo simulation. Diagn Microbiol Infect

Dis 2010;68:251-8

49. Ahmed A, Paris MM, Trujillo M, et al.

Once-daily gentamicin therapy for

experimental Escherichia coli meningitis.

Antimicrob Agents Chemother 1997;41:

49-53

50. Boyer A, Gruson D, Bouchet S, et al.

Aminoglycosides in septic shock:

an overview, with specific consideration

given to their nephrotoxic risk. Drug Saf

2013;36:217-30

51. Sullins AK, Abdel-Rahman SM.

Pharmacokinetics of antibacterial agents in

the CSF of children and adolescents.

Paediatr Drugs 2013;15:93-117

52. Tam VH, Schilling AN, Neshat S, et al.

Optimization of meropenem minimum

concentration/MIC ratio to suppress in vitro

resistance of Pseudomonas aeruginosa.

Antimicrob Agents Chemother 2005;49:

4920-7

53. Felton TW, Goodwin J, O’Connor L, et al.
Impact of Bolus dosing versus continuous

infusion of Piperacillin and Tazobactam on

the development of antimicrobial resistance

Review Lutsar, Telling & Metsvaht

1248 Expert Rev. Anti Infect. Ther. 12(10), (2014)

D
ow

nl
oa

de
d 

by
 [

T
ar

tu
 U

el
lik

oo
li]

 a
t 0

8:
37

 0
6 

Ja
nu

ar
y 

20
16

 

http://www.ncbi.nlm.nih.gov/pubmed/23297182?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23297182?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23297182?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23297182?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24522326?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24522326?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24370562?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24370562?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24370562?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24040579?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24040579?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24040579?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19463065?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19463065?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19463065?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19463065?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19463065?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22223229?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22223229?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22223229?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22223229?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21109164?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21109164?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23791472?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23791472?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23791472?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16934707?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16934707?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11023964?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18291338?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18291338?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18291338?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16223952?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16223952?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18847405?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18847405?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18847405?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19822890?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19822890?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19822890?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19822890?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22284253?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22284253?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22284253?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22284253?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22284253?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24666262?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24666262?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24666262?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17266725?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17266725?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17266725?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18354105?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24392418?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24392418?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24392418?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17002616?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17002616?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17002616?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17002616?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19209088?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19209088?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19209088?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21091204?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21091204?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21091204?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21091204?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15701583?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15701583?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24045886?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24045886?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24045886?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20179595?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20179595?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20179595?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23153962?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23153962?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23153962?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23153962?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20851549?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20851549?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20851549?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20851549?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8980753?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8980753?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23508544?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23508544?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23508544?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23529866?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23529866?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16304153?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16304153?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16304153?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24002098?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24002098?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24002098?dopt=Abstract


in Pseudomonas aeruginosa. Antimicrob

Agents Chemother 2013;57:5811-19

54. Moore RD, Lietman PS, Smith CR.

Clinical response to aminoglycoside therapy:

importance of the ratio of peak

concentration to minimal inhibitory

concentration. J Infect Dis 1987;155:93-9

55. Drusano GL, Ambrose PG, Bhavnani SM,

et al. Back to the future: using

aminoglycosides again and how to dose

them optimally. Clin Infect Dis 2007;45:

753-60

56. Nielsen EI, Cars O, Friberg LE.

Pharmacokinetic/pharmacodynamic (PK/

PD) indices of antibiotics predicted by a

semimechanistic PKPD model: a step

toward model-based dose optimization.

Antimicrob Agents Chemother 2011;55:

4619-30

57. Kashuba AD, Nafziger AN, Drusano GL,

Bertino JS Jr. Optimizing aminoglycoside

therapy for nosocomial pneumonia caused

by gram-negative bacteria. Antimicrob

Agents Chemother 1999;43:623-9

58. Young DC, Zobell JT, Stockmann C, et al.

Optimization of anti-pseudomonal

antibiotics for cystic fibrosis pulmonary

exacerbations: V. Aminoglycosides. Pediatr

Pulmonol 2013;48:1047-61

59. DeGrado JR, Cios D, Greenwood BC,

et al. Pharmacodynamic target attainment

with high-dose extended-interval tobramycin

therapy in patients with cystic fibrosis. J

Chemother 2014;26:101-4

60. De Broe ME, Verbist L, Verpooten GA.

Influence of dosage schedule on renal

cortical accumulation of amikacin and

tobramycin in man. J Antimicrob

Chemother 1991;27(Suppl C):41-7

61. Rybak MJ, Abate BJ, Kang SL, et al.

Prospective evaluation of the effect of an

aminoglycoside dosing regimen on rates of

observed nephrotoxicity and ototoxicity.

Antimicrob Agents Chemother 1999;43:

1549-55

62. Rao SC, Srinivasjois R, Hagan R,

Ahmed M. One dose per day compared to

multiple doses per day of gentamicin for

treatment of suspected or proven sepsis in

neonates. Cochrane Database Syst Rev

2011;CD005091

63. Contopoulos-Ioannidis DG, Giotis ND,

Baliatsa DV, Ioannidis JP. Extended-interval

aminoglycoside administration for children:

a meta-analysis. Pediatrics 2004;114:

e111-18

64. Zakova M, Pong S, Trope A, et al. Dose

derivation of once-daily dosing guidelines

for gentamicin in critically ill pediatric

patients. Ther Drug Monit 2014;36:288-94

65. Fjalstad JW, Laukli E, van den Anker JN,

Klingenberg C. High-dose gentamicin in

newborn infants: is it safe? Eur J Pediatr

2013. [Epub ahead of print]

66. Best EJ, Gazarian M, Cohn R, et al.

Once-daily gentamicin in infants and

children: a prospective cohort study

evaluating safety and the role of therapeutic

drug monitoring in minimizing toxicity.

Pediatr Infect Dis J 2011;30:827-32

67. Dupuis LL, Sung L, Taylor T, et al.

Tobramycin pharmacokinetics in children

with febrile neutropenia undergoing stem

cell transplantation: once-daily versus

thrice-daily administration.

Pharmacotherapy 2004;24:564-73

68. Mahmoudi L, Mohammadpour AH,

Ahmadi A, et al. Influence of sepsis on

higher daily dose of amikacin

pharmacokinetics in critically ill patients.

Eur Rev Med Pharmacol Sci 2013;17:

285-91

69. Layeux B, Taccone FS, Fagnoul D, et al.

Amikacin monotherapy for sepsis caused by

panresistant Pseudomonas aeruginosa.

Antimicrob Agents Chemother 2010;54:

4939-41

70. van Maarseveen E, van Buul-Gast MC,

Abdoellakhan R, et al. Once-daily dosed

gentamicin is more nephrotoxic than

once-daily dosed tobramycin in clinically

infected patients. J Antimicrob Chemother

2014;69(9):2581-3

71. Hanna MH, Segar JL, Teesch LM, et al.

Urinary metabolomic markers of

aminoglycoside nephrotoxicity in newborn

rats. Pediatr Res 2013;73:585-91

72. Ariano RE, Zelenitsky SA, Kassum DA.

Aminoglycoside-induced vestibular injury:

maintaining a sense of balance. Ann

Pharmacother 2008;42:1282-9

73. Dille MF, Konrad-Martin D, Gallun F,

et al. Tinnitus onset rates from

chemotherapeutic agents and ototoxic

antibiotics: results of a large prospective

study. J Am Acad Audiol 2010;21:409-17

74. Chen K, Bach A, Shoup A, Winick N.

Invited reply to amikacin ototoxicity in

children with cancer: the problem is the

administration schedule. Pediatr Blood

Cancer 2013;61:191

75. Chen KS, Bach A, Shoup A, Winick NJ.

Hearing loss and vestibular dysfunction

among children with cancer after receiving

aminoglycosides. Pediatr Blood Cancer

2013;60:1772-7

76. Sherwin CM, Svahn S, Van der Linden A,

et al. Individualised dosing of amikacin in

neonates: a pharmacokinetic/

pharmacodynamic analysis. Eur J Clin

Pharmacol 2009;65:705-13

77. Reynolds LF, Mailman TL, McMillan DD.

Gentamicin in neonates at risk for sepsis -

peak serum concentrations are not necessary.

Paediatr Child Health 2012;17:310-12

78. Mouton JW, Ambrose PG, Canton R, et al.

Conserving antibiotics for the future: new

ways to use old and new drugs from a

pharmacokinetic and pharmacodynamic

perspective. Drug Resist Updat 2011;14:

107-17

79. Dulhunty JM, Roberts JA, Davis JS, et al.

Continuous infusion of beta-lactam

antibiotics in severe sepsis: a multicenter

double-blind, randomized controlled trial.

Clin Infect Dis 2013;56:236-44

80. Rhodes NJ, MacVane SH, Kuti JL,

Scheetz MH. Impact of loading doses on

the time to adequate predicted beta-lactam

concentrations in prolonged and continuous

infusion dosing schemes. Clin Infect Dis

2014. [Epub ahead of print]

81. Roberts JA, Paul SK, Akova M, et al.I:

defining antibiotic levels in intensive care

unit patients: are current beta-lactam

antibiotic doses sufficient for critically ill

patients? Clin Infect Dis 2014;58:1072-83

82. Courter JD, Kuti JL, Girotto JE,

Nicolau DP. Optimizing bactericidal

exposure for beta-lactams using prolonged

and continuous infusions in the pediatric

population. Pediatr Blood Cancer 2009;53:

379-85

83. Kasiakou SK, Sermaides GJ,

Michalopoulos A, et al. Continuous versus

intermittent intravenous administration of

antibiotics: a meta-analysis of randomised

controlled trials. Lancet Infect Dis 2005;5:

581-9

84. Roberts JA, Webb S, Paterson D, et al.

A systematic review on clinical benefits of

continuous administration of beta-lactam

antibiotics. Crit Care Med 2009;37:2071-8

85. Tamma PD, Putcha N, Suh YD, et al.

Does prolonged beta-lactam infusions

improve clinical outcomes compared to

intermittent infusions? A meta-analysis and

systematic review of randomized, controlled

trials. BMC Infect Dis 2011;11:181

86. Teo J, Liew Y, Lee W, Kwa AL. Prolonged

infusion versus intermittent boluses of

beta-lactam antibiotics for treatment of

acute infections: a meta-analysis. Int J

Antimicrob Agents 2014;43:403-11

Treatment option for sepsis in children in the era of antibiotic resistance Review

informahealthcare.com 1249

D
ow

nl
oa

de
d 

by
 [

T
ar

tu
 U

el
lik

oo
li]

 a
t 0

8:
37

 0
6 

Ja
nu

ar
y 

20
16

 

http://www.ncbi.nlm.nih.gov/pubmed/24002098?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3540140?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3540140?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3540140?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3540140?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17712761?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17712761?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17712761?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21807983?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21807983?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21807983?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21807983?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10049277?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10049277?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10049277?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24000183?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24000183?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24000183?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24090527?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24090527?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24090527?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10390201?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10390201?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10390201?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15231982?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15231982?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15231982?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24695354?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24695354?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24695354?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24695354?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15162890?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15162890?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15162890?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15162890?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23411940?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23411940?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23411940?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20701838?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20701838?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20701838?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20701838?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23955849?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23955849?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23955849?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19305985?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19305985?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19305985?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23730168?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23730168?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21440486?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21440486?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21440486?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21440486?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23074313?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23074313?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23074313?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24429437?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24429437?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24429437?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24429437?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24429437?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16122681?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16122681?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16122681?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16122681?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19384201?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19384201?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19384201?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21696619?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21696619?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21696619?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21696619?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21696619?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24657044?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24657044?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24657044?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24657044?dopt=Abstract
http://informahealthcare.com


87. Bauer KA, West JE, O’Brien JM, Goff DA.

Extended-infusion cefepime reduces

mortality in patients with Pseudomonas

aeruginosa infections. Antimicrob Agents

Chemother 2013;57:2907-12

88. Walker MC, Lam WM, Manasco KB.

Continuous and extended infusions of

beta-lactam antibiotics in the pediatric

population. Ann Pharmacother 2012;46:

1537-46

89. Riethmueller J, Junge S, Schroeter TW,

et al. Continuous vs thrice-daily ceftazidime

for elective intravenous antipseudomonal

therapy in cystic fibrosis. Infection 2009;37:

418-23

90. Dellinger RP, Levy MM, Rhodes A, et al.

Surviving Sepsis Campaign: international

guidelines for management of severe sepsis

and septic shock, 2012. Intensive Care Med

2013;39:165-228

91. Lingvall M, Reith D, Broadbent R. The

effect of sepsis upon gentamicin

pharmacokinetics in neonates. Br J Clin

Pharmacol 2005;59:54-61

92. Bertels RA, Semmekrot BA, Gerrits GP,

Mouton JW. Serum concentrations of

cefotaxime and its metabolite

desacetyl-cefotaxime in infants and children

during continuous infusion. Infection

2008;36:415-20

93. Padari H, Metsvaht T, Korgvee LT, et al.

Short versus long infusion of meropenem in

very-low-birth-weight neonates. Antimicrob

Agents Chemother 2012;56:4760-4

94. van den Anker JN, Pokorna P,

Kinzig-Schippers M, et al. Meropenem

pharmacokinetics in the newborn.

Antimicrob Agents Chemother 2009;53:

3871-9

95. Arlicot N, Rochefort GY, Schlecht D, et al.

Stability of antibiotics in portable pumps

used for bronchial superinfection: guidelines

for prescribers. Pediatrics 2007;120:1255-9

96. Prescott WA Jr, Gentile AE, Nagel JL,

Pettit RS. Continuous-infusion

antipseudomonal Beta-lactam therapy in

patients with cystic fibrosis. P T 2011;36:

723-63

97. Sherwin CM, Medlicott NJ, Reith DM,

Broadbent RS. Intravenous drug delivery in

neonates: lessons learnt. Arch Dis Child

2014;99:590-4

98. Pawlotsky F, Thomas A, Kergueris MF,

et al. Constant rate infusion of vancomycin

in premature neonates: a new dosage

schedule. Br J Clin Pharmacol 1998;46:

163-7

99. Jacqz-Aigrain E, Zhao W, Sharland M,

van den Anker JN. Use of antibacterial

agents in the neonate: 50 years of experience

with vancomycin administration. Semin

Fetal Neonatal Med 2013;18:28-34

100. Cole TS, Riordan A. Vancomycin dosing in

children: what is the question? Arch Dis

Child 2013;98:994-7

101. Cataldo MA, Tacconelli E, Grilli E, et al.

Continuous versus intermittent infusion of

vancomycin for the treatment of

Gram-positive infections: systematic review

and meta-analysis. J Antimicrob Chemother

2012;67:17-24

102. Plan O, Cambonie G, Barbotte E, et al.

Continuous-infusion vancomycin therapy

for preterm neonates with suspected or

documented Gram-positive infections:

a new dosage schedule. Arch Dis Child

Fetal Neonatal Ed 2008;93:F418-21

103. Oudin C, Vialet R, Boulamery A, et al.

Vancomycin prescription in neonates and

young infants: toward a simplified dosage.

Arch Dis Child Fetal Neonatal Ed 2011;96:

F365-70

104. Zhao W, Lopez E, Biran V, et al.

Vancomycin continuous infusion in

neonates: dosing optimisation and

therapeutic drug monitoring. Arch Dis

Child 2013;98:449-53

105. Fung L. Continuous infusion vancomycin

for treatment of methicillin-resistant

Staphylococcus aureus in cystic fibrosis

patients. Ann Pharmacother 2012;46:e26

106. Sader HS, Flamm RK, Farrell DJ,

Jones RN. Activity analyses of

staphylococcal isolates from pediatric, adult,

and elderly patients: AWARE Ceftaroline

Surveillance Program. Clin Infect Dis 2012;

55(Suppl 3):S181-6

107. Clinical trails. Available from: www.

clinicaltials.gov

108. Abdel-Rahman SM, Chandorkar G,

Akins RL, et al. Single-dose

pharmacokinetics and tolerability of

daptomycin 8 to 10 mg/kg in children aged

2 to 6 years with suspected or proved

Gram-positive infections. Pediatr Infect Dis

J 2011;30:712-14

109. Abdel-Rahman SM, Benziger DP,

Jacobs RF, et al. Single-dose

pharmacokinetics of daptomycin in children

with suspected or proved gram-positive

infections. Pediatr Infect Dis J 2008;27:

330-4

110. Antachopoulos C, Iosifidis E, Sarafidis K,

et al. Serum levels of daptomycin in

pediatric patients. Infection 2012;40:367-71

111. Cohen-Wolkowiez M, Watt KM,

Hornik CP, et al. Pharmacokinetics and

tolerability of single-dose daptomycin in

young infants. Pediatr Infect Dis J 2012;31:

935-7

112. Morrow BJ, Pillar CM, Deane J, et al.

Activities of carbapenem and comparator

agents against contemporary US

Pseudomonas aeruginosa isolates from the

CAPITAL surveillance program. Diagn

Microbiol Infect Dis 2013;75:412-16

113. Kresken M, Becker K, Seifert H, et al.

Resistance trends and in vitro activity of

tigecycline and 17 other antimicrobial

agents against Gram-positive and

Gram-negative organisms, including

multidrug-resistant pathogens, in Germany.

Eur J Clin Microbiol Infect Dis 2011;30:

1095-103

114. Petrosillo N, Giannella M, Lewis R, Viale P.

Treatment of carbapenem-resistant Klebsiella

pneumoniae: the state of the art. Expert Rev

Anti Infect Ther 2013;11:159-77

115. Purdy J, Jouve S, Yan JL, et al.

Pharmacokinetics and safety profile of

tigecycline in children aged 8 to 11 years

with selected serious infections:

a multicenter, open-label, ascending-dose

study. Clin Ther 2012;34:496-507 e491

116. Tasina E, Haidich AB, Kokkali S,

Arvanitidou M. Efficacy and safety of

tigecycline for the treatment of infectious

diseases: a meta-analysis. Lancet Infect Dis

2011;11:834-44

117. Garazzino S, Krzysztofiak A, Esposito S,

et al. Use of linezolid in infants and

children: a retrospective multicentre study of

the Italian Society for Paediatric Infectious

Diseases. J Antimicrob Chemother 2011;66:

2393-7

118. Simon A, Mullenborn E, Prelog M, et al.

Use of linezolid in neonatal and pediatric

inpatient facilities–results of a retrospective

multicenter survey. Eur J Clin Microbiol

Infect Dis 2012;31:1435-42

119. Plachouras D, Karvanen M, Friberg LE,

et al. Population pharmacokinetic analysis

of colistin methanesulfonate and colistin

after intravenous administration in critically

ill patients with infections caused by

gram-negative bacteria. Antimicrob Agents

Chemother 2009;53:3430-6

120. Bergen PJ, Landersdorfer CB, Zhang J,

et al. Pharmacokinetics and

pharmacodynamics of ’old’ polymyxins:

what is new? Diagn Microbiol Infect Dis

2012;74:213-23

121. Garonzik SM, Li J, Thamlikitkul V, et al.

Population pharmacokinetics of colistin

methanesulfonate and formed colistin in

critically ill patients from a multicenter

study provide dosing suggestions for various

Review Lutsar, Telling & Metsvaht

1250 Expert Rev. Anti Infect. Ther. 12(10), (2014)

D
ow

nl
oa

de
d 

by
 [

T
ar

tu
 U

el
lik

oo
li]

 a
t 0

8:
37

 0
6 

Ja
nu

ar
y 

20
16

 

http://www.ncbi.nlm.nih.gov/pubmed/23571547?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23571547?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23571547?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23115223?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23115223?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23115223?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19756419?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19756419?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19756419?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22386043?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22386043?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22386043?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15606440?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15606440?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15606440?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19581463?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19581463?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18055674?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18055674?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18055674?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22346306?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22346306?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22346306?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24482352?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24482352?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23137927?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23137927?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23137927?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22028203?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22028203?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22028203?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22028203?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18450803?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18450803?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18450803?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18450803?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23032658?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23032658?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23032658?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23032658?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22903950?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22903950?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22903950?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22903950?dopt=Abstract
www.clinicaltials.gov
www.clinicaltials.gov
http://www.ncbi.nlm.nih.gov/pubmed/21317681?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21317681?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21317681?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21317681?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21317681?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18316988?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18316988?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18316988?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18316988?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22271402?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22271402?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23391609?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23391609?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23391609?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23391609?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21347680?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21347680?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21347680?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21347680?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21347680?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23409822?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23409822?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22249106?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22249106?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22249106?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22249106?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22249106?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21784708?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21784708?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21784708?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22048844?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22048844?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22048844?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19433570?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19433570?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19433570?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19433570?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19433570?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22959816?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22959816?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22959816?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22959816?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22959816?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21555763?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21555763?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21555763?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21555763?dopt=Abstract


categories of patients. Antimicrob Agents

Chemother 2011;55:3284-94

122. Tamma PD, Newland JG, Pannaraj PS,

et al. The use of intravenous colistin among

children in the United States: results from a

multicenter, case series. Pediatr Infect Dis J

2013;32:17-22

123. Tamma PD, Lee CK. Use of colistin in

children. Pediatr Infect Dis J 2009;28:534-5

124. Kapoor K, Jajoo M, Dublish S, et al.

Intravenous colistin for multidrug-resistant

gram-negative infections in critically ill

pediatric patients. Pediatr Crit Care Med

2013;14:e268-72

125. Dalfino L, Puntillo F, Mosca A, et al.

High-dose, extended-interval colistin

administration in critically ill patients: is

this the right dosing strategy? A preliminary

study. Clin Infect Dis 2012;54:1720-6

126. Popovic M, Steinort D, Pillai S,

Joukhadar C. Fosfomycin: an old, new

friend? Eur J Clin Microbiol Infect Dis

2010;29:127-42

127. Daza R, Gutierrez J, Piedrola G. Antibiotic

susceptibility of bacterial strains isolated

from patients with community-acquired

urinary tract infections. Int J Antimicrob

Agents 2001;18:211-15

128. Falagas ME, Maraki S,

Karageorgopoulos DE, et al. Antimicrobial

susceptibility of Gram-positive non-urinary

isolates to fosfomycin. Int J Antimicrob

Agents 2010;35:497-9

129. Falagas ME, Kastoris AC, Kapaskelis AM,

Karageorgopoulos DE. Fosfomycin for the

treatment of multidrug-resistant, including

extended-spectrum beta-lactamase

producing, Enterobacteriaceae infections:

a systematic review. Lancet Infect Dis

2010;10:43-50

130. Kirby WM. Pharmacokinetics of

fosfomycin. Chemotherapy 1977;

23(Suppl 1):141-51

131. Joukhadar C, Klein N, Dittrich P, et al.

Target site penetration of fosfomycin in

critically ill patients. J Antimicrob

Chemother 2003;51:1247-52

132. Matzi V, Lindenmann J, Porubsky C, et al.

Extracellular concentrations of fosfomycin in

lung tissue of septic patients. J Antimicrob

Chemother 2010;65:995-8

133. Traunmuller F, Popovic M, Konz KH,

et al. A reappraisal of current dosing

strategies for intravenous fosfomycin in

children and neonates. Clin Pharmacokinet

2011;50:493-503

134. Tamma PD, Cosgrove SE, Maragakis LL.

Combination therapy for treatment of

infections with gram-negative bacteria. Clin

Microbiol Rev 2012;25:450-70

135. Brilene T, Soeorg H, Kiis M, et al. In vitro

synergy of oxacillin and gentamicin against

coagulase-negative staphylococci from blood

cultures of neonates with late-onset sepsis.

APMIS 2013;121:859-64

136. Vidaillac C, Benichou L, Duval RE. In

vitro synergy of colistin combinations

against colistin-resistant Acinetobacter

baumannii, Pseudomonas aeruginosa, and

Klebsiella pneumoniae isolates. Antimicrob

Agents Chemother 2012;56:4856-61

137. Wareham DW, Gordon NC, Hornsey M.

In vitro activity of teicoplanin combined

with colistin versus multidrug-resistant

strains of Acinetobacter baumannii. J

Antimicrob Chemother 2011;66:1047-51

138. Paul M, Lador A, Grozinsky-Glasberg S,

Leibovici L. Beta lactam antibiotic

monotherapy versus beta

lactam-aminoglycoside antibiotic

combination therapy for sepsis. Cochrane

Database Syst Rev 2014;1:CD003344

139. Tamma PD, Turnbull AE, Harris AD, et al.

Less is more: combination antibiotic therapy

for the treatment of gram-negative

bacteremia in pediatric patients.

JAMA Pediatr 2013;167:903-10

140. Sick AC, Tschudin-Sutter S, Turnbull AE,

et al. Empiric combination therapy for

gram-negative bacteremia. Pediatrics 2014.

[Epub ahead of print]

141. Lutsar I, Trafojer UM, Heath PT, et al.

Meropenem vs standard of care for

treatment of late onset sepsis in children of

less than 90 days of age: study protocol for

a randomised controlled trial. Trials

2011;12:215

142. Paul M, Carmeli Y, Durante-Mangoni E,

et al. Combination therapy for

carbapenem-resistant Gram-negative

bacteria. J Antimicrob Chemother 2014;

69(9):2305-9

143. Multicenter open-label randomized

controlled trial (RCT) to compare colistin

alone versus colistin plus meropenem.

Available from: http://clinicaltrials.gov/show/

NCT01732250

144. Trial for the treatment of extensively

drug-resistant gram-negative bacilli.

Available from: http://clinicaltrials.gov/show/

NCT01597973

145. Korvick JA, Bryan CS, Farber B, et al.

Prospective observational study of Klebsiella

bacteremia in 230 patients: outcome for

antibiotic combinations versus monotherapy.

Antimicrob Agents Chemother 1992;36:

2639-44

146. Kumar A, Safdar N, Kethireddy S,

Chateau D. A survival benefit of

combination antibiotic therapy for serious

infections 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

147. Paul M, Silbiger I, Grozinsky S, et al. Beta

lactam antibiotic monotherapy versus beta

lactam-aminoglycoside antibiotic

combination therapy for sepsis. Cochrane

Database Syst Rev 2006;CD003344

148. Graham PL 3rd, Della-Latta P, Wu F, et al.

The gastrointestinal tract serves as the

reservoir for gram-negative pathogens in

very low birth weight infants. Pediatr Infect

Dis J 2007;26:1153-6

149. Parm U, Metsvaht T, Sepp E, et al.

Mucosal surveillance cultures in predicting

Gram-negative late-onset sepsis in neonatal

intensive care units. J Hosp Infect 2011;78:

327-32

150. Smith A, Saiman L, Zhou J, et al.

Concordance of gastrointestinal tract

colonization and subsequent bloodstream

infections with gram-negative bacilli in very

low birth weight infants in the neonatal

intensive care unit. Pediatr Infect Dis J

2010;29:831-5

151. Das P, Singh AK, Pal T, et al. Colonization

of the gut with Gram-negative bacilli, its

association with neonatal sepsis and its

clinical relevance in a developing country.

J Med Microbiol 2011;60:1651-60

152. Soeorg H, Huik K, Parm U, et al. Genetic

relatedness of coagulase-negative

Staphylococci from gastrointestinal tract and

blood of preterm neonates with late-onset

sepsis. Pediatr Infect Dis J 2013;32:389-93

153. Evans ME, Schaffner W, Federspiel CF,

et al. Sensitivity, specificity, and predictive

value of body surface cultures in a neonatal

intensive care unit. Jama 1988;259:248-52

154. Choi Y, Saha SK, Ahmed AS, et al. Routine

skin cultures in predicting sepsis pathogens

among hospitalized preterm neonates in

Bangladesh. Neonatology 2008;94:123-31

155. Benenson S, Levin PD, Block C, et al.

Continuous surveillance to reduce

extended-spectrum beta-lactamase Klebsiella

pneumoniae colonization in the neonatal

intensive care unit. Neonatology 2012;103:

155-60

156. Cohen MJ, Block C, Levin PD, et al.

Institutional control measures to curtail the

epidemic spread of carbapenem-resistant

Klebsiella pneumoniae: a 4-year perspective.

Infect Control Hosp Epidemiol 2011;32:

673-8

Treatment option for sepsis in children in the era of antibiotic resistance Review

informahealthcare.com 1251

D
ow

nl
oa

de
d 

by
 [

T
ar

tu
 U

el
lik

oo
li]

 a
t 0

8:
37

 0
6 

Ja
nu

ar
y 

20
16

 

http://www.ncbi.nlm.nih.gov/pubmed/21555763?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22935871?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22935871?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22935871?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22423120?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22423120?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22423120?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22423120?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19915879?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19915879?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11673032?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11673032?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11673032?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11673032?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20129148?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20129148?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20129148?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20129148?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20129148?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/832510?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/832510?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12668580?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12668580?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20228081?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20228081?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21740073?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21740073?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21740073?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23294372?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23294372?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23294372?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23294372?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21393131?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21393131?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21393131?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23921724?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23921724?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23921724?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24709936?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24709936?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21958494?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21958494?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21958494?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21958494?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24872346?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24872346?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24872346?dopt=Abstract
http://clinicaltrials.gov/show/NCT01732250
http://clinicaltrials.gov/show/NCT01732250
http://clinicaltrials.gov/show/NCT01597973
http://clinicaltrials.gov/show/NCT01597973
http://www.ncbi.nlm.nih.gov/pubmed/1482131?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1482131?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1482131?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20562695?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20562695?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20562695?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20562695?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20562695?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18043457?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18043457?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18043457?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21684633?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21684633?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21684633?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20539251?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20539251?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20539251?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20539251?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20539251?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21719575?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21719575?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21719575?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21719575?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23080292?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23080292?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23080292?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23080292?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23080292?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3275812?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3275812?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3275812?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18332641?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18332641?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18332641?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18332641?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23235260?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23235260?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23235260?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23235260?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21666398?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21666398?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21666398?dopt=Abstract
http://informahealthcare.com


157. Simon A, Tenenbaum T. Surveillance of

multidrug-resistant Gram-negative

pathogens in high-risk neonates–does it

make a difference? Pediatr Infect Dis J

2013;32:407-9

158. Hsu AJ, Tamma PD. Treatment of

multidrug-resistant gram-negative infections

in children. Clin Infect Dis 2014;58:

1439-48

159. Rodriguez-Bano J, Navarro MD, Retamar P,

et al. Beta-Lactam/beta-lactam inhibitor

combinations for the treatment of bacteremia

due to extended-spectrum

beta-lactamase-producing Escherichia coli:

a post hoc analysis of prospective cohorts.

Clin Infect Dis 2012;54:167-74

160. Tamma PD, Girdwood SC, Gopaul R,

et al. The use of cefepime for treating

AmpC beta-lactamase-producing

Enterobacteriaceae. Clin Infect Dis 2013;57:

781-8

161. Liu C, Bayer A, Cosgrove SE, et al. Clinical

practice guidelines by the Infectious Diseases

Society of America for the treatment of

methicillin-resistant Staphylococcus aureus

infections in adults and children. Clin Infect

Dis 2011;52:e18-55

162. European medicines agency. Available from:

www.ema.europa.eu

163. Oleksiewicz MB, Nagy G, Nagy E.

Anti-bacterial monoclonal antibodies: back

to the future? Arch Biochem Biophys

2012;526:124-31

164. Oviano M, Fernandez B, Fernandez A,

et al. Rapid detection of enterobacteriaceae

producing extended spectrum

beta-lactamases directly from positive blood

cultures by matrix-assisted

laser-desorption-ionization time-of-flight

mass spectrometry (MALDI-TOF-MS).

Clin Microbiol Infect 2014. [Epub ahead of

print]

165. Tangden T, Hickman RA, Forsberg P, et al.

Evaluation of double- and triple-antibiotic

combinations for VIM- and

NDM-producing Klebsiella pneumoniae by

in vitro time-kill experiments. Antimicrob

Agents Chemother 2014;58:1757-62

166. Krishnappa LG, Marie MA, Al Sheikh YA.

Characterization of carbapenem resistance

mechanisms in Klebsiella pneumoniae and

in vitro synergy of the colistin-meropenem

combination. J Chemother 2014. [Epub

ahead of print]

167. Petersen PJ, Labthavikul P, Jones CH,

Bradford PA. In vitro antibacterial activities

of tigecycline in combination with other

antimicrobial agents determined by

chequerboard and time-kill kinetic analysis.

J Antimicrob Chemother 2006;57:573-6

168. Samonis G, Maraki S,

Karageorgopoulos DE, et al. Synergy of

fosfomycin with carbapenems, colistin,

netilmicin, and tigecycline against

multidrug-resistant Klebsiella pneumoniae,

Escherichia coli, and Pseudomonas

aeruginosa clinical isolates. Eur J Clin

Microbiol Infect Dis 2012;31:695-701

169. Betts JW, Phee LM, Hornsey M, et al. In

vitro and in vivo activities of

tigecycline-colistin combination therapies

against carbapenem-resistant

enterobacteriaceae. Antimicrob Agents

Chemother 2014;58:3541-6

170. Lingscheid T, Tobudic S, Poeppl W, et al.

In vitro activity of doripenem plus

fosfomycin against drug-resistant clinical

blood isolates. Pharmacology 2013;91:

214-18

Review Lutsar, Telling & Metsvaht

1252 Expert Rev. Anti Infect. Ther. 12(10), (2014)

D
ow

nl
oa

de
d 

by
 [

T
ar

tu
 U

el
lik

oo
li]

 a
t 0

8:
37

 0
6 

Ja
nu

ar
y 

20
16

 

http://www.ncbi.nlm.nih.gov/pubmed/23340567?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23340567?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23340567?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23340567?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24501388?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24501388?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24501388?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22057701?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22057701?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22057701?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22057701?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22057701?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23759352?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23759352?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23759352?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21208910?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21208910?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21208910?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21208910?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21208910?dopt=Abstract
www.ema.europa.eu
http://www.ncbi.nlm.nih.gov/pubmed/22705202?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22705202?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24395223?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24395223?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24395223?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24395223?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16431863?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16431863?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16431863?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16431863?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21805292?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21805292?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21805292?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21805292?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21805292?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21805292?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24687491?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24687491?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24687491?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24687491?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24687491?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23548688?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23548688?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23548688?dopt=Abstract

	Microorganisms commonly associated with antibiotic resistance
	Penicillin-resistant Streptococcus pneumoniae
	Methicillin-resistant Staphylococcus aureus & Staphylococcus epidermidis
	Vancomycin-resistant enterococci
	Multidrug-resistant gram-negative organisms

	General concept in management of infections caused by MDR microorganisms
	Improving PK/PD properties of first-line antibiotics
	Aminoglycosides
	Toxicity
	The role of therapeutic drug monitoring
	&beta;-Lactams
	Vancomycin
	New antibiotics for resistant microorganisms
	Potential use of &lsquo;old&rsquo; antibiotics with good efficacy against MDR organisms
	Combination versus monotherapy of antibiotics
	Monitoring mucosal colonization
	Treatment recommendations
	Expert commentary
	Five-year view
	Financial & competing interests disclosure

