
UCSF
UC San Francisco Previously Published Works

Title
Beyond Susceptible and Resistant, Part III: Treatment of Infections due to Gram-
Negative Organisms Producing Carbapenemases

Permalink
https://escholarship.org/uc/item/21v705fk

Journal
The Journal of Pediatric Pharmacology and Therapeutics, 21(2)

ISSN
1551-6776

Authors
Narayanan, Navaneeth
Johnson, Linda
MacDougall, Conan

Publication Date
2016-04-01

DOI
10.5863/1551-6776-21.2.110
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/21v705fk
https://escholarship.org
http://www.cdlib.org/


JPPT

110 J Pediatr Pharmacol Ther 2016 Vol. 21 No. 2 • www.jppt.org

Review Article

Beyond Susceptible and Resistant, Part III: Treatment of Infections 
due to Gram-Negative Organisms Producing Carbapenemases

Navaneeth Narayanan, PharmD,1 Linda Johnson, PharmD,2 and Conan MacDougall, PharmD, MAS3

1Ernest Mario School of Pharmacy, Rutgers University, New Brunswick, New Jersey; 2CHI Memorial Hospital, 
Chattanooga, Tennessee; 3Department of Clinical Pharmacy, University of California, San Francisco, School of Pharmacy, 
San Francisco, California

Carbapenemases are enzymes that are capable of inactivating all or almost all beta-lactam antimicrobial 
agents. These enzymes are frequently coexpressed with other resistance mechanisms to non–beta-lactams, 
leading to extremely drug-resistant pathogens. Once a curiosity, these enzymes have spread into organisms 
that are among the most common causes of infection, such as Klebsiella pneumoniae and Escherichia coli. 
Identification of these organisms has proved challenging for clinical microbiology laboratories, leading to 
revisions in susceptibility standards for carbapenems. Although currently a rare cause of infection in chil-
dren, these carbapenem-resistant Enterobacteriaceae (CRE) are becoming endemic in a variety of healthcare 
settings. Management of infections due to CRE is complicated by a lack of effective treatment options and 
clinical data on their effectiveness. Treatment of CRE infections in children is particularly challenging because 
therapeutic options for CRE lack adequate data on dosing and safety in children. Use of unconventional 
combination treatment regimens, including agents to which the organism is resistant in vitro, may provide 
some benefit in the treatment of severe CRE infection. Fortunately, several agents with the potential for 
treatment of CRE infections have been recently approved or are in late clinical development, although few 
data will be available in the short term to inform use in children.

INDEX TERMS: beta-lactamases, drug resistance, Escherichia coli, Klebsiella pneumoniae, microbial
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INTRODUCTION

By far the most commonly used class of anti-
bacterial agents used in children includes the be-
ta-lactams, accounting for almost three-quarters 
of all antibacterial use.1 Acquired (as opposed to 
intrinsic) beta-lactam resistance among Gram-
negative bacteria is typically mediated through 
production of enzymes that hydrolyze the beta-
lactam molecule—beta-lactamases. Among the 
most concerning types of beta-lactamases to 
emerge in recent years are the carbapenemases. 
These enzymes are capable of hydrolyzing all or 
almost all beta-lactam antibacterials, are unaf-
fected by most beta-lactamase inhibitors (BLIs), 
and have shown a predilection for epidemic 
spread.2 The Centers for Disease Control and Pre-
vention recently classified carbapenem-resistant 
Enterobacteriaceae (CRE) as an urgent public 
health threat in the United States, requiring ag-

gressive action.3 However, methods for detection 
and classification of these organisms by clinical 
microbiology laboratories have evolved rap-
idly, potentially increasing risks for inadequate 
detection and treatment. In this article we will 
review the microbiology and epidemiology of 
the most clinically relevant organisms producing 
carbapenemases and discuss the implications for 
antibacterial therapy in children.

MICROBIOLOGY AND EPIDEMIOLOGY

The first carbapenem was developed and 
approved for use in 1985 in response to the 
growing concern of resistance, especially among 
Gram-negative rods.4 Resistance among these 
organisms is primarily the result of the spread 
of beta-lactamase enzymes capable of inacti-
vating most penicillins and cephalosporins.5 
Carbapenems offered greater stability against 
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these beta-lactamases; however, within a few 
years carbapenemases, which are capable of 
hydrolyzing almost all beta-lactams, including 
carbapenems, were identified. Carbapenemases 
can be located on plasmids or chromosomes 
and, like the extended-spectrum beta-lactamases 
(previously reviewed in the series6), are always 
expressed, even in the absence of their substrate.2

Carbapenemases, like the other beta-lacta-
mases, are generally classified into functional 
groups and molecular classes. Under the func-
tional group system developed by Queenan and 
Bush,2 carbapenemases fall within groups 2f, 2df, 
and 3. Under the molecular class scheme devel-
oped by Ambler and colleagues, carbapenemases 
belong to classes A, B, and D.2 At present, there 
are 2 primary types of carbapenemases reported 
in Enterobacteriaceae: metallo–beta-lactamases 
(MBLs) and serine beta-lactamases. The MBLs 
belong to functional group 3a and molecular class 
B. These beta-lacatamases acquired their name 
from the presence of a zinc ion at its active site, 
involved in hydrolysis of the beta-lactam ring. 
As a result of this zinc dependency, the metal 
ion chelator ethylenediamine tetraacetic acid 
(EDTA) is able to inhibit MBL activity, and, thus, 
inhibition by EDTA is one means by which the 
presence of this enzyme is determined. In con-
trast, traditional BLIs such as clavulanate do not 

affect MBL activity. Metallo–beta-lactamases are 
capable of hydrolyzing all beta-lactams except 
aztreonam (Table 1).2 However, coproduction of 
other beta-lactamases, such as AmpCs and ex-
tended-spectrum beta-lactamases, often hinders 
the use of aztreonam.7 The most prevalent MBLS 
are the IMP (active on imipenem), VIM (Verona 
integron-encoded metallo-beta-lactamase), and 
New Dehli metallo-beta-lactamase (NDM) 
types.8 Serine beta-lactamases, the second type 
of carbapenemases, utilize serine at their active 
site and are weakly inhibited by traditional BLIs 
(clavulanic acid, sulbactam, and tazobactam). 
These enzymes are capable of hydrolyzing all 
beta-lactams including aztreonam (Table 1). 
Although weakly inhibited by beta-lactamase 
inhibitors in vitro, the current Food and Drug 
Administration (FDA)–approved beta-lactam–
beta-lactamase inhibitor (BLBLI) combinations 
are not considered to be clinically effective 
against carbapenemase-producing organisms.2 
However, avibactam, a novel BLI, has broader 
inhibitory activity, and the combination agent 
ceftazidime/avibactam, the newest BLBLI, is 
promising against oxacillin-hydrolyzing (OXA-
48) carbapenemases and Klebsiella pneumoniae 
carbapenemases (KPCs),9–11 which are the most 
prevalent carbapenemases in North America and 
will be the primary subject of this article.12

Table 1. Comparison of Carbapenemases

Carbapenemases

IMP, VIM NDM OXA KPC

Molecular class B D A

Functional group 3a 2df 2f

Hydrolytic activity versus β-lactams*

  Penicillins + + + +

  First- and Second-generation cephalosporins + + + +

  Third- and fourth-generation cephalosporins + + ± +

  Carbapenems + + ± +

  Aztreonam − − − +

Inhibition profile†

  Clavulanate, sulbactam, tazobactam − − ± ±

  Avibactam − − ± +

  EDTA + + − −

EDTA, ethylenediamine tetraacetic acid; IMP, active on imipenem; KPC, Klebsiella pneumoniae carbapenemase; NDM, New Delhi metallo–
beta-lactamase; OXA, oxacillin-hydrolyzing; VIM, Verona integron-encoded metallo–beta-lactamase
* + = strong hydrolytic activity; ± = variable hydrolytic activity; − = weak hydrolytic activity
† + = strong enzyme inhibition; ± = variable enzyme inhibition; − = weak enzyme inhibition

Beyond Susceptible and Resistant
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Although all carbapenemases have the ca-
pacity to hydrolyze carbapenems, the rate and 
extent of hydrolysis vary, resulting in a range 
of susceptibilities from a fully susceptible to a 
highly resistant isolate. There are several factors 
thought to contribute to this variability, including 
the amount of carbapenemase that is produced, 
the specific carbapenem tested, the organism in-
volved, and the coexistence of other mechanisms 
of resistance, such as porin loss, efflux pumps, 
and the expression of other beta-lactamases. 
OXA-48 carbapenemases typically have the low-
est minimum inhibitory concentrations (MICs) to 
carbapenems and, consequently, are the hardest 
to identify, followed by MBLs and lastly KPCs, 
which have the highest MICs.13

Carbapenemases were particularly difficult to 
identify using the Clinical Laboratory Standards 
Institute (CLSI) methodologies established prior 
to 2011,14 leading the CLSI to lower its cutoffs 
for susceptibility (breakpoints) for carbapen-
ems in 2011 (Table 2). The rationale behind this 
decision was the desire to efficiently capture all 
carbapenemase producers, especially KPCs, and 
to avoid the routine use of the Modified Hodge 
Test (MHT).15 The MHT is the only test recom-
mended by CLSI for the phenotypic detection 
of CRE. The MHT is currently recommended 
for use in microbiology laboratories that have 
not yet adopted the current CLSI guidelines; 
in these laboratories, the MHT should be per-
formed whenever the organism is resistant to 
all third-generation cephalosporins and if the 
MIC to meropenem, imipenem, or ertapenem 
is ≥ 2 mg/L.16 However, the MHT has a number 
of shortcomings, such as not being able to dis-
tinguish between carbapenemase types, lacking 
sensitivity for MBL detection, and requiring large 
amounts of time.16,17 A recent study by Doyle and 
colleagues18 described 58% sensitivity and 93% 

specificity for identifying carbapenemases using 
this method.

Other phenotypic tests include inhibitor-based 
tests, such as EDTA and phenanthroline against 
MBLs, phenylboronic acid against KPCs in com-
bination with a carbapenem in disk-diffusion, 
broth dilution, or the E-test.16,17,19 Other tests 
may detect degradation products of carbapenem 
hydrolysis, such as the Carba NP test or mass 
spectrometry, with matrix-assisted laser desorp-
tion ionization-time of flight (MALDI-TOF).16,20,21 
Genotypic tests via polymerase chain reaction 
(PCR) are also available and can be used to detect 
specific resistance genes.16 Although CLSI cur-
rently does not recommend routine phenotypic 
or genotypic tests to confirm carbapenemase 
production, many of these new detection meth-
ods are promising and may play a larger role in 
guiding therapy with the wide dissemination of 
existing carbapenemases and the discovery of 
new carbapenemases.

In the United States, the first organism pro-
ducing a KPC-type enzyme was identified in 
1996 in North Carolina and has now spread to 
48 states and the District of Columbia according 
to Centers for Disease Control and Prevention 
data.22 Data regarding the prevalence of CRE 
in pediatric patients are limited. Antimicrobial 
susceptibility data from The Surveillance Net-
work Database-USA explored the prevalence of 
carbapenemase-producing Klebsiella pneumoniae 
from 2002 to 2010 from about 287 sites. The study 
found that by 2010, the rates of carbapenemase 
production among pediatric isolates was about 
1.01%.23 In addition to this report, only case re-
ports or single-center cohort studies in pediatrics 
are available. Little et al24 described 6 cases of 
CRE confirmed by PCR in their pediatric patient 
population in Seattle, Washington, between 2002 
and 2010. Marchaim et al25 also described 3 cases 

Table 2. Clinical Laboratory Standards Institute (CLSI) Recommendations for Routine Identification of Carbapenemases14,16 

Prior to 2010, mg/L Current, mg/L

Cutoff for susceptibility in Enterobacteriaceae

  Doripenem N/A ≤1

  Ertapenem ≤2 ≤0.5

  Imipenem ≤4 ≤1

  Meropenem ≤4 ≤1

Phenotypic test recommended to accompany MIC testing MHT None
MHT, Modified Hodge Test; MIC, minimum inhibitory concentration; NA, not available
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of KPCs in pediatric patients confirmed by PCR 
over a 1-year period from 2008 to 2009. Lastly, 
a retrospective cohort study26 performed at the 
Children’s National Medical Center in Wash-
ington, DC, from 2009 through 2011 identified 
13 patients with CRE infection or colonization 
confirmed by the MHT.

Based on the published studies to date, health-
care exposure remains the most common risk 
factor for CRE acquisition. Logan8 published 
a review of pediatric cases of CRE from 2002 
through 2010. A total of 63 cases were identified 
from 5 different countries, and of those cases, 
87% were hospital-acquired infections. Other risk 
factors identified include critical illness, comor-
bid conditions, presence of indwelling devices, 
history of surgery, receipt of immunosuppressive 
agents, and prior antibiotic use.

TREATMENT OF INFECTIONS DUE TO KPC-
PRODUCING ORGANISMS

Antimicrobial Agents
Therapeutic options for infections due to KPC-

producing organisms are limited. The evidence 
for use of antimicrobial agents for treatment is 
primarily derived from in vitro and observational 
studies (Table 3). Data from clinical studies are 

scarce and are urgently needed to guide treat-
ment decisions.

There is little evidence to support the use of 
carbapenem monotherapy in the treatment of 
KPC-producing organisms. Pooled data from 
Tzouvelekis et al19 showed an association be-
tween increasing carbapenem MIC and the 
probability of treatment failure with carbapenem 
monotherapy in patients infected with CRE. 
Treatment failure increased with MIC from 28.6% 
(MIC = 4 mg/L) to 33.3% (MIC = 8 mg/L) and 
was as high as 75% for patients infected with 
an organism with an MIC of > 8 mg/L. The 
moderate treatment success against organisms 
with a MIC of ≤ 8 mg/L, which is considered 
meropenem-resistant by CLSI interpretative 
breakpoints, suggests carbapenems may still 
provide some benefit in the treatment of these 
extensively drug-resistant organisms, possibly 
in combination with other in vitro active agents 
such as colistin.27,28 Pharmacokinetic-pharmaco-
dynamic (PK-PD) modeling demonstrates the 
potential for improved likelihood of adequate 
drug exposure against organisms with elevated 
MICs when dose optimization strategies such 
as high-dose, prolonged infusion regimens are 
employed.29

The emergence of multidrug-resistant Gram-

Table 3. In Vitro Activity of Antimicrobial Agents Against Carbapenemase-Producing Enterobacteriaceae

Antibiotic % Susceptible

Ceftazidime-avibactam38 98

Colisitin43 88

Polymyxin B28 93

Tigecycline 28,38,43 91-100

Meropenem28 20*

Ertapenem28 5

Piperacillin-tazobactam28,38 0

Amikacin28 53

Gentamicin28,38,43 49-94

Ciprofloxacin28 15

Levofloxacin38 7

Ceftriaxone38 0

Cefepime28 19

Aztreonam28 10

CLSI, Clinical Laboratory Standards Institute; MIC, minimum inhibitory concentration
* Most (if not all) isolates would have been classified as resistant with the use of the updated CLSI breakpoints after 2010 (MIC50/90 > 8)15
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negative bacteria has brought forth the resur-
gence of polymyxin antibiotics, polymyxin B 
and colistin (polymyxin E), into clinical practice. 
Polymyxins are broad-spectrum antibiotics 
with activity against multidrug-resistant Gram-
negative aerobic bacilli including CRE.30,31 The 
major dose-limiting toxicity is nephrotoxicity; 
approximately 18% to 61% of patients receiving 
polymyxins develop nephrotoxicity.32 Tigecycline 
is another parenterally administered, broad-
spectrum antibiotic with potent in vitro activity 
against CRE.30 Tigecycline has a large volume of 
distribution that leads to extensive distribution 
into tissue, resulting in minimal serum drug 
concentrations.33 This raises a substantial concern 
for patients with bacteremia, in whom tigecycline 
administration may not achieve adequate serum 
concentrations. The FDA issued a “Boxed Warn-
ing” citing an increase in all-cause mortality with 
tigecycline monotherapy compared to compara-
tor antibiotics in a meta-analysis of Phase III and 
IV clinical trials.34 Finally, like all tetracyclines, 
there is a warning against use of tigecycline in 
patients younger than 8 years of age as a result 
of permanent tooth discoloration. Fosfomycin is 
an oral antibiotic used primarily in the United 
States for the treatment of urinary tract infections 
(UTIs). It is recommended by the Infectious Dis-
eases Society of America’s international clinical 
practice guidelines as a first-line agent for the 
treatment of acute uncomplicated cystitis.35 Fos-
fomycin has shown potent in vitro activity against 
MDR Gram-negative bacteria, including KPC-
producing organisms.36 In a retrospective study 
conducted by Neuner et al37 assessing treatment 
of MDR UTIs, 92% of the carbapenem-resistant 
K pneumoniae were susceptible to fosfomycin in 
vitro, although only 46% showed microbiologi-
cal cure.

Ceftazidime/avibactam is a broad-spectrum 
BLBLI combination that shows promise in the 
treatment of multidrug-resistant Gram-negative 
organisms, including carbapenem-resistant spe-
cies.38 It is now FDA-approved for the treatment 
of complicated intra-abdominal infections (in 
combination with metronidazole) and compli-
cated UTIs (including pyelonephritis) in adult 
patients. Because of its designation as a “Quali-
fied Infectious Disease Product” under recent leg-
islation aimed at speeding approval of drugs to 
treat resistant bacteria, its approval was based on 
2 Phase II clinical trials of ceftazidime-avibactam, 

with Phase III trials underway (including a trial 
for treatment of nosocomial pneumonia).39–42 
Ceftazidime-avibactam is one of the few anti-
microbial agents with reliable activity against 
KPC-producing Gram-negative bacteria. An in 
vitro study43 of the agent showed good activity 
against meropenem–non-susceptible K pneumoni-
ae (MIC50/90, 0.5/2 mg/L), with 98.3% of isolates 
(n = 115) susceptible to ceftazidime-avibactam 
(using CLSI breakpoints for ceftazidime). There 
are currently minimal published reports related 
to the use of ceftazidime/avibactam for infections 
due to KPC-producing bacteria, but the in vitro 
activity is promising and will offer a key thera-
peutic option to the limited arsenal, especially 
because of its favorable toxicity profile compared 
to other options.

Two new agents with activity against MDR 
Gram-negative bacteria are in development. 
Meropenem-RPX7009 is a combination of a 
carbapenem and a novel BLI with substantial 
activity against KPC-producing Enterobacteria-
ceae.44 Currently it is being studied in a Phase 
III clinical trial evaluating the efficacy compared 
to the best available therapy for the treatment 
of select serious infections due to CRE in adult 
patients.45 Imipenem/cilastatin-relebactam (for-
merly MK7655) is another antibiotic combination 
under development. Relebactam, a novel BLI, has 
in vitro data showing its ability to improve the 
activity of imipenem against KPC-producing En-
terobacteriaceae.46 This combination is currently 
being studied in 2 Phase II clinical trials (com-
plicated UTI and complicated intra-abdominal 
infection) in adult patients.47

Monotherapy Versus Combination Therapies
The available options lack high-quality clinical 

evidence regarding their efficacy for severe infec-
tions caused by KPC-producing Gram-negative 
bacteria. Clinical outcomes are frequently poor 
even when treatment is susceptible in vitro. Data 
from observational and case studies suggest that 
combination antibiotic therapy may provide 
some benefit over monotherapy in terms of clini-
cal outcomes.48–50 Tumbarello et al48 conducted 
a multicenter, retrospective cohort study of 125 
patients with KPC-producing K pneumoniae 
bloodstream infections treated with various 
monotherapy (mainly tigecycline or colistin) or 
2-3-drug combination therapy regimens (mainly 
tigecycline/colistin, tigecycline/gentamicin, 
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and tigecycline/colistin/meropenem). Median 
patient age in the study was around 62 years, 
mean APACHE III score was in the 30s, and more 
than 50% of patients had an unknown source 
of bacteremia. Death within 30 days of the first 
positive blood culture was the main outcome 
measure. There was a significantly higher likeli-
hood of 30-day mortality in patients treated with 
monotherapy versus those treated with combina-
tion therapy (54.3% versus 34.1%; p = 0.02). In 
logistic regression analysis, definitive treatment 
with a combination of tigecycline, colistin, and 
meropenem was associated with lower risk of 
mortality (odds ratio [OR] 0.11; 95% confidence 
interval [CI]: 0.02-0.69; p = 0.01). The 30-day 
survival rate with the combination treatment of 
tigecycline plus colistin was 69.7%; addition of 
meropenem to the regimen improved survival 
to 87.5%. Improved survival was only associated 
with use of a carbapenem-containing regimen in 
this study.

Qureshi et al49 also conducted a retrospective 
study assessing clinical outcomes of 41 patients 
with bacteremia due to KPC-producing K pneu-
moniae treated with monotherapy (mainly colis-
tin–polymyxin B or tigecycline) or combination 
therapy (most commonly colistin–polymyxin B 
or tigecycline plus a carbapenem). About 40% 
of patients in the study were over the age of 65 
years, 50% had APACHE II scores greater than 
20, and more than 50% were admitted to the 
intensive care unit at enrollment. The outcome 
of 28-day mortality was significantly lower in 
the combination therapy group compared with 
the monotherapy group (13.3% versus 57.8%, p 
= 0.01), although the combination therapy group 
had significantly more transplant patients than 
the monotherapy group (53.3% versus 0%, p ≤ 
0.001). In a multivariate analysis, combination 
therapy was independently associated with de-
creased mortality (OR 0.07; 95% CI: 0.009-0.71; 
p = 0.02).

Daikos et al50 performed a retrospective ob-
servational study evaluating 205 patients with 
carbapenemase-producing K pneumoniae blood-
stream infections. A majority of these patients 
(79.5%) were infected with KPC or KPC/VIM. 
The average patient age in the study was in the 
60s; about 67% of patients met sepsis criteria, 
with about 20% in septic shock; and the primary 
source of infection was non–urinary tract sites. 
There was significantly higher mortality in pa-

tients treated with monotherapy compared with 
patients treated with combination therapy (44.4% 
versus 27.2%; p = 0.018). The most common 
monotherapy agents were tigecycline or colis-
tin. The lowest mortality rate (19.3%) occurred 
in patients treated with a combination therapy 
regimen containing a carbapenem. In the Cox 
proportional hazards ratio model, combination 
therapy was associated with improved survival 
versus monotherapy (Hazard ratio 2.08; 95% CI: 
1.23-3.51; p = 0.006), which was primarily driven 
by carbapenem-containing combination therapy 
regimens. These data are consistent with those 
from an earlier publication27 that compiled sev-
eral case reports, case series, retrospective stud-
ies, and one prospective observational study and 
concluded that carbapenems may have activity 
against KPCs with an MIC of ≤4 mg/L and that 
this activity may be enhanced with large-dose 
prolonged infusion carbapenems (to optimize 
PK-PD target attainment) in combination with 
another in vitro active agent.

Paul et al51 completed a meta-analysis of 
16 studies and case series comparing colistin 
monotherapy versus colistin-based combina-
tion therapy for treatment of infections due to 
carbapenemase-producing or cabapenemase-
resistant Gram-negative bacteria. There were 
no randomized controlled trials assessing the 
treatment outcomes of KPC-producing bacteria. 
The pooled analysis of colistin versus colistin-
combination (carbapenem, tigecycline, or ami-
noglycoside) therapy did not show a difference 
in mortality. Tzouvelekis et al19 also performed 
a literature review and consolidation of data 
from low-quality evidence primarily composed 
of observational studies and case series. A total 
of 161 patients were identified with infections 
due to KPC-producing K pneumoniae, which 
included bloodstream infections as the majority. 
The composite analysis included an additional 
140 patients infected with MBL-producing K 
pneumoniae. Treatment failure rates were assessed 
in reference to 7 treatment regimen groups: 
combination therapy with ≥ 2 active drugs (one 
being a carbapenem), combination therapy with 
≥2 active drugs (no carbapenem), carbapenem 
monotherapy, aminoglycoside monotherapy, 
tigecycline monotherapy, colistin monotherapy, 
and, lastly, inappropriate therapy. The lowest fail-
ure rate (8.3%) was observed in the carbapenem 
combination therapy group. On the other end of 
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the spectrum, monotherapy with tigecycline or 
colistin had comparable failure rates to patients 
categorized as receiving inappropriate therapy.

Considerations for Pediatrics
Data for the treatment of KPC-producing or-

ganisms are limited in adults, but even more so 
in the pediatric population. A recent review of 
the literature by Logan8 identified 6 studies that 
included 63 children with infection due to CRE. 
The cases had a worldwide geographic distribu-
tion with only 11% from the United States. There 
were 24 cases with data on antibiotic treatment, 
with the majority of children receiving amino-
glycosides as either monotherapy or as part of 
combination therapy. Children in the study were 
typically very young, critically ill, and had ad-
ditional risk factors, such as immunosuppressive 
therapy and prior antibiotic use. At this time, 
there are no well-controlled clinical trials to serve 
as high-quality evidence for treatment of KPC-
producing organisms in pediatrics. Currently, 
clinicians treating pediatric patients are mainly 
guided by data from observational studies in the 
adult population.

Dosing in children is an important consider-
ation in order to maximize the effectiveness of 
the limited treatment options. Unfortunately, few 
data exist to guide dosing in younger children. 
A Monte Carlo simulation study by Courter 
et al28 demonstrated that the use of large-dose 
prolonged infusion carbapenems (meropenem 
40 mg/kg/dose intravenously every 8 hours 
infused over 3 hours) improves the likelihood of 
achieving adequate drug exposure (40% T > MIC) 
for an MIC of 8 mg/L as compared to a standard 
30-minute infusion, with 97% versus 33% target 
attainment, respectively. Dosing of colistin in 
pediatrics is mainly guided by the manufacturer 
recommendations of a dose of 2.5 mg/kg/dose 
of colistin base activity (CBA) intravenously 
every 12 hours.52 There are no formal studies 
assessing the use of a loading dose, but several 
investigators53 have suggested the use of a load-
ing dose (5 mg/kg of CBA) in order to achieve 
target serum drug concentration more rapidly. 
The use of tigecycline in pediatrics is limited by 
toxicity concerns, and dosing recommendations 
are based on pharmacokinetic studies (8-11 years: 
1.2 mg/kg/dose every 12 hours with a maximum 
of 50 mg per dose; 12-17 years: 50 mg every 12 
hours).53 At this time, there are no clinical data 

or dosing guidance for ceftazidime-avibactam 
in pediatric patients, although there is an ongo-
ing Phase I study54 of ceftazidime-avibactam in 
pediatrics assessing the pharmacokinetics, safety, 
and tolerability of a single dose in children from 
3 months to 18 years of age.

CONCLUSIONS

Once a concerning but rare phenomenon, 
carbapenemase-producing organisms have 
developed into a serious public health threat. 
Although to date there have been relatively few 
infections in children, as CRE becomes endemic 
in healthcare settings the risks of spread into the 
pediatric population are substantial. The rela-
tionships between in vitro susceptibility testing 
and clinical outcomes for these organisms are 
only beginning to be definitively studied. For 
example, despite in vitro resistance, there may be 
a role for aggressively dosed carbapenems as part 
of combination therapy regimens. Unfortunately, 
few data exist to guide treatment recommenda-
tions or dosing in children. One new agent with 
potent activity against KPC-producing organ-
isms has been recently approved, and some 
promising agents are in late-stage development. 
It will take these efforts and more to avoid the 
prospect of a “new normal” wherein common 
bacterial pathogens like Klebsiella routinely cause 
untreatable infections.
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lactamase; OR, odds ratio; OXA-48, oxacillin-hydrolyzing; 
PCR, polymerase chain reaction; PK-PD, pharmacokinetic-
pharmacodynamic; UTI, urinary tract infection; VIM, Verona 
integron-encoded metallo–beta-lactamase
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