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Introduction

Use of antibiotics, not only overuse and misuse, in both humans and animals has been a main
factor accelerating the process of antibiotic or antimicrobial resistance worldwide (1). Antimi-
crobial resistance is the ability of disease-causing bacteria (i.e. pathogens) to change and resist
the effects of several drugs, created to destroy pathogens or to stop them from growing and
multiplying (2). Several biochemical mechanisms of resistance exist, including mutational al-
teration of the target protein, enzymatic inactivation of the antibiotic drug, acquisition of genes
for less susceptible target proteins from other species, bypassing of the target or preventing
drug access to the target (3). All types of bacteria have the ability to become drug-resistant, and
occurrence of resistance has been observed for almost all antibiotics that have been in common
use (4). During the last decades, several bacterial pathogens have evolved into multidrug-
resistant (MDR) forms both in developed and developing countries at an expanding rate (5,
6)(7).

Some of the most important MDR pathogens that currently cause infection in hospital and in
the community are the so-called “ESKAPE” pathogens (Enterococcus faecium, Staphylococ-
cus aureus, Klebsiella pneumoniae, Acinetobacter baumanii, Pseudomonas aeruginosa, and
Enterobacter species), emphasizing their capacity to “escape” the effects of routine antibiotics
(8, 9). Of special concern are several MDR Gram-negative pathogens such as enterobacteri-
aceae (mostly Klebsiella (K) pneumoniae and extended-spectrum beta-lactamase [ESBL] pro-
ducing enterobacteriaceae), Pseudomonas (P) aeruginosa, and Acinetobacter (A) species (10),
which are becoming resistant to almost all antibiotics available, creating situations reminiscent
of the pre-antibiotic era (11). K. pneumoniae can cause nosocomial pneumonia, bloodstream
infections, wound or surgical site infections, meningitis as well as urinary tract infection, and
has developed extensive antimicrobial resistance, most recently to carbapenems (12). Accord-
ing to the European Centre for Disease Prevention and Control Antimicrobial Resistance Sur-
veillance Network (EARS-Net) (13), 22% of all K. pneumoniae were resistant in 2011 to at
least three antimicrobial classes, and a substantial increase in resistance to carbapenems in K.
pneumoniae from 8% to 15% was reported over the period 2005-2010. ESBL-producing en-
terobacteriaceae are responsible for a variety of community-onset and hospital-acquired infec-
tions and are associated with poor clinical outcomes (14, 15). P. aeruginosa is one of the main
causes of serious nosocomial infections in Europe including pneumonia, bloodstream infec-
tions, and urinary tract infections (16). Antimicrobial resistance in P. aeruginosa is common

in Europe, with a majority of the 29 EARS-Net countries reporting resistance above 10 % for



all antimicrobial groups under surveillance (13). In addition, 15% of P. aeruginosa infections
were resistant to at least three antimicrobial groups and 6% were resistant to all five antimicro-
bial groups under regular EARS-Net surveillance (13). Centers for Disease Control and Pre-
vention has estimated that 6,700 cases of MDR P. aeruginosa occur annually in United States
causing 440 deaths (4). A. baumannii can cause a variety of infections including pneumonia
and bloodstream infections, which are associated with high mortality and morbidity (17, 18).
Today, A. baumannii has extensive resistance to most first-line antibiotics (19). Centers for
Disease Control and Prevention has estimated that 7,300 of MDR A. baumannii infections oc-
cur annually in United States, causing 500 deaths (4). A. baumannii has also become an issue
in war conflict zones and has spread particularly in the United Kingdom and the United States
(20).

Other MDR Gram-negative bacteria are emerging, e.g. Stenotrophomonas (S) maltophilia. In-
fections due to S. maltophilia have a high mortality and incidence of hospital-acquired infection
due to S. maltophilia is increasing, particularly in the immunocompromised patient population.
Further, cases of community-acquired S. maltophilia have also been reported (21).

The World Health Organization has recently identified antimicrobial resistance as one of the
three most important problems facing human health (6). MDR infections constitute a serious
public health problem because they are difficult to treat effectively, leading to longer hospital
stays, treatment failures, and adverse outcomes such as complications and death (1, 22). The
prevalence of MDR Gram-negative bacteria varies considerable across the world. For example,
quinolone resistance in urinary E.coli has been reported to be as high as 70% in China and
India, whreas 4.2% of E.coli were resistant to third-generation of cephalosporins and 6.9%
were resistant to fluoroquinolones. In addition, carbapenem resistance is 60% in K. pneu-
moniae in Greece, whereas is is reported to be 0.2% in the Netherlands (23) Analyses from the
European Centre for Disease Prevention and Control in 2009 estimated that infections caused
by a subset of resistant bacteria are responsible for about 25,000 deaths in Europe annually
(24). The overall crude economic burden of antibiotic resistance in Europe has been estimated
to at least 900 million Euro in healthcare costs and 600 million Euro a year in lost productivity
(22, 25).

Despite the rise in MDR organisms, there is a scarcity of data on which antimicrobial treatment,
alone or in combination, is currently guideline-recommended in Europe and used in clinical
practice. Available guidelines that are used in Europe come from the US and Australia (26).
For example, the University of Washington offers specific detailed recommendations for anti-



biotic dosage and treatment of e.g. MDR Pseudomonas and Acinetobacter. In Australia, spe-
cific antibiotic treatment recommendations for MDR bacteria in urology (27) and for third-
generation cephalosporin-resistant enterobacteriaceae and carbapenem-resistant enterobacte-
riaceae (28) are in place. These guidelines are not fully applicable to European countries due
to the difference in incidence of Gram-negative bacteria and healthcare systems. Also, the most
recent data used in these guidelines are from 2015, which, because of the expanding evolution
of MDR gram negative bacteria, may already be obsolete. Current European guidelines, avail-
able in English, mostly focus on preventative measures thought to reduce the occurrence of
MDR Gram-negative bacteria, including hygienic measures, strict MDR control, and antimi-
crobial stewardship. But controversies regarding even prevention are found throughout Europe
(29).

In conclusion, current official recommendations in Europe are based on systematic reviews that
suggest different methods to prevent and control MDR Gram-negative infections, but provide
little data on new and alternative antibiotic treatment options and therefore provide little firm
guidance on specific treatment choices and algorithms (8, 30-35). Previous systematic reviews
are based on studies that are heterogeneous and are struggling with small, diverse populations
from single centers, comparing various antimicrobial treatment options and providing different
results. Clinical data addressing these considerations are neither overwhelming nor definitive
(36, 37).

Objectives

To investigate, systematically, the available literature and guidelines, as well as to capture the
current practice for treatment of infections due to MDR Gram-negative pathogens for which
limited therapeutic options are available.

Specific objectives:

1. To perform systematic review of all relevant published articles and reports providing guide-
lines on treatment options for MDR Gram-negative infections (Study 1).

2. To investigate, using a cross-sectional survey of pharmacists or clinicians in a range of se-
lected reference hospitals, current treatment protocols and/or antibiotics prescribing patterns
used to treat infections due to MDR Gram-negative pathogens, irrespective of the body site
(Study 2).

3. To perform cohort study with patient-level information within hospitals on pattern of pre-
scriptions (e.g. frequency, duration, switching) and relevant outcome data (Study 3).



Study 1 - Systematic literature review

1. Aim

The purpose of this systematic review was to identify and critically appraise current evidence-
based antimicrobial treatment options for infections with MDR Gram-negative bacteria, focus-
ing on infections with P. aeruginosa, A. baumannii, ESBL-producing enterobacteriaceae and
S. maltophilia in an attempt to provide guidance for specific treatment choices and algorithms.

2. Methods

2.1. Eligibility criteria

We included randomized studies (clinical trials, controlled clinical trials, randomized con-
trolled trials), observational studies, meta-analyses, reviews, systematic reviews, and guide-
lines that investigated any antimicrobial treatment for infections caused by MDR Gram-nega-
tive bacteria (P. aeruginosa, A. baumannii, ESBL-producing enterobacteriaceae, or S. malto-
philia).

Our population of interest was adult patients, 18 years or older, who had a confirmed MDR
infection and received antimicrobial treatment. We included studies that evaluated the out-
comes of specific MDR Gram-negative bacteria with regard to the administered antimicrobial
treatment. Studies directly comparing outcomes following different antibiotic treatments were
of particular interest. However, we also included studies reporting on outcome of specific treat-
ments without a comparison treatment group. Our primary outcome of interest included clinical
success from initiation of treatment until discharge or death. Clinical success was defined as
complete resolution or substantial improvement of signs and symptoms of the index infection,
such that no further antibacterial therapy was necessary. Our secondary outcomes were mor-
tality irrespective of follow-up time after infection or initiation of treatment and microbiologi-
cal success measured by microbiological response, suppression or eradication, bacteriological
count, and laboratory outcome.

Studies published from 2006-2017 in English were included. In addition, studies under publi-
cation or unpublished studies conducted at Aarhus University by the co-authors (medical stu-
dents SMN, CSJ and JA) were included (38).



2.2. Information source

Studies were identified by searching electronic databases (MEDLINE through PubMed) for
articles and scanning reference lists of the included published articles. We limited our search
to English to reflect the language capabilities of our team. Our search started on 20 September
2017 and ended on 29 September 2017.

2.3. Literature search

Our search strategy included the following search terms ”multidrug resistant” AND “gram neg-
ative bacteria” AND “Escherichia coli” OR ”Pseudomonas aeruginosa” OR ”Acinetobacter
baumannii” OR ”Stenotrophomonas maltophilia” OR "ESBL”. The search terms covered title
of the papers.

We limited our search to the English language and to studies published from 1 January 2006 to
1 September 2017; and studies on adult patients (>18 years). MeSH terms were not used to

ensure that the latest published articles were part of the search result.

2.4. Study selection

Our initial search targeted articles that 1) evaluated infections with MDR E. coli, P. aeruginosa,
A. baumannii, S. maltophilia, or ESBL enterobacteriaceae, 2) mentioned a potential antimi-
crobial treatment, and 3) included information on outcome of treatment. We included studies
with any method of diagnosing MDR infection and any antimicrobial treatment. Any site of
infection was included as well, e.g. respiratory tract and blood stream.

Studies were selected through a three-stage selection process:

First, a literature search for articles on the MDR Gram-negative bacteria included in the title
was performed independently by three co-authors (SMN, CSJ and JA) with selection of relevant
papers.

At the second stage, abstracts were reviewed against two other eligibility criteria (administered
antimicrobial treatment and outcome of interest) by three co-authors (SMN, CSJ and JA). Due
to different nomenclature for MDR, we decided, after consulting with a senior author (ABP),
to include different synonyms (e.g. carbapenem-resistance and XDR) in the study selection
process to insure inclusion of all articles concerning MDR bacteria. The latest search was done
on 27 September 2017.

At the third stage, the included articles were distributed evenly between the three co-authors

(SMN, CSJ and JA) and examined in detail according to a predefined extraction form.



At each stage, disagreements about fulfilment of eligibility criteria between co-authors (SMN,
CSJ and JA) were resolved by consensus or in consultation with a senior author (ABP).

Due to lack of material, consensus between the three co-authors (SMN, CSJ and JA) was made
to overlook the age criteria when including articles regarding S. maltophilia.

The results of our search strategy and selection process are presented in Figure 1.

2.5. Data extraction and assessment of quality of the studies

We developed a structured data extraction form, pilot-tested it on six included studies and re-
fined it accordingly.

The following information on all included studies was extracted: author names, year of publi-
cation and country of origin, study design, study period, characteristics of the study population
(size, age, inclusion criteria, and site of infection), follow-up time, antimicrobial treatment and
administration, outcome evaluated, factors reported as being adjusted for, statistical analyses,
and risk estimates with p-values. Each review author presented extracted data and discussed
with the other two review authors. If a review author had any doubt regarding extracted data,
the paper was reviewed by another review author and disagreements were resolved by discus-
sion between the two review authors or in consultation with a senior author.

Duplicate publications were removed continuously.

Quality and risk of bias in individual studies were assessed at the study and outcome level by
three authors jointly (SMN, CSJ and JA), using the Study Quality Assessment Tool from The
National Heart, Lung and Blood Institute (39). The results of the quality assessment are pre-
sented in Table 1-4. Each study was quality rated according to one of the following categories:
poor quality 0-40%, fair quality 41-80%, and good quality 81-100% based on the proportion of
yes answers among all relevant questions (39). Disagreements about quality assessment be-

tween three co-authors were resolved by consensus or in consultation with a senior author.

2.6. Summary measures

The following measures of treatment were included: absolute risks, absolute risk difference, p-
values, hazard ratio (HR), relative risk, and odds ratio with 95% confidence intervals (ClI).

Unadjusted and adjusted measures were included if available.

2.7. Planned methods of analyses

We focused primarily on describing the studies, their results, their applicability, and their lim-
itations and on a qualitative synthesis of the results.
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We have further planned to quantifying effect measures in a weighted formal meta-analysis if
there is a consistency in the study designs, participants, antimicrobial treatment, and reported

outcome measures.

3. Results

3.1. Study selection

The literature search yielded 580 studies.

After initial screening of titles for eligibility criteria, 380 studies were excluded.

After screening of the remaining 200 abstracts, 133 articles were further excluded because they
did not meet the eligibility criteria.

After reviewing the 67 full-text articles, 41 articles were excluded because they did not fulfill
the eligibility criteria.

An additional 14 articles were identified and included by checking the references of located,
relevant papers and 1 additional article was included from a prior unpublished study conducted
at Department of Clinical Epidemiology, Aarhus University Hospital, Aarhus, Denmark by the
co-authors SMN, CSJ and JA.

A total of 41 articles were included in the qualitative systematic review (Figure 1).
Characteristics and quality of the included studies are presented in Tables 1-4. The heterogene-
ity of the included articles prevents us from doing a meta-analysis.
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Figure 1: PRISMA Flow Diagram
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3.2. P. aeruginosa

3.2.1. Results regarding choice of treatment and outcomes for P. aeruginosa

Four studies were included, two observational studies (40, 41), and two randomized controlled
studies (42, 43). Results are presented in Table 1.

Sorli et al. investigated the effect of intravenous colistimethate sodium among 91 patients in-
fected with P. aeruginosa at any site, except acute bronchitis and tracheitis. No comparison
group with antibiotic treatment or placebo was applied. Clinical success occurred in 72 patients
(79%) after 30 days of follow-up. The 30-day all-cause mortality was 30.8%. The mean plasma
level of colistin steady state (Css) level was 1.49 mg/L in patients with clinical success and 2.42
mg/L (p=0.01) in patients with clinical failure, however, Css was not observed to be related to
either clinical success or mortality (40).

Wright et al. evaluated treatment with bacteriophage preparation (biophage-PA) compared with
placebo in 24 patients with chronic otitis caused by antibiotic resistant P. aeruginosa. Clinical
success was determined in the way tha physician assessed erythema/inflammation, ulcera-
tion/granulation/polyps, discharge quantity, discharge type and odour using a Visual Analogue
Scale (VAS). Mean VAS reduction was 50% in treatment group and 20% in placebo group
compared with baseline. The treated group had the statistically significant reduction in median
P. aeruginosa counts on day 21 (p=0.01) and day 42 (p=0.02) compared with baseline. The
placebo group had a reduction in median pseudomonas counts at day 7, 21 and 42, but the
reduction was not significant (42). Pooled patient- and physician-reported clinical indicators of
success improved for treated relative to placebo group.

Montero et al. retrospectively evaluated treatment with colistin monotherapy and colistin com-
bination therapy (aminoglycosides, b-lactams, quinolones, and carbapenems) in 121 patients
infected with MDR P. aeruginosa at different infection sites. The proportion of patients with
clinical success was similar in the colistin monotherapy-group (73%) compared to colistin com-
bined ociated with four other antibiotics (72%, 72%, 75%, and 66%, respectively). A favorable
outcome was found in all sites of infection; bronchial infection (73%), bacteremia (63%), pneu-
monia (65%), urinary tract infection (85%), and soft tissue infections (73%) (41).

Carmeli et al. investigated ceftazidime-avibactam compared to best available treatment (in-
cluding imipenem (53%), meropenem (34%), and other antibiotics (13%)) for patients with
urinary tract infection or complicated intra-abdominal infection (clAl) caused by MDR P. ae-
ruginosa or ESBL-producing enterobacteriaceae. 19 patients had urinary tract infection and

20 had clAl due to MDR P. aeruginosa. Clinical and microbiological success in patients with
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P. aeruginosa specific urinary tract infection occurred in 86% / 79% of patients treated with
ceftazidime-avibactam and 100% / 60% of patients treated with best available treatment. All
patients with clAl had clinical and microbiological success independent of treatment (43).

Clinical success for different treatment options is presented in Figure 2.

3.2.2. Conclusion for P. aeruginosa

Four studies were included reporting treatment effect for MDR P. aeruginosa. Studies were
characterized by heterogeneity of study design, site of infection, and treatment used. Clinical
success was evaluated in all four studies, in addition to 30-day mortality or microbiological
success. Largest study population included 121 patients.

Patient and physician-reported clinical indicators improved in the Biophage-PA-treated group
compared with the placebo group. Studies based on larger sample size, studies that directly
compare Biophage-PA treatment to antibiotic treatment, as well as studies including other in-
fection sites would be enlightening.

Clinical success between 70% and 100% was reported in three other studies irrespective of the
type of antibiotic treatment. High clinical success rate up to 100% was seen in randomized
study of Carmeli et al. where a number of exclusion criteria was applied; f.eks. both patients
with complicated urinary tract infection and intra-abdominal infection were excluded, as as
patients with evidence of abnormal liver function, and patients that were unlikely to respond to
ceftazidime-avibactam treatment. Due to small sample sizes and variability in the type of anti-

biotics used, it is not possible to recommend one specific antibiotic over another.
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Figure 2. Results regarding choice of treatment and clinical success for P. aeruginosa
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3.3. A. baumannii

3.3.1. Results regarding choice of treatment and outcomes for A. baumannii

We identified 19 studies, of which 14 were observational studies (44-57), and five were ran-
domized controlled studies (58-62). Study characteristics and quality assessment are shown in
Table 2. Studies were based on populations with different site of infections (airways, blood-

stream, abdomen, skin, and meninges) and study population size varied from 10 to 250 patients.

Four articles (two randomized and two retrospective observational studies) compared colistin
monotherapy to colistin combination therapy. Yilmaz et al. reported among patients with ven-
tilator associated pneumonia a clinical success of 77% for colistin monotherapy compared to
64% and 55% for colistin-carbapenem therapy and colistin-sulbactam therapy, respectively
(p=0.35) (46). Sirijatupha et al. reported a clinical success of 63% for colistin monotherapy and
56% for colistin-fosfomycin combination therapy (p=0.65) (58). Batirel et al. showed a clinical
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success rate of 31% for monotherapy and 46% for colistin combination therapy (carbapenem,
sulbactam, and other agents) (p=0.19) (48). Finally, Aydemit et al reported that clinical success
in patients treated with colistin monotherapy was 52% compared to 41% in patients treated
with colistin-rifampicin (p=0.65) (59). Results are presented in Table 2.

There were controversies regarding microbiological success for colistin compared with com-
bination therapy with carbapenem or sulbactam. Based on 70 patients with ventilator-associ-
ated pneumonia infection, Yilmaz et al. found no significant difference in microbiological suc-
cess (colistin 51%, colistin-carbapenem 64%, and colistin-sulbactam 60% p=0.23) (46), while
Batirel et al. found that their 250 patients treated with combination therapy for bloodstream
infection had a better microbiological outcome (colistin 80%, colistin combination therapy
57% p=0.001) (48). It should be mentioned that Batirel et al. also included combination therapy
with other antibiotics than sulbactam and carbapenem, such as tigecycline, amikacin,
netilmicin, gentamicin, aminoglycoside, rifampicin, and piperacillin-tazobactam (48). Du-
rante-Mangoni et al. and Aydemir et al. both compared colistin monotherapy to colistin-rifam-
picin combination therapy in 210 patients with life-threatening infections due to MDR A. bau-
mannii from intensive care units and 43 patients with ventilator-associated pneumonia caused
by carbapenem resistant A. baumannii strain, respectively. Durante-Mangoni et al. found that
microbiological success was significantly higher for combination therapy (45% vs. 61%
p=0.03) (62), whereas Aydemir et al. found no significant difference in microbiological success
between colistin combination and monotherapy (71% vs. 59% p=0.59) (59).

Two studies examine the outcome of therapy with ampicillin-sulbactram compared with col-
istin eller comparing to another dosis of ampicillin-sulbactram. Therapy with ampicillin-sulb-
actam was not superior to colistin monotherapy regarding clinical success (62% vs. 60% p=not
significant [NS]), 14-day mortality (15% vs. 20% p=NS), 28-day all-cause mortality (30% vs.
33% p=NS) among 28 patients with MDR A. baumannii ventilator-associated pneumonia (60).
Betrosian et al. (61) compared two different doses of ampicillin-sulbactam, 18/9 g/day (low
dose) vs. 21/12 g/day (high dose) among 27 patients with ventilator-associated pneumonia in-
fection and found that clinical success rates were 64% in the low dose group and 69% in the
high dose group (p=0.785), while microbiological success rates were 86% and 69% (p=0.303),
respectively. Both 14-day (21% vs. 31% p=0.580) and 30-day (43% vs. 54% p=0.568) mortal-
ity did not differ significantly between the low dose group and the high dose group, respectively
(61).
16



In a study based on 94 patients sustaining MDR A. baumannii infection in various sites, com-
parison of colistin monotherapy vs. colistin-fosfomycin combination therapy showed a favor-
able microbiological success for patients treated with the combination therapy (100% vs. 85%
p=0.02). However, no difference was seen in 28-day all-cause mortality (54% vs. 44% p=0.51)
(58).

Tigecycline-based therapy was not superior to colistin-based therapy in terms of microbiolog-
ical (23% vs. 30%) or clinical success (47% vs. 48%) among 70 patients with MDR A. bau-
mannii pneumonia in critically ill patients. In addition, there was no significant difference be-
tween the groups in 30-day mortality (33% vs. 30%) (52).

Cheng et al. (54) compared combination therapy with colistin-tigecycline and colistin-car-
bapenem in relation to mortality. 14-day all-cause mortality was 35% vs. 15% (p=0.12; crude
HR=2.6 p=0.09) and all-cause in-hospital mortality was 69% vs. 50% (p=0.15).

Several studies reported outcome of treatment of MDR A. baumannii without a treatment com-
parison group. The study population included various infection sites.

Kwon et al. reported 33% mortality within 30 days of initiation of treatment with colistin mon-
otherapy in patients infected with carbapenem resistant A. baumannii (55). Alvarez et al. re-
ported 14% mortality within 30 days after colistin treatment without a loading dose (44).
Michalopoulos et al. reported that 83% of patients had a microbiological and clinical success
and 25% of patients died during hospital stay after being treated with nebulized colistin against
A. baumannii ventilator-associated pneumonia (56). Mutauoakkil et al had 100% clinical suc-
cess after treatment with colistin+rifamipicin among 26 patients admittet to intensive care unit
and treated for 15 to 21 days (57).

Several studies evaluated success of treatment with other antibiotics than colistin including:
minocycline, tigecycline, and rifampicin/imipenem. Goff et al. investigated the use of minocy-
cline monotherapy compared to minocycline combination therapy and found that minocycline
monotherapy showed a tendency to better clinical and microbiological success (100% vs. 71%
and 100% vs. 77%, respectively) (53). However, it should be mentioned that only three patients
were treated with minocycline monotherapy compared to 52 treated with minocycline combi-
nation therapy.

Vasilev et al. found that patients treated with tigecycline had clinical success in 72% of cases
and microbiological success in 67% of the cases (49). Ye et al. found that 60% of patients had
effect from treatment with tigecycline while 36% died within the first 30 days (51). These two
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studies are based on populations of 112 with pneumonia in Ye et al. and 115 patients with
bloodstream, skin, abdominal, or airway infection in Vasilev et al.

Bremmer et al. (45) based choice of antibiotic treatment on in vitro checkerboard assays. In
group 1, treatment was based on growth inhibition of MDR A. baumannii in any well contain-
ing serum-achievable concentration of drugs (SAC well). In group 2, treatment was based on
growth in all SAC wells. The colistin-tigecycline combination was most frequently used (in 9
of 18 patients), other treatment options included doripenem-colistin (in 5 of 18 patients), mino-
cycline-colistin (in 2 of 18 patients), and doripenem-colistin-tigecycline (in 1 of 18 patients).
No significant difference was seen in regards of clinical success (50% vs. 30%, p=0.63) or 30-
day all-cause mortality (38% vs. 60%, p=0.63), but a significant effect in microbiological suc-
cess (88% vs. 30%, p=0.02) between group 1 and 2 was found, favoring treatment based on in
vitro inhibition of growth.

Rifampicin/imipenem had a crude mortality rate of 30% and the clinical success rate was 70%.
Furthermore, in vitro development of high resistance to rifampicin was shown in 7/10 (70%)
of cases based on 10 patients with infection at any site (50). Treatment with rifampicin in com-
bination with colistin showed clinical success in all cases studied based on 26 patients with
airway, bloodstream, or meningeal infection (57).

Lopez-cortés et al. investigated 14-day and 30-day all-cause mortality when comparing mono-
therapy (colistin, carbapenem, tigecycline, sulbactam, tetracycline) with combination therapy
(colistin-tigecycline, carbapenem-tigecycline, colistin-carbapenem, colistin-sulbactam, col-
istin-aminoglycosides, colistin-rifampicin, carbapenem-aminoglycosides, tigecycline-rifam-
picin, tigecycline-aminoglycosides, colistin-tigecycline-carbapenem-aminoglycosides, col-
istin-tigecycline-aminoglycosides, and tigecycline-carbapenem-rifampicin) in 101 patients
with A. baumannii bloodstream infection in various sites. Crude 14-day mortality was 15% and
15% for monotherapy and combination therapy, respectively (relative risk (RR) was 1.03, 95%
confidence interval (Cl): 0.38-2.77, p=0.95). Crude 30-day mortality was 24% and 24% (RR
was 1.03, 95% ClI: 0.49-2.16, p=0.94) for monotherapy and combination therapy, respectively
(47).

3.3.2. Conclusion for A. baumannii

In terms of clinical success, colistin combination therapy (colistin with carbapenem, sulbactam,
fosfomycin, tigecycline, or rifampicin) had no significant advantage to colistin monotherapy
(46, 48, 58, 59). Colistin combination therapy had clinical success of 41% to 64%, whereas
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colistin monotherapy has clinical success of 31% to 77% (Figure 3). One study had 100% clin-
ical success for colistin-rifampicin treatment of 26 patients admitted to intensive care unit.
Controversies were found regarding favorable microbiological success when evaluating col-
istin monotherapy and colistin in combination with carbapenem (46), sulbactam (48), or rifam-
picin (59, 62). Therapy with ampicillin/sulbactam did not have a better outcome compared to
colistin monotherapy (52). No significant difference in mortality evaluated at 14 days or 30
days for any comparison of treatment was found. Tigecycline (49, 51) showed a positive effect
on clinical outcome and microbiological outcome, but more studies comparing colistin with
minocycline or tigecycline are needed in order to evaluate the efficacy of treatment options and
choice of treatment for patients infected with MDR A. baumannii. Lépez-cortés et al. found
that in general combination therapy was not superior to monotherapy (47).

Figure 3. Results regarding choice of treatment and clinical success for A. baumannii
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3.4. S. maltophilia

3.4.1. Results regarding choice of treatment and outcomes for S. maltophilia

We identified two studies that were investigating the success of different treatment options for
S. maltophilia. Study characteristics and quality are shown in Table 3. A systematic review by
Mori et al. (based on studies published up to 2013) reported 100% mortality among 30 patients
sustaining hemorrhagic pneumonia by S. maltophilia. Treatment options included combination
therapy with high-dose co-trimoxazole + fluoroquinolones, high-dose co-trimoxazole mono-
therapy, fluoroquinolones, and broad-spectrum antibiotics (e.g. vancomycin or carbapenems).
Only two patients survived more than one week. Both patients received high-dose cotrimoxa-
zole + fluoroquinolones combination therapy (63). Another systematic review by Falagas et al.
(based on 34 studies and 49 patients in total published up to 2008) investigated clinical response
for S. maltophilia infections treated with other antibiotica than co-trimoxazole. Antibiotic treat-
ment included ciprofloxacin monotherapy or combination therapy (ceftazidime,
ceftazidime/gentamicin, amikacin, ticarcillin/clavulanate, piperacillin, tobramycin, and chlo-
ramphenicol), ceftriaxone or ceftazidime as mono- or combination therapy (netilmicin, amika-
cin, ampicillin, ceftriaxone, ceftazidime, tobramycin, and ciprofloxacin), ticarcillin alone or in
combination with tobramycin, ticarcillin/clavulate as mono- or combination therapy
(teicoplanin and amikacin), levofloxacin, meropenem, gentamicin alone or in combination with
piperacillin/tazobactam or chloramphenicol, cefozopran with isepamicin, aztreonam with
amoxicillin/clavulanate, minocycline, cefoperazone, imipenem with amikacin and, finally,
chloramphenicol in combination with sulfadimidine. Overall, clinical success rates after the
administration of alternative treatments ranged from 67%-85%. Treatment with ciprofloxacin
as mono- or combination therapy had a clinical success rate of 85% and a mortality rate of
10%. The clinical success rate was 50% and the mortality rate was 17% when patients were
treated with ceftriaxone mono- or combination therapy. Four of six patients had clinical success
and two of six patients died when treated with ticarcillin or ticarcillin/clavulanate as mono- or
combination therapy for infections with S. maltophilia. The article concluded that ciprofloxa-
cin, ceftazidime or ceftriaxone, and ticarcillin/clavulanate, alone or in combination with other

antibiotics, may be considered as alternative treatment options beyond co-trimoxazole (64).
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3.4.2. Conclusion for S. maltophilia

The first-choice antibiotic in the treatment of S. maltophilia infection is co-trimoxazole (15
mg/kg/day), however ciprofloxacin, ceftazidime or ceftriaxone, and ticarcillin/clavulanate,
alone or in combination with other antibiotics, may be considered as alternative treatment op-
tions, beyond co-trimoxazole. Neither of two review studies evaluated or mentioned the dura-

tion of treatment.

3.5. ESBL-producing enterobacteriaceae

3.5.1. Results regarding choice of treatment and outcomes for ESBL-producing entero-
bacteriaceae

Eighteen articles were included, 13 observational studies (65-77) and five randomised studies
(43, 78-81). Results, study characteristics, and quality are shown in Table 4. Result regarding

antibiotic treatment and clinical success/ moratality are presented in Figure 4 and 5.

Four studies compared treatment with group 1 carbapenems (ertapenem) to treatment with
group 2 carbapenems (imipenem/meropenem) (66, 73, 77, 79).

Rattanaumpawan et al. randomized 66 patients who had received any group 2 carbapenem for
less than 96 hours into a de-escalation group and a non-de-escalation group. In the intervention
(de-escalation) group, the previously-prescribed group 2 carbapenem was de-escalated to
ertapenem. In the control (non-de-escalation) group, the group 2 carbapenem was continued.
The most common site of infection was urinary tract infection (42%). Clinical and microbio-
logical success in the de-escalation group was 94% and 100% in the de-escalation group and
79% and 96% in the non-de-escalation group. Thus, the de-escalation group was non-inferior
to the non-de-escalation group regarding the clinical cure rate (%A=14.0 [95% CI: -2.4 - 31.1)),
the microbiological eradication rate (%A=4.1 [95% CI: -5.0 - 13.4]), and the superimposed
infection rate (%A= -16.5 [95% CI: -38.4 - 5.3]). 28-day mortality was evaluated and found
that 9.4% and 29.4% (p=0.05) of patients died in the de-escalation group and non-de-escalation
group, respectively (79).

In Lee et al. (2011), 30-day crude mortality was 18% in the group treated with group 1 car-
bapenems and 16% in the group treated with group 2 carbapenems (p=1.0) (73).

In Collins et al., 127 patients who were treated with either group 1 or group 2 carbapenems as
empirical therapy was evaluated in regard to mortality. 6.1% and 18% (odds ratio [OR] 0.29
(95% CI: 0.08 — 1.0), p=0.05) of patients died during hospital stay and 12% and 33% (OR 0.38
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(95% CI: 0.14 - 0.99), p=0.5) died within 90 days after being treated with either group 1 or
group 2 carbapenems as empirical therapy, respectively (77).

Thus, no significant difference was seen in clinical success (79) or mortality (73, 77, 79) for
treatment with either group 1 or group 2 carbapenems.

However, both empirical and targeted treatment with ertapenem compared to other car-
bapenems (imipenem, meropenem, or doripenem) significantly lowered the 30-day mortality
rate (3% vs. 23%, p=0.01 and 9% vs. 17%, p=0.01) (66). The adjusted HR for 30-day mortality
of targeted therapy with ertapenem and other carbapenems showed that interactions were not
significant (adjusted HR 0.93 (95% CI: 0.43 — 2.03), p=0.86), factors reported as being adjusted
for, can be found in Table 4) (66). Looking at clinical success, Gutierrez-Gutierrez et al. found
that empirical therapy with ertapenem compared to other carbapenems did not significantly
differ (91% vs. 76%, p=0.06), but targeted treatment with ertapenem compared to other car-
bapenems showed results in favor of ertapenem (90% vs. 83%, p=0.02). Adjusted OR for tar-
geted therapy with ertapenem was 1.87 (95% CI: 0.24 — 20.08, p=0.58). Patients in the targeted
therapy group were matched with patients who received treatment with other carbapenems
based on propensity score. Results regarding propensity matched cohort as shown in Table 4.
Lee et al. (2012) also evaluated treatment with carbapenems defined as appropriate treatment,
where the causative isolate was susceptible in vitro to the prescribed drug, against inappropriate
therapy with carbapenems among 251 patients with bacteremia caused by ESBL-producing E.
coli and K. pneumoniae isolates. A significant reduction in sepsis-related mortality was found
in patients receiving appropriate (11%) rather than inappropriate therapy (38%) with car-
bapenems (p=0.002), irrespective of ertapenem, imipenem, or meropenem therapy (74).
Bassetti et al. showed that treating ventilator-associated pneumonia with ertapenem had a clin-
ical and microbiological success of 80% and 75%, respectively. Bassetti et al. did not include
any comparison treatment group in their study (82).

When comparing carbapenems to other specific treatment options, no significance was seen in
30-day mortality for treatment with fluoroquinolones compared to carbapenems (8% vs. 23%,
p=0.12) (76). The same tendency was seen in the same study when comparing patients treated
with fluoroquinolones to propensity-matched patients in the carbapenem group (OR 4.53 (95%
Cl: 0.98 — 21.00), p=0.05) (76). Patients treated with cefepime were more likely to die within
30 days (OR 7.1 (95% ClI: 2.50 — 20.3), p<0.001) than patients treated with carbapenems (75).
A single study (65) compared group 1 carbapenems with piperacillin-tazobactam and found no
significance in in-hospital mortality (13% vs. 4%, p=0.059) or microbiological success (95%
vs. 96%, p=1.0) among 150 patients with acute pyelonephritis.
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Goetheart et al. compared group 2 carbapenems (imipenem/meropenem), as combination ther-
apy or monotherapy, with other antibiotic treatment options against treatment with cefepime
(68). Solomkin et al. compared ceftolozane/tazobactam+metronidazole with meropenem treat-
ment (81) and Carmeli et al. investigated ceftazidime-avibactam against best available treat-
ment including group 2 carbapenems as monotherapy (43). Goethart et al. (68) found that pa-
tients treated with cefepime did not have a significantly better outcome in terms of clinical
success (62% vs. 70%, p=0.59), microbiological success (14% vs. 22%, p=0.76), or 30-day
mortality rates (33% vs. 26%, p=0.44) when compared to imipenem/meropenem. Solomkin et
al. (81) found that treatment with ceftolozane-tazobactam+metronidazole did not improve clin-
ical success when compared to meropenem (95.8% vs. 88.5%). Carmeli et al. (43) investigated
ceftazidime-avibactam compared to best available treatment (including imipenem [53%],
meropenem [34%], and other) in patients with urinary tract infection or clAl caused by P.
aeruginosa or ESBL-producing enterobacteriaceae. Total of 263 patients had urinary tract in-
fection and 20 had clAl due to ESBL-producing enterobacteriaceae. Clinical success in pa-
tients with ESBL-producing enterobacteriaceae specific urinary tract infection occurred in 120
of 131 (92%) patients treated with ceftazidime-avibactam and 124 of 132 (94%) patients treated
with best available treatment. Microbiological success in patients with urinary tract infection
was favorable in 107 of 131 (82%) cases and 85 of 132 (65%) cases for ceftazidime-avibactam
compared to best available treatment, respectively. Patients with clAl had a favorable clinical
success in 8 of 9 (89%) cases and 5 of 11 (45%) cases for ceftazidime-avibactam compared to
best available treatment, respectively.

Other treatment options included piperacillin-tazobactam vs. ertapenem vs. cefepime (78),
ceftolozane/tazobactam vs. levofloxacin and ceftolozane/tazobactam vs. ertapenem (80),
ceftazidime vs. imipenem/cilastatin vs. cefoperazone/sulbactam (70).

Seo et al. (78) showed, among 72 patients with urinary tract infection, a significant difference
in clinical success when treating patients with piperacillin-tazobactam vs. ertapenem vs.
cefepime (94% vs. 97% vs. 33%, p<0.001). However, treatment with cefepime was ended dur-
ing the study period due to high treatment failure in 4 if 6 cases (67%). Treatment with pipera-
cillin/tazobactam and ertapenem was completed and both had a high rate of clinical success
(94% vs. 97%, p=0.50). Both piperacillin/tazobactam and ertapenem groups showed the same
outcome when looking at microbiological (97%) and 28-day mortality rates (6%) (78). A phase
I11 clinical trial (80) investigated patients with urinary tract infection randomly assigned to
treatment with either ceftolozane-tazobactam or levofloxacin and patients with cl Al randomly
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assigned to treatment with either ceftolozane-tazobactam or ertapenem. Significant better clin-
ical success was seen in treating urinary tract infection with ceftolozane/tazobactam compared
to levofloxacin (98% and 83%, p=0.01). Clinical success in patients with clAl was 96% for
ceftolozane/tazobactam and 89% for carbapenem (p>0.05). Microbiological success was 80%
compared to 63% for ceftolozane/tazobactam compared to pooled data on other treatment.
Bin et al. found similar clinical success in treatment with ceftazidime (86%) imipenem/cilas-
tatin (88%) and cefoperazone/sulbactam (71%) (p=0.64) (70). No patients treated with any of
the abovementioned antibiotics died within the study period.

Treatment with cefoxitin was retrospectively evaluated in 33 patients with infection due to
ESBL-producing enterobacteriaceae and 91% and 83% had a favorable clinical outcome at
follow-up on the 3rd and 14th day after initiating treatment, respectively (69). Tasbakan et al.
(71) retrospectively looked into treatment with nitrofurantoin in 75 patients with lower urinary
tract infection and reported that clinical and microbiological success rates were 69% and 68%,
respectively. Amikacin was used to treat 36 patients with positive urine cultures for ESBL-
producing enterobacteriaceae or K. pneumoniae and showed clinical success in 97% of pa-
tients whereas microbiological success was seen in 92%, 97.1%, and 94.1% of cases on the 3rd
day of treatment, at end of treatment, and 7-10 days after treatment (72).
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Figure 4. Results regarding choice of treatment and clinical success for ESBL-producing Enterobacteriaceae
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Figure 5. Results regarding choice of treatment and mortality for ESBL-producing Enterobacteriaceae
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3.5.2. Conclusion for ESBL-producing enterobacteriaceae

Treatment with carbapenems (inkl. ertapenem, meropenem) based on in vitro susceptibility of
the causative isolate significantly reduced sepsis-related mortality (74) for patients receiving
appropriate therapy. Piperacillin/tazobactam, cefepime, ceftolozane/tazobactam, levofloxacin,
fluoroquinolones, ceftolozane/tazobactam, and imipenem/cilastatin were investigated as alter-
native treatment options to carbapenems. Seven studies found similar effects between investi-
gated treatments compared to carbapenems in mortality (65, 68, 76, 78), clinical success (43,
68, 81, 83), and microbiological success (68, 83). Clinical success and mortality was not related
to cefepime treatment.

Regarding the clinical success, the following drugs alone or in combination had success rate of
more than 90%: piperacillin-tazabactam, ceftolazane-tazabactam, erapenem, ertapenem, cefox-
itin, ceftolozane-tazabactam in addition to metronidazole, amikacin, and cetazidime-avibactam.
In addition, following drugs had 80% to 90% clinical success: levofloxacin, ceftazidime,
imipenem-cilastatin, and meropenem.

Mortality was less than 10% for piperacillin-tazabactam, erapenem, ertapenem (to studies), and
fluoroquinolones. However, more than 10% mortality was observed for following antibiotics:
cefepime, ertapenem (to studies), imipenem/meropenem, and carbapenem.

Three studies had no comparing group and found that cefoxitin (69), nitrofurantoin (71), and
amikacin (70) had a favorable clinical and microbiological outcome, but further investigation
is needed in order to compare the clinical effect and safety.

Thus, due to variation in infection site, sample size, and number of patients evaluated for spe-
cific antibiotics, no firm recommendation can be made on any antibiotic as beneficial in relation

to another antibiotic. However, several antibiotics have good clinical success with low mortal-

ity.

4. Discussion

In summary, we identified 42 articles, which report on clinical success, microbiological suc-
cess, and/or mortality in relation to different treatment options for four most common MDR
Gram-negative bacteria, E. coli, P. aeruginosa, A. baumannii, S. maltophilia, or ESBL-produc-
ing enterobacteriaceae. A variety of antibiotics have been used for a constellation of MDR
Gram-negative bacteria. We did not find robust evidence for any of the four bacteria that would

lead to a firm recommendation of one specific antibiotic over another or for monotherapy over
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combination therapy. However, some treatment options might be more beneficial for low or
high life-threatening infections.

The most common option for treatment of P. aeruginosa infections was intravenous colistin
regardless of infection site. Monotherapy and different colistin combination therapies were used
with clinical and microbiological success between 70% and 100% depending on site and sever-
ity of infection and antibiotic used. For treatment of A. baumannii intravenous colistin was also
the first drug of choice. Clinical success and mortality were similar in cases treated with colistin
combination therapy compared to monotherapy. Contradictory results were found when com-
paring combination vs. monotherapy in regard to microbiological success. The first-choice an-
tibiotic in the treatment of S. maltophilia infection is co-trimoxazole. Alternatives included
ciprofloxacin, ceftazidime, and ceftriaxone or ticarcillin/clavulanate alone or in combination.
For the treatment of ESBL-producing enterobacteriaceae, the most commonly used antibiotics
were carbapenems. The effect of group 1 carbapenems (ertapenem) compared to group 2 car-
bapenems (imipenem, meropenem or doripenem) was contradictory in regard to reduction in
mortality. No difference was seen between group 1 and 2 carbapenems in terms of clinical and
microbiological success but de-escalated to ertapenem could be beneficial in less life-threaten-
ing conditions. Piperacillin-tazabactam as alternative therapy and ertapenem showed good clin-

ical success with low mortality.

Strengths and limitations

Our study has several limitations. There are limitations of this review process due to limita-
tions of the search strategy as we only used the MEDLINE database for the literature search,
which may not cover all published articles. As we limited our search to the English language,
and since some non-English speaking countries may have higher problems with MDR bacte-
ria compared with English speaking countries, we may have missed relevant articles pub-
lished in other languages. However, due to the major shift towards publication of studies in
English, the extent and effects of language bias may have recently been reduced. Our search
strategy may have missed relevant articles as the term “multi resistant” used in the search
string may not cover all articles concerning multi resistant bacteria since synonyms are used
for MDR. Lack of a standard definition of MDR results in a great diversity exists when defin-
ing MDR (2, 84). Consequently, the use of the term MDR in the included studies may not
cover the same bacteria and drug resistance. In an attempt to avoid excluding relevant litera-

ture, different synonyms were accepted as MDR (e.g. carbapenem-resistance and XDR) and
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all references in the included articles were screened for eligibility. We recomend to use Euro-

pean Centre for Disease Prevention and Control and the Centers for Disease Control and Pre-

vention (CDC), existing standardized international terminology for MDR bacteria.

Risk of publication bias is another limitation of this review. It is likely that studies reporting on
antibiotic treatment with high clinical and microbiological success are more likely published.
Around 50% of studies are estimated to be unpublished, including a majority of studies with
less significant or negative results. Further, 36% of the included studies were found by scanning
reference lists from published articles which might have caused notation bias.

In general, the study qualities of the included articles were fluctuating. 20% (n=8) were poor in
terms of quality, 73% (n=30) were fair, while only 7% (n=3) were good quality studies. The
included studies were heterogeneous in terms of study design, patient population, site of infec-
tion, choice of antibiotic treatment, duration of follow-up period, and the outcome definitions,
making it difficult to compare the different treatments and combinations of antibiotics used.
Subsequently, it was impossible to pool results and perform the meta-analysis. Most patients
included in the studies were critically ill, often comorbid, and admitted to an intensive care unit:
facts which may underestimate the specific effect on mortality of a certain antibiotic treatment
against MDR organisms. Some studies included patients irrespectively of site of infection,
whereas other studies included studies with specific infections such as pneumonia or urinary
tract infection. The severity of these infections is different which again can affect the antibiotic
treatment-related outcome. In addition, the studies were often based on small sample sizes re-
ducing the ability to find any effect difference and to consider confounder adjustment and mul-
tivariate regression analysis. Only few studies (44, 47, 51, 52, 54, 55, 62, 65, 66, 75, 77, 81)
presented a sample size estimation and adhered to it.

The results from this systematic review may not be applicable for all countries since the major-
ity of included studies are from non-comparable countries with different healthcare systems
and extent of use of antibiotics.

Adverse events were not a focus point of this study but are an important aspect in the treatment
of patients since dosage adjustments must be considered and might have affected the results in
this review in terms of clinical success, bacteriological success, and mortality towards no cor-
relation. Another perspective is the fact that patients infected with the studied bacteria are often
critically ill which makes it important to have extensive knowledge of the effects and side
effects of the treatment of choice. The included studies that conducted a multivariate analysis
often emphasized the confounding effect of the severity of illness and patients’ comorbidity.
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Some of the treatments can be administered orally. We found a single study where nitrofu-
rantoin was administered orally (71). Most intensive care unit patients are treated with intrave-
nous due to severity of their condition but when recovering most patients can be transitioned
to oral administration of antibiotics, this makes it easier for the patient to administer at home,
and cheaper for society, but further studies must be made in order to establish effect and cost-
benefit of antibiotic treatment administered intravenously vs. oral administration.

To the best of our knowledge, no other systematic reviews have been able to create a specific
guideline for treatment of MDR Gram-negative infections. A prior systematic review suggested
that colistin combination therapy may be prefered to colistin monotherapy for severely ill pa-
tients infected with MDR A. baumannii, but no firm evidence could be found (85). Another
systematic review proposed treating carbapenem-resistant ESBL-producing enterobacteri-
aceae and P. aeruginosa with carbapenem plus either colistin or tigecycline combination ther-
apy in low-level resistant infections and colistin-tigecycline combination therapy in high-level
resistant infections (86). Similar findings were published by Rafailidis et al. in 2014 (34). The
authors concluded that carbapenem in combination with colistin or high-dose tigecycline or
aminoglycosides could be used for treatment of carbapenem-resistant ESBL in cases where the

minimum inhibitory concentration range of carbapenem is <8 mg/1 (34).

Conclusion

To the best of our knowledge, this is the newest systematic review that attempts to critically
appraise current evidence for the treatment of MDR P. aeruginosa, A. baumannii, S. malto-
philia, and ESBL-producing enterobacteriaceae and create a standard guideline based on these
results. A guideline could not me made due to low-quality evidence and heterogeneous studies.
A consequence of the lack of current guidelines became apparent in the heterogeneity of the
suggested treatments. As of now, there is an immense need for further research comparing spe-
cific and comparable antimicrobial treatment options in order to conduct a meta-analysis and
create an evidence-based guideline. Still, there are some antibiotic options identified for each

MDR bacteria with good clinical success and low mortality.

30



Study 1 — Systematic review, Tables 1-4

Table 1. Choice of treatment and outcomes for Pseudomonas aeruginosa

Pseudomonas aeruginosa

Study characteristics Study
quality
Source Study Publica- | Study | Set- Inclusion criteria No. of Mean Antimi- Route Follow- Site Outcomes eva- Out- Results Factors reported Quality
type tion pe- ting patients age crobial up of luated come as being ad- asses-
year and riod (incl/all) | (years) | treatment in- mea- justed for sment
country fec- sures
of origin tion
Sorliet | Prospec- 2017, 2009- H All patients with microbio- 91 age Colistin v Until Any Clinical success abso- Clinical success Male sex, age, Fair
al tive ob- Spain 2013 logically documented infec- range: discharge 30-day all-cause lute 79.1% APACHE score,
servatio- tions due to XDR p. aeru- 24-88 or death mortality value Comorbidities,
nal ginosa and were adminis- 30-day all-cause mor- Charlson score,
cohort tered colistin for at least 72 tality McCabe score,
study hours 30.8% severe sepsis, de-
partment of hos-
pitalization, CMS
daily dose Css
(mg/mL), Css >
1.25 (mg/mL),
Css/MIC, AKI at
day 7, AKI at the
EOT, Length of
stay
Wright Ran- 2009, NR OC | Longstanding, antibiotic re- 24 56.7 Biophage- Injec- | day7,21 Ear Physician re- mean | Mean combined VAS none Fair
etal domised United sistant, aural discharge due PA tion and 42 ported VAS re- Biophage-PA: 50% re-
double- | Kingdom to infection exclusively or or into Patient reported duc- duction
blind, predominantly by p. aeru- placebo one VAS tion Placebo: 20% reduc-
placebo- ginosa. ear Pseudomonas as tion
con- count per-
trolled centa Pseudomonas count
phase ge of Biophage PA
1/11 clin- day 0 day 7: 56.9%
ical trial day 21: 17.4%
(p=0.0001)
day 42: 23.9%
(p=0.016)
Placebo
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day 7: 141.6% (p
day 21: 78.5%
day 42: 108.9%

Mon- Retro- 2009, 1997- Patients who received treat- 121 65.34 colistin 1V and NR Any Clinical success Ab- Clinical success Site of infection, Poor
teroet | spective Spain 2006 ment with colistin for more (= or 1V+Nb S0- C: 73% hypertension,
al observa- than 3 days following an 14.1) colistin as- lute C-+aminoglycosides chronic renal in-
tional episode of active infection sociated value 71.9% sufficiency, dia-
study with MDR p. aeruginosa with ami- C+B-lactam 72% betes mellitus,
noglyco- C+quinolones 75% Aminoglycosides,
sides, B- C+carbapenem 65.5% ACE-inhibitors
lactams,
quin-
olones or
car-
bapenems
Car- Rando- 2016, 2013- Patients aged 18-90 years 21/333 64.3 CA v TOC UTI Clinical success Ab- Clinical success in none Fair
meli et mized World- 2014 with ongoing symptoms of (= or visit 7-10 | clAl Microbiological solut UTI
al* phase wide either complicated UTI or 14.6) BAT days af- success value CA: 86%
111 study | including pyelonephritis or clAl at and ter last BAT: 100%
16 coun- the time of screening and 61.3 infusion
tries an isolated causative Gram- (x15.3) of treat- Microbiological suc-
negative ceftazidime-re- and ment cessin UTI
sistant 49.9 therapy CA: 79%
pathogen could be included (£16.1) BA: 60%
regardless of previous anti- and
biotic therapy. Patients who 68.4 Clinical success in
had received previous anti- (x11.1) clAl
bacterial agents that were CA: 100%
effective in vitro against the BAT: 100%

isolated pathogen (based on
the known susceptibility
profile of the organism)
were required to have wors-
ening of objective symp-
toms or signs of infection
after 48 h or longer of ther-
apy, or absence of improve-
ment after 72 hours or
longer of therapy.

Microbiological suc-
cess in clAl
BA: 100%
CA: 100%

Abbreviations: No. = number, incl = included patients with relevant infection, H = hospital setting, OC = outpatient clinic, XDR = extended drug resistant, CA = ceftazidime-avibactam, BAT = Best available treatment, IV =intravenous, Nb =
nebulized, NR = not reported, TOC = test-of-cure, UTI = urine tract infection, cl Al = complicated intra abdominal infection, VAS= visual analogue scale, C = colistin, APACHE = Acute Physiology And Chronic Health Evaluation Il, CMS =
colistimethate sodium, Css = colistin steady state, MIC = minimal inhibitory concentration, AKI = acute kidney injury, EOT = end of treatment
*article including treatment and outcome for more than one bacteria therefore mentioned in more tables, but only included once in the study.

Greyscale = studies comparing treatment options
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Table 2. Choice of treatment and outcomes for Acinetobacter baumannii

Acinetobacter baumannii

Study characteristics Study
qual-
ity
Source Study Publi- Study | Set- Inclusion criteria No. of Mean Antimicrobial Route Follow-up Site Out- Out- Results Factors reported Quality
type cation pe- ting patients | age (ye- treatment of in- comes come as being adjusted asses-
year riod (incl/all) ars) fec- evalua- | mea- for sment
and tion ted sures
country
of
origin
Alvarez- Prospec- 2016, 2010- | ICU Adult patients admitted to 100 51 Colistin NR 30 days or air- 30-day abso- 30-day all Acute kidney in- Fair
Marin et tive, ob- Spain 2011 the ICU and requiring inva- (43.5- until death way all- lute cause morta- jury, bacteremia
al servatio- sive mechanical ventilation 69.5) cause value lity
nal cohort for more than 48 hours, and morta- 14%
study having at least one culture lity
of trachea-bronchial aspi-
rate
with A. baumannii isolation.
Brem- Retrospec- 2016, 2009- H Patients who had pneumo- 18 59.5 Treatment based NR a maximum air- Clinical | abso- | Clinical suc- none Poor
mer etal | tive obser- USA 2013 nia on checkerboard of 30 days way success lute cess
vational or bacteremia and received findings BSI Micro- value Group 14
study > 48 hours of an antibiotic (Ti+C, Do+C, biologi- 50%
combination analyzed by Mi+C, cal suc- Group 28
the checkerboard analysis Do+C+Ti) cess 30%
30-day p =0.63
all-
cause Microbiolog-
mortal- ical success
ity Group 14
88%
Group 2B
30%
p =0.02
30-day all-
cause mor-
tality
Gruop 14
38%
Group 2B
60%
p =0.63
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Yilmaz Retrospec- 2015, 2011- ICU Patients diagnosed with 70 59.8 Colistin, \2 a maximum air- Clinical abso- Clinical suc- Comorbidity, clini- Fair
etal tive obser- Turkey 2013 VAP due to MDR (x21.5) C-carbapenem of 28 days way success lute cess cal response,
vational or XDR A.baumannii and and C-sulbactam Micro- value C 76.5% SAPS2, age, dura-
study who received colistin treat- 59.6 biologi- C-car- tion of treatment
ment (£ 20.5) cal suc- bapenem
and cess 63.6%
70.6 Crude C-sulbactam
(x14.7) mortal- 55%
ity pt=0.35
p?=0.53
Microbiolog-
ical success
C52.9%
C-car-
bapenem
63.6%%
C-sulbactam
60%%
pt=0.23
p?=0.16
28-day all-
cause mor-
tality
C:41.2%
C-car-
bapenem
48.5%
C-sulbactam
70%
pt=0.53
p?=0.21
Siri- Prelimi- 2014, 2010- H hospitalized adults age 18 94 67.4 Colistin v 72 h, end of any Clinical | abso- | Clinical suc- none Poor
jatuphat | nary open- Thai- 2011 years who developed CR A. (x17.2) C-fosfomycin treatment success lute cess
etal label ran- land baumannii infection and re- and and 28 days Micro- value C: 62.8%
domized quired treatment with col- 69.2 after treat- biologi- C-Fo =
controlled istin. (+16.3) ment cal suc- 56.4%
study cess p=0.654
28-day
all- Microbio-
cause logical suc-
mortal- cess
ity C: 100%
C-Fo: 85.5%
p =0.023
28-day all-
cause mor-
tality
C: 53.8%
C-Fo: 44.2%
p =0.507
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L6pez-
cortés et
al

Prospec-
tive, ob-
servatio-
nal cohort
study

2014,
Spain

2010

Patients with infection
caused by A. baumannii,
sepsis criteria were present;
and the patient received
treatment with at least one
drug active in vitro for at
least 48 hours following the
clinical diagnosis of infec-
tion.

101

60
(52-75)

monotherapy
(C, CP, Ti, SB,
tetracycline)
or
combination
therapy
(C-Ti, CB-Ti, C-
CB, C-SB, C-
AG, C-R, CB-
AG, Ti-R, Ti-
AG, C-Ti-CB-
AG, C-Ti-AG,
Ti-CB-R)

NR

a maximum
of 30 days

BSI

30-day
all-
cause
mortal-
ity
14-day
all-
cause
mortal-
ity

RR

30-day all-
cause mor-
tality
monotherapy:
23.5%
combination
therapy:
24.2%
RR =1.03;
95%Cl 0.49-
2.16
p=0.94

14-day all-
cause mor-
tality
monotherapy:
14.7%
combination
therapy:
15.2%
RR = 1.03
95% Cl 0.38—
2.77
p=0.95

Age-weighted
Charlson comorbid-
ity index, Pitt bacte-
remia score, empiri-

cal treatment

Fair

Batirel
etal

Retrospec-
tive obser-
vational
study

2014,
Turkey

2009-
2012

Patients > 18 y with a con-
firmed XDR a. baumannii
(isolation of XDR A. bau-

mannii from >2 separate
sets of hemoculture blood-

stream infection treated
with colistin monotherapy
or colistin-based combina-
tion therapy intravenously

for
>72 hours.

250

Colistin
or
Colistin combi-
nation therapy
(C-carbapenem,
C-sulbactam, C-
other agents)

C-mono:
45.8 days
(9-223)
C-comb:
56.9 (5
497)

BSI

14-day
survival
Clinical
success
Micro-
biologi-
cal suc-
cess

abso-
lute
value

14-day sur-
vival
Monother-
apy: 55.5%
Combination
therapy:
68.2%
p=0.14

Clinical suc-
cess
monotherapy:
30.6%
combination
therapy:
46.3%
p=0.19

Microbiolog-
ical success
monotherapy:
79.9%
combination
therapy:
56.6%
p=0.001

Age, hospital stay
prior to XDR A.
baumannii BSI,
ICU stay prior to

XDR A. baumannii
BSI, Pitt bacteremia

score, APACHE 11
score, Charlson

comorbidity index

Fair
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Du- Phase 111 2013, NR ICU Adult subjects (>18 years) 210 62 Colistin v a maximum air- Micro- abso- | Microbiolog- Demographic (age Fair
rante- random- Italy with microbiologic evi- (x15.4) or of 30 days way biologi- lute ical success and sex) and clini-
mangoni | ized clini- dence of a life-threatening colistin-rifam- BSI cal suc- | value C: 44.8% cal (source of infec-
etal cal trial. nosocomial infection due to picin abdo- cess C-Ri: 60.6% tion, admission
XDR A. baumannii minal 30-day p=0.03 type, concomitant
all- infections, SAPS |1
cause 30-day all- score, MIC
mortal- cause mor- for rifampicin, co-
ity tality morbidity score)
Infec- C: 42.9%
tion re- C-Ri: 43.3%
lated p=0.93
morta-
lity Infection re-
lated mortal-
ity
C: 26.6%
C-Ri: 21.2%
p=0.29
Ayde- Randomi- 2013, 2011- | ICU Patients aged > 18 years 43 61 (¢ Colistin C: IV until death air- Clinical | abso- | Clinical suc- None Fair
mir et al zed study Turkey 2012 with a diagnosis of VAP 20) or R: NG or way success lute cess
whose culture and antimi- colistin-rifam- discharge Micro- value C: 52.4%
crobial susceptibility results picin biologi- C-Ri: 40.9%
indicated infection with car- cal suc- p=0.654
bapenem-resistant A. bau- cess
mannii within 48 hours after Microbio-
onset of VAP; and patients logical suc-
whose legal representatives cess
accepted and signed the in- C: 71.4%
formed consent form. C-Ri: 59.1%
p=0.597
Vasilev Phase 111 2008, NR H Patients with clinical evi- 115 55.4 Tigecycline v TOC (after BSI Clinical | abso- | Clinical suc- None Fair
etal non- com- | England dence of infection and a (= 12-37 days) air- success lute cess
parative confirmed baseline culture 15.89) ways Micro- value 72.2% (95%
study (ob- of a Gram-negative patho- and abdo- | biologi- Cl: 54.8-
serva- gen(s) that was susceptible 50.75 minal | cal suc- 85.8)
tional) to tigecycline, sufficient (£21.00) skin cess
information available to al- and Microbiolog-
low a determination of mi- 56.20 ical success
crobiological (£16.51) 66.7% (95%
response and completed an Cl: 13.7-
evaluation for efficacy. 78.8)
Saballs Prospec- 2006, 2000- | ICU Patients with serious infec- 10 55.2 Rifampicin- v NR any Clinical | abso- | Clinical suc- None Fair
etal tive fol- Spain 2001 tions due to carbapenem re- imipenem success lute cess
low-up sistant A. baumannii Crude value 70%
study morta- Crude mor-
(observa- lity tality
tional) 30%
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Mutau- Observati- 2005, 2004 ICU | The presence of at least two 26 42.58 colistin-rifam- v NR air- Clinical NR Clinical suc- None Fair
oak- onal study Mo- of fever (>38.3 °C), leuko- (+18.29) picin aerosoli- way success cess
kil et al rocco cytosis or leukopenia, puru- zed BSI 100%
lent bronchial secretions, me-
and a new or persistent in- 1 case nin-
filtrate on chest radiog- intrathe- ges
raphy. All the strains of A. cal
baumannii were resistant to
all antibiotics apart from
colistin
Betros- Randomi- 2008, lyear | ICU All mechanical ventilated 28 67 (£9) Colistin v 5 days after air- Clinical | abso- | Clinical suc- None Poor
ianet al zed Greece period patients (>72 hours) who and or treatment way success lute cess
(2008) prospec- developed VAP due to 72 (£5) ampicillin- initiation Bacteri- | value | Colistin: 60%
tive cohort MDR A. baumannii isolated sulbactam and a maxi- ological Ampicilin-
study from bronchoscopic bron- mum of 28 success SB: 61.5%
choalveolar lavage. days 14-day p=NS
mortal-
ity
All- Microbiolog-
cause ical success
28-day Colistin:
morta- 66.6%
lity Ampicillin-
SB: 61.5%
p<0.2
14-day mor-
tality
Colistin: 20%
Ampicilin-
SB: 15.3%
p=NS
All-cause 28-
day mortal-
ity
Colistin: 33%
Ampicillin-
SB: 30%
p=NS
Betros- Randomi- 2006 2004- | ICU All patients mechanically 27 67 ampicillin- NR 5 days after air- Clinical | abso- | Clinical suc- None Fair
ianetal zed 2006 ventilated for 72 hours with (+4.5) sulbactam 18/9 treatment way success lute cess
(2006) prospec- positive tracheal aspirates and g/day initiation Micro- | value Overall:
tive trial for A. baumannii 72 or and a maxi- biologi- 66.7%
(x2.8) ampicillin- mum of 30 cal suc- Group A®:
sulbactam 21/12 days cess, 9/14 (64.2%)
g/day 14-day Group BP:
mortal- 9/13 (69.2%)
ity p=0.785
All-
cause
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28-days
morta-
lity.

Microbiolog-
ical success
Overall:
77.8%
Group A®:
12/14
(85.7%)
Group BP:
9/13 (69.2%)
p=0.303

14-day mor-
tality
Overall:
25.9%
Group A®:
3/14 (21.4%)
Group BP:
4/13 (30.8%)
p =0.580

All-cause 30-
day mortal-
ity
Overall:
48.1%.
Group A®:
6/14 (42.9%)
Group BP:
7/13 (53.8%)
p=0.568

Yeetal

Retrospec-
tive obser-
vational
study

2011,
Taiwan

2007-
2010

ICU

Adult patients (>18 years
old) who received tigecy-
cline treatment for pneumo-
nia involving MDR A. Bau-
mannii

112

70
(+15.5)

Tigecycline

a maximum
of 30 days

air-
way

Clinical
success
30-day
morta-
lity

abso-
lute
value

Clinical suc-
cess
60.3%

30-day mor-
tality
36.2%

Female gender, con-
comitant diseases,
APACHE Il score,
mechanical ventila-
tion, bilateral pneu-
monia, multisite in-
fection, monomi-

crobial MDR A.
baumannii pneumo-
nia, duration of
treatment

Fair

Kim et
al

Retrospec-
tive obser-
vational
study

2016
Korea

2009-
2010

ICU

Adult patients (>20 years
old) who had a confirmed
diagnosis of hospital ac-
quired pneumonia) or VAP
caused by MDR/XDR A.
baumannii and received ei-
ther tigecycline or colistin
mono-/combination therapy
as the initial anti-

70

72 (64-
76)
and

67 (57-
75)

Tigecycline
or
colistin

a maximum
of 30 days

air-
way

Clinical
success
Micro-
biologi-
cal suc-
cess
30-day
mortal-
ity

abso-
lute
value

Clinical suc-
cess
Tigecycline
47%
Colistin: 48%

Microbiolog-
ical success
Tigecycline:

Solid cancer, recent
chemotherapy, ster-
oid use, SOFA
score, radiologic
score, MDR/XDR
A. baumannii bacte-
remia, neutropenia

Fair
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MDR/XDRAB treatment
for at least 3 days.

23%
Colistin: 30%

30-day mor-
tality

Tigecycline:
33%

Colistin: 30%

Goff et Retrospec- 2014 2010- H Adult patients (age >18 and 55 56 (23- Minocycline v NR any Clinical | abso- | Clinical suc- none Fair
al tive obser- USA 2013 <89 years) with a culture 85) or. success lute cess
vational positive for MDR A. bau- Minocycline in Micro- value Minocycline:
study mannii defined as nonsus- combination biologi- 100%
ceptible to >1 agent in >3 with other anti- cal suc- Minocycline-
antimicrobial categories biotics (Colistin, cess comb:
(excluding minocycline). doripenem, am- 71.15%
Culture with in vitro picillin/
susceptibility to minocy- sulbactam) Microbiolog-
cline and minocycline ad- ical success
ministered within 72 hours Minocycline:
of the onset of MDR A. 100%
baumannii infection, and re- Minocycline
ceipt of minocycline for >48 comb:
hours 76.92%
Cheng Prospec- 2015 2010- H Patients who had XDR A. 55 62 (44- C-tigecycline v blood cul- BSI 14-day abso- 14-day all- Pitt bacteremia Good
etal tive obser- | Taiwan 2013 baumannii genospecies 2 73) or tures on all- lute cause mor- score, SOFA score,
vational bacteremia and were and C-carbapenem day 3 and 7 cause va- tality platelet count,
study prescribed parenteral col- 62 (45- until death mortal- lues C-Ti: 35% tigecycline use
istin in combination with ei- 81) or ity C-carbape- given tigecycline
ther tigecycline or car- discharge All- HR nem: 15% MIC >2(mg/L),
bapenem within 48 hours of cause p=0.105 Tigecycline use in
culture report. Only the first in-hos- HR26p= pneumonic patient,
episode of bacteremia was pital 0.09 (Kaplan- CVC removal
included mortal- Meier)
ity
All-cause in-
hospital
mortality
C-Ti: 69%
C-carbape-
nem: 50%
p=0.152
Kwon et | Retrospec- 2015 2011- | ICU Adult patients who re- 120 76 (62- Colistin v a maximum air- 30-day abso- 30-day mor- | Age, dose per IBW, Good
al tive cohort | Repub- 2014 ceived IV CMS >72h for 80) of 30 days way morta- lute tality septic shock, length
study (ob- lic of carbapenem-resistant and lity va- 33% of stay
servatio- Korea A.baumannii pneumoniain 78 (72- lues
nal) the included time period 85)
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Micha- Prospec- 2007 2005- | ICU All ICU patients who re- 60 59.4 Colistin Inhala- Until air- All- abso- | All-cause in- none Poor
lopoulos | tive obser- Greece 2006 ceived nebulized col- (+18.3) tion discharge way cause lute hospital
etal* vational istimethate sodium for VAP or death in-hos- va- mortality
study caused by MDR gram nega- pital lues 25%
tive bacteria mortal-
ity Microbiolo-
Micro- gical and cli-
biologi- nical success
cal and 83.3%
clinical
success

Abbreviations: No = number, incl = included patients with relevant infection, NR = not reported, H = hospital setting, ICU = Intensive care unit, XDR = extended drug resistant,VAP = ventilator associated pneumonia, cSSSI = complicated
skin and skin structure infection, clAl = complicated intra-abdominal infection, MDR = multidrug resistant, CMS = colistimethate sodium, C = colistin, Ti = tigecycline, Mi = Minocycline, Do = Doripenem, Fo = fosfomycin, R = rifampicin, Cp
= Carbapenem, SB = sulbactam, AG = aminoglycosides, IV = intravenous, NG = nasogastric, BSI = bloodstream infection, NS = not significant, SAPS = Simplified Acute Physiology Score, APACHE Il = Acute Physiology And Chronic
Health Evaluation 11, SOFA = sequential organ failure assessment, MIC = minimum inhibitory concentration, CVC = central venous catheter, IBW = ideal body weight

A = treatment based on growth inhibition in any well containing serum-achievable concentrations of drugs

B = treatment based on growth in all wells containing serum-achievable concentrations of drugs

C= ampicillin-sulbatam 18g/ 99

P = ampicillin-sulbatam 24/12 g

1 = colistin compared with colistin-carbapenem and colistin-sulbactam

2 = colistin-carbapenem compared with colistin-sulbactam

*article including treatment and outcome for more than one bacteria therefore mentioned in more tables, but only included once in the study.

Greyscale = studies comparing treatment options
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Table 3. Choice of treatment and outcomes for Stenotrophomonas maltophilia

Stenotrophomonas maltophilia

ciprofloxacin
(combi or mono)
10%

Ceftriaxone or

Study characteristics Study
quality
Source | Study Publi- Study Set- Inclusion No. of Mean age Antimicrobial treatment Route | Follow Site Qutcomes Outcome Results Factors re- Qua-
type cation pe- ting criteria patients (years) up of evaluated measures ported as being | lity as-
year riod (incl/all) in- adjusted for ses-
and fec- sment
country tion
of
origin
Mori Syste- 2014, up to H Patients with 30 51.5 Co-trimoxazole- fluoroquin- NR Until air- Clinical Absolut Clinical success None Poor
etal matic Japan 2013 hemorrhagic olones death or way Success values 0%
re- pneumonia clinical
view caused by Co-trimoxazole success
S.maltophilia
Fluoroquinolones
Broad spectrum antibiotics( -
e.g. vancomycin or car-
bapenems)
Fala- Syste- 2008, up to Va- Patient in- 49 52 Ciprofloxacin as monotherapy v Until any Clinical Absolut Clinical success None Poor
gas et matic | Taiwan 2008 rious fected with or in combination with other death or Success values 66.7%-85%
al re- S.maltophilia antibiotics. clinical Mortality
view treated with success ciprofloxacin
an antibiotic Ceftriaxone or ceftazidime as (combi or mono)
regimen monotherapy or in combination 85%
other than co- with other antibiotics.
trimoxazole Ceftriaxone or
Ticarcillin or ticarcillin/clavu- ceftazidime
late as monotherapy or in com- (combi or mono)
bination with other antibiotics 50%
Ticarcillin or ti-
carcillin/clavu-
late
(combi or mono)
4/6
Mortality
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ceftazidime
(combi or mono)
16.7%

Ticarcillin or ti-
carcillin/clavu-
late
(combi or mono)
2/6

Abbreviations: No = number, incl = included patients with relevant infection, NR = not reported, H = hospital setting, IV = intravenous
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Table 4. Choice of treatment and outcomes for ESBL-producing enterobacteriaceae

ESBL-producing enterobacteriaceae

Study characteristics Study
qual-
ity
Refer- Study Publica- | Study | Set- Inclusion criteria No. of pa- Mean Antimicrobial tre- | Route Fol- Site of | Outcomes Out- Results Factors re- Quiality
ence type tion pe- ting tients age atment low- infec- evaluated come ported as be- asses-
year and riod (incl/all) (years) up tion mea- ing adjusted sment
country sures for
of origin
Seo et Random- 2017 2013- H Patients infected with a 72 68.8 Piperacillin- NR 28-30 UTI Clinical Abso- Clinical success none Poor
al ized, Korea 2015 healthcare-associated (x14.4) tazobactam days Success lute PTZ: 93.9%
open-label urinary tract infection and or Microbio- values | Ertapenem: 97.0%
compari- caused by ESBL E. coli 75.3 Cefepime logical suc- Cefepime: 33.3%
son study that were susceptible to (6.6) or cess (p < 0.001)
a randomized antibiotic and Ertapenem 28-day
in vitro 65.2 mortality PTZ: 93.9%
(£16.9) Ertapenem: 97.0%
p=0.50
Microbiological
success
PTZ: 97.0%
Ertapenem: 97.0%
Cefepime: 33.3%
(p < 0.001)
28-day mortality
PTZ:6.1%
Ertapenem 6.1%:
Cefepime:33.3%
(p=0.108)
Yoonet | Retrospec- 2017 2011- H Patients with acute pye- 150 74 (60- Piperacillin- v A ma- UTI In-hospital Abso- In-hospital mor- Length of hos- Fair
al tive obser- Korea 2013 lonephritis caused by 79) tazobactam Xi- mortality lute tality pital stay be-
vational Piperacillin/tazobactam or mum Microbio- values PTZ: 4.4% fore APN on-
study susceptibility ESBL e. Ertapenem of 33 logical suc- Ertapenem: 13.4% set, bactere-
coli and treated with days cess p=0.059 mia, haemato-
Piperacillin/tazobactam crit <30%,
or ertapenem for 3 days Microbiological septic shock,
or longer. success acute renal in-
PTZ: 95.6% jury, prior re-
Ertapenem: 95.1% | ceipt of immu-
p =1.000 nosuppressive
agents
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Rat- Randomi- 2017 2011- Hospitalized patients 18 66 64.8 Group 2 car- v 28 UTI Clinical Abso- Clinical success Site of infec- Fair
tanaum- sed cont- Thailand 2014 years or older with a (£19.6) bapenems days Air- success lute De-escalation tion
pawan rolled trial documented ESBL-en- or ways Microbio- value group: 93.8%
etal terobacteriaceae infec- group 1 BS logical suc- Non-de-escalation
tion who received group carbapenems cess group: 79.4%
2 carbapenems as em- 28-day p=0.09
pirical therapy. mortality
Microbiological
success
De-escalation
group®: 100.0%
Non-de-escalation
group: 95.8%
p=0.36
28-day mortality
De-escalation
group®: 9.4 %
Non-de-escalation
group: 29.4%
p=0.05
Popejoy | Random- 2017 NR Patients with compli- 150 56 (18- uTI v cUTL: UTI Clinical Abso- Clinical success none Fair
elal ized, USA cated urinary tract infec- 87) Ceftolozane- tazo- 5-9 abdo- success lute UTI
phase 111 tion or complicated ab- and bactam days minal Microbio- value Ceftolozane- tazo-
clinical dominal infection 49 (18- or logical suc- bactam: 95.8%
trial caused by ESBL-enter- 92) levofloxacin clAl: cess Levofloxacin:
obacteriaceae 24-32 82.6%
clAl days: p =0.011
Ceftolozane- ta-
zobactam+metroni- clAl
dazole Ceftolozane- tazo-
or bactam
carbapenem +metronidazole:
98.1%
Carbapenem:
88.5%
p>0.05
Microbiological
success
Ceftolozane/tazo-
bactam: 79.5%
Other treatment
(pooled): 62.5%
p=0.022
Guti- Retrospec- 2016 2004- Patients with clinically 704 Empiri- ertapenem v 30 BS Clinical OR Clinical success Empirical Fair
érrez et | tive cohort Spain 2013 significant monomicro- cal ther- or days success HR Empirical therapy therapy co-
al study (ob- bial bloodstream infec- apy co- other carbapenems 30-day group hort:
servatio- tion hort mortality Ertapenem: 90.6% centre, age,
nal) due to ESBL-enterobac- 66.5 Other car- gender, acqui-
teriaceae who received (60.75- bapenems: 75.5% sition, type of
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monotherapy with 75.25) p= 0.06 hospital ser-
ertapenem or another and Ertapenem: ad- vice, Pitt
carbapenem (including 66 (52- justed OR score,
imipenem, meropenem 76) 1.87 (0.24-20.08; McCabe
or doripenem) p=0.58) score, cancer,
Tar- diabetes melli-
geted Targeted therapy tus, chronic
treat- group renal insuffi-
ment Ertapenem: 89.8% ciency, liver
cohort Other car- disease,
71 (60- bapenems: 82.6% cardiac dis-
81) p=0.02 ease, source
and Ertapenem ad- presentation
65 (52- justed OR with severe
77) 1.04 95%CI sepsis/septic
0.44-2.50; p shock.
=0.92
Targeted ther-
Propensity- apy cohort:
matched cohorts: centre, age,
95% CI 1.18 gender, acqui-
(0.43-3.29; p sition, type of
=0.74) hospital ser-
vice, Pitt
30-day mortality score, Charl-
Empirical therapy son index,
group cancer, diabe-
Ertapenem: 3.1% tes mellitus,
Other car- chronic renal
bapenems: 23.3% insufficiency,
p=0.01 liver disease,
cardiac dis-
Targeted therapy ease, source,
group presentation
Ertapenem: 9.3% with severe
Other car- sepsis/septic
bapenems: 17.1% | shock, empiri-
p=0.01 cal
Ertapenem HR therapy, app-
95% CI 0.93 ropriate empi-
(0.43-2.03; rical therapy
P=0.86)
Propensity-
matched cohorts
HR 95%Cl 1.05
(0.46-2.44;
P=0.90)
Bassetti prospec- 2007 2005- | ICU Adult patients with 20 67 (£27) Ertapenem v Ama- | airway Clinical Abso- Clinical success none Fair
etal tive, open- Italy 2006 signs of VAP symptoms Xi- success lute 80%
label, non- within 7 days of me- mum Microbio- values
chanical ventilation of 21 Microbiological
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compara- caused and radiographic days logical suc- success
tive pilot evidence of pulmonary cess 75%
trial infiltrate. Infection cau-
(observati- sed by ESBL producing
onel) gram negative bacteria.
Go- Retrospec- 2006 1994- | ICU | Critically ill patients in- 43 59.7 Cefepime v Ama- | airway Clinical Abso- Clinical success none Fair
etheart | tive cohort | Belgium 2000 fected with ESBL-en- (x19.7) or Xi- abdo- success lute Cefepime group:
etal study (ob- terobacteriaceae and and Carbapenem mum minal Microbio- values 62%
servatio- treated with either 64.2 of 30 BS logical suc- Carbapenem
nal) cefepime or a car- (£13.6) days cess group: 70%
bapenem > 72 hour 30-day p=0.59
mortality
rate Microbiological
success
Cefepime: 14%
Carbapenem: 22%
p=0.76
30-day mortality
Cefepime:33%
Carbapenem: 26%
p=0.44
Kernéis | Retrospec- 2015 2012- H Patients infected with 33 70 (23- Cefoxitin v 14 UTI Clinical Abso- Clinical success none Poor
etal tive obser- France 2013 ESBL-enterobacteri- 93) days BS success lute 3 day follow up: (No signifi-
vational aceae who were treated airway Microbio- values 90.9% cant differ-
study with cefoxitin abdo- logical suc- 14 days follow up: ences in uni-
minal cess 83.3% variate and
multivariate
Microbiological analysis)
success
70%
Bin et Prospec- 2006 2002- H Patients with bacteremia 22 56.77 Ceftazidime NR 30 BS Clinical Abso- Clinical success none Fair
al tive obser- China 2005 due to ESBL-producing or days success lute ceftazidime:
vational E. coli who had antimi- imipenem- Mortality value 85.7%
study crobial susceptibility cilastatin imipenem-cilas-
test results of suscepti- or tatin: 87.5%
ble or intermediate to cefoperazone- cefoperazone-sul-
ceftazidime. sulbactam bactam: 71.4%
p=0.637
Solom- Randomi- 2015, 2011- H Patients >18 years of 58/806 50.8 ceftolozane- vV 24 abdo- Clinical Abso- Clinical success none Good
kin et al zed USA 2013 age, with clinical evi- tazobactam+ metro- hours, minal success lute Ceftolozane-tazo-
double- dence of clAl. Opera- nidazole 24-32 value bactam+ metroni-
blind trial tive or percutaneous or days dazole: 95.8%
drainage of an infec- meropenem and Meropenem:
tious focus was either 38-45 88.5%
planned or had been days

performed recently
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(within 24 hours), con-
firming the presence of
clAl.

Tas- Retrospec- 2012, 2006- oC Patients >18 years with 75 54 (x17) Nitrofurantoin p.o. A ma- UTI Clinical Abso- Clinical success none Fair
bakan tive obser- Turkey 2011 H dysuria or problems Xi- success lute 69%
etal vational with frequency or ur- mum Microbio- value
study gency in passing urine, of 31 logical suc- Microbiological
>20 leukocytes/mm? in days cess success:
urine microscopy and 68%
culture proven ESBL-
producing Nitrofu-
rantoin sensitive E. coli
inthe urine (>10°
CFU/mm?)
Ipekci Retrospec- 2013, 2013- oC Adult patients > 18 36 59.12 Amikacin IM Urine UTI Clinical Abso- Clinical success noone Fair
etal tive obser- Taiwan 2014 years, presenting (£18) cul- success lute 97.2%
vational with at least one of the tures Microbio- value
study typical symptoms; (dys- at day logical suc- Microbiological
uria, pollakiuria, ur- 3, end cess success
gency or supra-pubic of day 3: 91.7%
pain), pyuria, a positive treat- end of treatment:
urine culture being for ment, 97.1%
ESBL-producing E. coli 7-10 7-10 days after
or K. pneumoniae (re- days treatment: 94.1%
sistant to nitrofurantoin, after
fosfomycin, quinolones treat-
and trimethoprim/sulfa- ment
methoxazole) and pa- and
tients receiving intra- 28-32
muscular injections of days
15 mg of amikacin per after
kg daily for 10 days. treat-
ment
Lee et Retrospec- 2013, 2002- H Patients with clinically 472 70 Cefepime v ama- BS 30-day OR 30-day crude Urosepsis, Pitt Fair
al tive obser- Taiwan 2007 significant monomicro- or Xi- crude mor- mortality bacteremia
(2013) vational bial bacteremia demon- carbapenem mum tality OR 7.1; 95% CI score >4, Rap-
study strated via the isolation of 30 2.5-20.3 idly fatal un-
of ESBL producer alone days p <0.001 derlying dis-
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in blood cultures, com-
patible with sepsis syn-
drome and parenteral
therapy with cefepime
or a carbapenem for
more than 48 hours until
the end of antimicrobial

ease, Defini-
tive therapy
with cefepime

therapy or death.

Loetal | Retrospec- 2015, 2008- Adults (age >18 years) 299 70 fluoroquinolones v ama- BS 30-day Abso- 30-day mortality | Hospital-onset Fair
tive cohort Taiwan 2012 with ESBL-producing or Xi- mortality lute FQ: 8.3% bacteremia,
study (ob- E. coli or K. pneu- carbapenem mum value Carbapenem: pneumonia,

servatio- moniae of 30 23.3% urosepsis,
nal) (the isolation of an days p=0.12 rapid fatal un-

ESBL producer alone in derlying dis-
blood culture(s)) bacte- Matched group** ease, Pitt bac-
remia (symptoms com- 29.2% teremia score
patible with sepsis syn- p=0.05 >4
drome) and parenteral OR, 4.53; 95%

therapy with a fluoro- Cl, 0.98-21.00;

quinolone or car- p=0.05
bapenem as definitive
therapy.
Lee et Retrospec- 2011, 2002- Adults (aged >18 years) 244 66.2 Imipenem- NR maxi- BS 30-day Abso- 30-day crude none Fair
al tive obser- Taiwan 2007 with ESBL-producing (x17.4) meropenem mum crude mor- lute mortality
(2011) vational Escherichia coli or and or of 30 tality value Imipenem/mero-
study Klebsiella pneumoniae 67.8 ertapenem days penem: 17.6%
bacteremia receiving a (x14.7) Ertapenem: 16.4%
carbapenem (ertapenem, p=1.0
imipenem, or mero-
penem) for at least 72 h
Lee et Retrospec- | Taiwan, 2002- adults > 18 years with 251 66.4 appropriate therapy v until BS Sepsis-rela- | Abso- Sepsis-related Severe sepsis, Fair
al tive obser- 2012 2007 ESBL-producing E. coli (+16.6) with car- end of ted morta- lute mortality hospital-onset
(2012) vational and K. pneumoniae bac- and bapenems*** treat- lity values | Appropriate ther- bacteremia,
study teremia who received 70.5 or ment apy: 10.9% rapidly fatal
carbapenem therapy (+16.87) inappropriate ther- or In-appropriate underlying
more than 48 hours. apy with car- death therapy: 38.1% disease, pneu-
bapenems p =0.002 monia, appro-
priate antimi-
crobial ther-
apy,
ertapenem-
non-suscepti-
ble isolates,

Collins | Retrospec- 2012, 2005- Adult (=18 years old) 127/261 65.5 Empirical therapy NR ama- BS In-hospital OR In-hospital mor- In-hospital Fair

etal tive cohort USA 2010 patients with ESBL-pro- (+16.1) with group 1 car- Xi- mortality tality mortality, 90-
study (ob- ducing Escherichia coli bapenem mum 90-day Group 1 car- day mortality,

servatio- and Klebsiella pneu- or of 90 mortality bapenem: 6.1% functional sta-

nal) moniae BSI. Empirical therapy days Group 2 car- tus deteriora-

bapenem:18.3%

tion, median
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with group 2 car- OR (95% ClI): total LOS,
bapenem 0.29 (0.08-1.0) median LOS
p=0.05 from culture
to discharge
90-day mortality
Empirical therapy:
12.2%
Main therapy
33.3%
OR (95% Cl):
0.38 (0.14-0.99)
P=0.5
Carmeli Randomi- 2016, 2013- Patients aged 18-90 21/333 64.3 CA \Y TOC UTI Clinical abso- Clinical success none Fair
etal* zed phase World- 2014 years with ongoing (x14.6) or visit 7- clAl success lut va- inUTI
111 study wide symptoms of either and BAT 10 Microbio- lue CA: 91.6%%
including complicated UTI or py- 61.3 days logical suc- BAT: 93.9%
16 coun- elonephritis or clAl at (£15.3) after cess
tries the time of screening and last in- Microbiological
and an isolated causa- 49.9 fusion success in UTI
tive Gram-negative (x16.1) of CA: 81.67%
ceftazidime-resistant and treat- BA: 64.39%
pathogen could be in- 68.4 ment
cluded regardless of (x11.1) ther- Clinical success
previous antibiotic ther- apy inclAl
apy. Patients who had CA: 88.88%

received previous anti-
bacterial agents that
were effective in vitro
against the isolated
pathogen (based on the
known susceptibility
profile of the organism)
were required to have
worsening of objective
symptoms or signs of
infection after 48 h or
longer of therapy, or ab-
sence of improvement
after 72 hours or longer
of therapy.

BAT: 45.45%

Abbreviations: No = number, incl = included patients with relevant infection, NR = not reported, H = hospital setting, ICU = Intensive care unit, ESBL = extended spectrum beta-lactamase, BSI = bloodstream infection, VAP = Ventilator

associated pneumonia, clAl = complicated intra-abdominal infection, CFU = colony forming unit, IV = intravenous, p.o. = peroral, IM = intramuscular, UTI = urinary tract infection, BS = bloodstream, HA-UTI = healthcare-associated urinary
tract infection, PTZ = Piperacillin-tazobactam, FQ = fluoroquinolone, APN = acute pyelonephritis, COPD = chronic obstructive pulmonary disease, LOS = length of stay,, LOS = length of hospital stay

*article including treatment and outcome for more than one bacteria therefore mentioned in more tables, but only included once in the study
**each patient receiving definitive fluoroquinolone therapy was matched to three patients with definitive carbapenem therapy with a similar propensity score
***treatment where the causative isolate was susceptible in vitro to the prescribed drug

1De-escalation therapy involves the initial use of empirical broad-spectrum antimicrobial therapy, which is then streamlined to more narrow-spectrum or targeted agents once culture and susceptibilities are available

Greyscale = studies comparing treatment options
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Study 2 - Cross-sectional survey

1. Aim

To identify existing local and national guidelines and prescription habits in everyday clinical
practice for MDR Gram-negative infection antibiotic therapy that are not captured by published

guidelines and recommendations.

2. Methods

We conducteded a survey in six European countries, with different levels of resistance among
important nosocomial pathogens: Denmark and the Netherlands (low MDR), the UK and
France (medium MDR), and Romania and Greece (high MDR). In each of these six EU coun-
tries, through our consortium network, we have identified collaborators who are specialized
in infections and microbial resistance. Our collaborators have offered help and advice in the
local national surveys of clinicians and microbiologists in a range of reference hospitals about
their therapeutic protocols and/or antibiotics prescribing patterns for treatment of MDR
Gram-negative infections. Selected collaborators were a convenience sample, believed to be
representative of the spectrum of the treating physicians in the underlying population. Most
of the collaborators are from university hospitals, whereas few are from teaching/municipal
hospitals, covering the large population susceptible for MDR bacteria due to centralization of
treatment. Countries are selected due to different levels of MDR resistance among the im-
portant nosocomial pathogens: Denmark and the Netherlands (low MDR), the UK and France
(medium MDR), and Romania and Greece (high MDR). We do not have precise information
regarding the total number of hospitals working with MDR bacteria in each country, but have
included several hospitals from each country.

A standard questionnaire and data collection methodology addressing existing clinical prac-
tice in antibiotic treatment of MDR Gram-negative bacteria was developed in Aarhus to-
gether with local cooperation partners and coordinators following a good practice in the con-
duct and reporting of survey research (87). Detailed instructions about purpose of survey,
length of survey, confidentiality, anonymous presentation of the results, deadline for survey
end, contact information, and how to fill in questionnaire was included in the questionnaire.

A pilot test was performed at two hospital departments in the Netherlands in order to evaluate
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the specific questions, format, question sequence and instructions prior to use in the main sur-
vey. The pilot test provided answers if each question measures what is intended to measure, if
questions are interpreted in the same way by all participants, if questions are clear and under-
standable etc. The questionnaire was revised several times before final version was ready to

be sent out for all participants.

Questionnaire was written in English language. The questionnaire was not translated into
Greek, French and Romanian language after agreement with local cooperation partners and
coordinators and participating clinicians/microbiologist. The questionnaire was based primar-
ily multiple-choice items, but several open-ended items was also included. Multiple-choice
questions are quicker and easier to answer and the answers are easier to analyze (88). Open-
ended questions are important to allow participants to report more information than is possi-
ble with a discrete list of answers, and to freely elaborate on questions. Questions were
grouped together and introduced by headings or short descriptive statements concerning treat-
ment of each specific MDR Gram-negative bacteria. Both questions regarding localization,
typical resistance, antibiotic treatment (empirical first and second treatment options), doses,
length of treatment, way of administration (intravenous vs orally), monotherapy vs. combina-
tion therapy was included. Questions were asked about following MDR Gram-negative bacte-
ria: E. coli, P. aeruginosa, A. baumannii, enterobacteriaceae, and K. pneumonia.

The survey was administered online using REDCap, a Web-based data management platform
developed by a Vanderbilt University consortium (89) which is cost-saving, secure, easy to
use and has high response rates. One reminder was sent out to non-responders after 3 weeks.
Descriptive statistics including tables and figures were developed and pooled out from RED-
Cap analyses system.

Based on survey, a REDCap report was produced summarizing current local treatment op-
tions for MDR Gram-negative bacteria and presented in short version in the result section.
For full content of the questionnaire please see Appendix 1.
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3. Results

Following data emerged from the survey.

General information

We have identified and invited to participate in survey clinicians/microbiologist from 17 hos-
pitals in six countries, including three hospitals from Denmark, two from the Netherlands,
three from the UK, three from France, five from Romania and one from Greece. Of these, 15
clinicians/microbiologist (88%) completed the survey, including at least one hospital from
each of the six countries. In total, 30% of participated hospitals treat MDR Gram-negative
bacteria almost daily, and 30% treat these infections less than once a week, whereas 15% and
24% of hospitals treat these infection less than once a month and less than once a year, re-
spectively.

Clinicians/microbiologist have responded that the MDR Gram-negative infections they see,
can manifest in different sites, including abscess (24%), bloodstream infections (35%), car-
diac infections (14%), gastrointestinal infections (10%), musculoskeletal infections (24%),
pulmonary infections (35%), soft tissue infections (21%), urinary tract infections (35%),
wound or surgical site infections (21%).

Regarding the availability of guidelines for treatment of MDR Gram-negative infections at hos-
pitals, 42% of clinicians/microbiologist answered that there is a guidelines at their hospitals,
whereas 58% answered that there is no guidelines at their hospital. By guidelines, all clini-
cians/microbiologist stated that these are locally produces.

MDR E. coli

About 89% of responders treat MDR E. coli in their setting. The three most typical localizations
for E. coli are urinary tract infection, pulmonary infection and bloodstream infection. E.coli
bacteria are typically resistant to cephalosporins (62%), aminoglycosides (43%), quinolones
(43%), and sulfonamides in combination with trimethoprim (33%).

Equally many responders answered that the empirical first choice treatment for suspected MDR
E. coli infection is dependent and not dependent on localization of the infection. In 80% of
cases, monotherapy is the empirical first choice treatment for suspected MDR E. coli, followed
by combination of two drugs.

Following drugs are used as first choice monotherapy of suspected E.coli: meropenem (57%)
and tobramycin (29%) in most cases, but also gentamicin, imipenem, amikacin and aztreonam
in few cases. First choice treatment for bloodstream E.coli is colistin, for endocarditis is cefox-

itin, for gastrointestinal infection is sulfamethoxazole in combination with trimethoprim, for
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osteomyelitis is aztreonam, for soft tissue infection is ceftriaxone, and for urinary tract infection
is ciprofloxacin (50%), amikacin, ceftriaxone, or meropenem. Would or surgical site infections
are treated with colistin. All drugs are administrated intravenously. Duration of treatment is 5-
7 days in 50% of cases, whereas 25% of cases are treated for 3-5 days or 7-10 days.

If E.coli was confirmed and susceptible for >2 drugs, 54% answered that they will treat infec-
tion with monotherapy and 46% answered that they will treat infection with combination of
two drugs.

As second empirical choice of treatment for E.coli three drugs was used, including colistin
(50%), tigecycline and gentamicin alone or in combination. For bloodstream E.coli infections,
ertapenem was used as second choice, whereas for urinary tract infection E. coli, amikacin,
cefepime and ertapenem were used as second choice. Duration of second choice treatment is 1-
3 days in 25% of cases, 3-5 days in 50% cases and 5-7 days in 25% cases.

MDR ESBL-producing enterobacteriaceae

Only 22% of responders treat enterobacteriaceae in their setting. The two most typical locali-
zations for enterobacteriaceae are urinary tract infection and soft tissue infections. Enterobac-
teriaceae are typically resistant to cephalosporins, aminoglycosides, and quinolones.

Typical first choice treatment is monotherapy with imipenem or meropenem, intravenously for
5-7 days. Second choice treatment is also monotherapy, but with colistin intravenously for 5-7

days.

MDR K. pneumoniae

About 60% of responders treat K. pneumonia in their setting. The three most typical localiza-
tions for K. pneumonia are urinary tract infection, pulmonary infection and bloodstream infec-
tion, but have been see also as wound or surgical site infections. K. pneumonia is typically
(most commonly set) resistant to cephalosporins (83%), quinolones, monobactams and sulfon-
amides in combination with trimethoprim (50% cases for each drug), but also to aminoglyco-
sides and carbapenems.

First choice treatment is in 83% of cases the same, irrespective of localization of the infection.
As a first choice, meropenem monotherapy (89%) is most often used for 3-5 or 5-7 days. In
case of urinary tract infection, imipenem is used. As a second choice treatment, monotherapy
with colistin or tigecycline was preferable over combination of two drugs. However, second
choice for bloodstream infection or urinary tract infections with K. pneumonia gentamicin or

imipenem was preferred for 3-5 or 5-7 days.
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MDR P. aeruginosa

About 62% of responders treat P. auruginosa in their setting. The two most typical localization
are urinary tract infection and pulmonary infection. P. auruginosa is typically resistant to ceph-
alosporins, carbapenems and aminoglycosides, but in some places also to sulfonamides in com-
bination with trimethoprim and quinolones. Monotherapy is equally used as combination ther-
apy, and treatment was in 66% of cases independent on localzation.

First choice empirical treatment for suspected P. auruginosa is colistin, followed by mero-
penem intravenously. Pulmonary infections with this bacteria is treated with amikacin is some
cases, whereas urinary tract infections can be treated with imipenem. Typical treatment is 3-5
days, but most responders will extend treatment to 7-10 days if P. auruginosa infection is con-
firmed. Second choice treatment is often colistin or tigecycline for 3-5 days, but several partic-

ipants answered that there is no available second choice treatment.

MDR A. baumannii

About 67% of responders treat A. baumannii in their setting. This infection can be seen in 9
different localization, but most typically as wound or surgical site infection, pulmonary infec-
tion and gastrointestinal infection.

A. baumannii is typically resistant to monobactams (46%), cephalosporins, sulfonamides in
combination with trimethoprim, and carbapenems, but in some cases to aminoglycosides and
quinolones too. Treatment is independent on localization in 70% of cases. First choice treatment
is monotherapy in 60% of cases and combination of two drugs in 40% of cases.

As a first choice, monotherapy colistin is most often used for 7-10 days, followed by cefoxitin,
meropenem and sulfamethoxazole in combination with trimethoprim. Pulmonary infection are
often treated with moxifloxacin.

As a second choice treatment, monotherapy with colistin or tigecycline was preferable, but
aztreonam, cefepime, cefotetan and ceftazidime are used as monotherapy up to 10 days. Both
first and second choice treatment is administrated intravenously in most cases, but some pa-
tients are also treated per-orally and with other administration ways. About 25% of participants
answered that there is no available second choice treatment for this bacteria.’
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4. Conclusion

Response rate to survey was 88% (15/17 hospitals), including at least one hospital from coun-
tries with low, medium and high risk of MDR bacteria.

Less than half of the participants reported availability of local guidelines for treatment of
MDR Gram-negative bacteria. Since participants were included in the process of production
the local guidelines, the answers reflected the same one.

Participants have experience in treating E. coli, P. aeruginosa, A. baumannii and K. pneumo-
nia, but were less experienced in treating enterobacteriaceae.

Each bacteria is typically resistant to at least three antibiotics and up to six different antibiot-
ICS.

Following drugs are used as first choice treatment of suspected MDR E.coli: monotherapy with
meropenem and tobramycin in most cases, but also gentamicin, imipenem, amikacin and az-
treonam in few cases. However, other antibiotics are used for specific localizations of E. coli.
As a second empirical choice of treatment for E.coli three drugs was used, including colistin,
tigecycline and gentamicin, but other antibiotics can also be used in specific localizations.
Typical first choice treatment for ESBL-producing enterobacteriaceae is monotherapy with
imipenem or meropenem. Second choice treatment is also monotherapy, but with colistin in-
travenously for 5-7 days.

As a first choice, meropenem is most often used for treatment of MDR K. pneumonia. As a
second choice treatment, monotherapy with colistin or tigecycline was preferable over combi-
nation of two drugs. However, second choice for bloodstream infection or urinary tract infec-
tions with K. pneumonia gentamicin or imipenem was preferred.

First choice empirical treatment for suspected MDR P. auruginosa is meropenem, colistin or
imipenem intravenously up to 10 days. Second choice treatment is colistin or tigecycline 3-5
days.

As a first choice treatment for A. baumannii, monotherapy colistin is most often used for 7-10
days. As a second choice treatment, monotherapy with colistin or tigecycline was preferable,
but aztreonam, cefepime, cefotetan and ceftazidime are used as monotherapy up to 10 days.
Our survey confirm that large variation in the resistant, first and second choice treatment, as
well in the duration of treatment for MDR Gram-negative bacteria. Meropenem, colistin and
imipenem seem to be included as first choice treatment for almost all studied MDR Gram-

negative bacteria.
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Study 3 - Cohort study

1. Aim

To conduct a cohort study in Denmark (population = 5.6 million persons) based on existing
routinely and prospectively collected data from population-based medical and administrative
registries. The Danish National Health Service provides tax-supported healthcare to all Dan-
ish residents, guaranteeing universal access to primary and secondary medical care.

The aim of cohort study was to describe characteristics of patients who sustained MDR
Gram-negative bacteria causing urinary tract infection and examine adverse outcomes such as

complications and death related to specific MDR bacterial infection.

2. Methods

2.1. Data sources

We used data from the from the unique microbiological Laboratory Information System data-
base of the North Denmark Region, linked with the Danish National Patient Registry (DNPR),
the Danish Civil Registration System (DCRS), and the Danish National Health Service Pre-
scription Database (DNHSPD).

The Department of Clinical Microbiology, Aalborg University Hospital, provides bacteriolog-
ical services for hospitals and general practitioners from the entire study/catchment area (90).
The department’s Laboratory Information System database (based on a microbiological data-
base system ADBakt, Autonik AB; Ramsta, Skdldinge, Sweden) holds information on all mi-
crobiological specimens submitted to the department including information on date of culture,
bacterial species, and antibiotic susceptibility.

The DNPR (91) includes information of all hospitalized patients since 1977 and outpatient
hospital contact since 1995. The register contains information about the date of admission,
discharge, type of admissions, diagnosis codes and surgical procedures. From 1977 to 1993
diagnosis codes were coded with reference to the International Classification of Diseases
[Eight Revision (ICD-8) and from 1994 onward diagnoses have been coded with reference to
Tenth Revision (ICD-10).

The DCRS, established in 1968, assigns a unique ten-digit personal identification number, en-
coding age, sex and date of birth, to all Danish residents at birth or upon immigration, enabling
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individual-level linkage across all registries (92). The DCRS also tracks’ migrations, residence,
and vital status.

The DNHSPD (93) has maintained information on all prescriptions for reimbursed drugs dis-
pensed by community pharmacies in Denmark since 2004, recorded according to the Anatom-
ical Therapeutic Chemical classification system (ATC codes). Additional variables in the
DNHSPD include drug name, package identifier (permitting identification of brand, quantity,
and drug formulation), date of refill, code identifying the prescribing physician, and code iden-

tifying the dispensing pharmacy.

2.2. Study period

Data sources were available for analysis for the period 2007-2012. We have applied for mi-

crobiology data up to 2016, but have not received these data before EMA report deadline.

2.3. Study population

MDR exposed cohort (ESBL cohort): All MDR E.coli urinary tract infection recorded in the

North Denmark region during the period 2004-2013 were ascertained from the microbiological
Laboratory Information System. However, we included all persons with a first diagnosis of
ESBL E.coli urinary tract infection from 2007 to 2012 due to exclusion of cases with diagnoses
of any MDR bacterial Gram-negative infection from 2004 to 2006, ensuring 3 years lookback
period. Lookback period of 3 years was chosen in orden to ensure that include cases are the-
incident MDR bacteria cases rather than reccurent cases. We only choose patients > 15 years
of age since distribution, risk factors and treatment of MDR bacteria is slightly different in
adults and children. In

Comparison cohort (non-ESBL cohort): To examine the impact of MDR infection per se, we

created a cohort of patients with first non- ESBL E.coli urinary tract infection registered in the
same microbiological Laboratory Information System and residing in the Region of Northern
Denmark.

General population comparison cohort (population cohort): We identify 10 persons for each

member of ESBL cohort from the general population using the DCRS who were alive at the
MDR ESBL E.coli urinary tract infection index date and never were tested positive for any
MDR bacteria within one week of the index date for MDR ESBL E.coli case.

Index date was defined as date of first ESBL urinary tract infection in exposed cohort and as

date of first non-EXBL urinary tract infection in comparison cohort.
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2.4. Outcomes and covariates

We ascertain morbidity (any hospitalization up to 365 days of index date, short-term mortality
(0-30 days post index date), and subsequent long-term mortality (31-365 days post index date)
comparing persons included in the three cohorts.

We ascertained antibiotic therapy given before and after the index date for the MDR and non-
MDR infected patient cohorts using the DNHSPD, to examine treatment outcomes associated
with given antibiotic therapies, and any effect modification of the MDR/non-MDR - outcome
associations by therapy.

All covariates are listed and described in Appendix 2.

Figure 6. Flow diagram - Identification of ESBL, non-ESBL and population cohorts.

All E. Coli UTls in the database
ESBL: 742
Any (incl. ESBL): 39,080

First per patient
ESBL: 412
Any (incl, ESBL): 20,434

From 2007-2012
ESBL: 409
Any (inel, ESBL): 14,423

Age = 15 years
ESBL: 354
Any [incl. ESBL): 13,261

ESBL vs non-ESBLUTI
ESBL: 354
non-ESBL: 13,010

Invalid CPR/residing cutside of Denmark
ESBL cohort: 393
non-ESBLcohort: 12,998
pepulation cohort: 3930
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2.5. Statistical analyses

All patients were followed from the index date until death, hospitalization, emigration or No-
vember 30, 2013, whichever came first. We calculated mortality rates per 1000 person years.
We used Poisson regression analyses to calculate mortality rate ratios with 95% confidence
intervals comparing the MDR exposure cohort with the two comparison cohorts. We adjusted
for age, gender, and preexisting comorbidity. We used the DNPR to obtain a complete medical
history for all persons in the study cohorts from 1977 until the index date. As a measure of
comorbidity, we will compute the Charlson Comorbidity Index (CCI) score (94) for each per-
son at the index date and define three comorbidity levels: a score of 0 (low), given to patients
with no previous record of conditions included in the CCI; a score of 1-2 (medium); and a
score of 3 or more (high). Due to low sample size we were not able to study potential differ-
ences in the association between exposure to MDR bacteria and mortality risk in subgroups of
patients stratifying on gender, age groups, and calendar year of Index date. Due to large variety
in antibiotic therapy and combination possibilities (resulting in small sample sizes), we were
not able to examine the association between type of antibiotic therapy given and clinical out-
comes by MDR Gram-negative bacteria status.

3. Results

We identified 393 patients with ESBL E. coli urinary tract infection, 12,998 patients with non-
ESBL E. coli urinary tract infection, and 3930 population comparisons during 2007-2012.
Only 15 E.coli patients were excluded due to age less than 15 years.

Patients with ESBL E. coli urinary tract infection were older (median age 68 years) than non-
ESBL (63 years) and population cohort (48 years), and had more severe comorbidity burden
(CCI score of more than 0 was 58%, vs. 40% and 22% of comparisons cohorts, respectively).
ESBL had higher prevalence of all specific pre-existing morbidity included in the CCIl. Number
of hospital inpatient admissions within 365 days before index date was higher in ESBL patients
(48%) compared with non-ESBL patients (27%) and population cohort (12%). ESBL patients
had received any antibiotics within 31-365 days before the index date in 78% of cases, com-
pared with 56% and 29% of cases in non-ESBL patients and population cohort, respectively
(Table 5). Patients with ESBL were also more likely to have redeemed a prescription for both
broad and narrow spectrum antibiotics and penicillin, as well as mecillinam, sulfamethizole,

macrolides, and nitrofurantoin. Almost half of the ESBL patients (46%) had surgery due to any
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reason compared with 33% and 24% of non-ESBL patients and population cohort cases, re-

spectively (Table 5).

The risk of being inpatient hospitalized within 30 days was 15% in ESBL E. coli urinary tract
infection patients, versus 6% in non-ESBL patients and 1% in general population comparison
cohort (Figure 3), corresponding to adjusted rate ratios of 2.0 (95% CI 1.5-2.6) and 7.3 (95%
Cl 4.6-11.5), respectively. In contrast, adjusted one-year mortality was not increased in ESBL
versus non-ESBL E. coli urinary tract infection patients (adjusted rate ratio 1.1, 95% CI 0.8-
1.6), yet was 2.1-fold (95% CI 1.3-3.5) higher than in the general population cohort. Number
of deaths within 30 days was too low to provide meaningful rate ratio estimates (Table 6A and
6B).

Use of antibiotics within 30 days of index date is presented in Table 7A. Broad spectrum anti-
biotics were used within 30 days of index date in 32% and 20% of ESBL and non-ESBL pa-
tients, respectively, followed by use of narrow spectrum antibiotics (21% and 16%). Two most
common used antibiotics in ESBL and non-ESBL group before infection were Mecillinam
(23% and 17%) and Sulfamethizole (8% and 8%). Combination treatment was applied in about
10% of ESBL infections, f.eks. broad /narrow spectrum antibiotics combination was used in
8% and 4% of ESBL and non-ESBL patients, narrow spectrum antibiotics/mecillinam combi-
nation was used in 5% and 3% of ESBL and non-ESBL patients. Further combinations were
used within 30 days of index date including mecillinam combined with sulfamethizole, trime-
thoprim, mactrolides or nitrofurantoin, and sulfamethizole combined with trimethoprim, mac-

rolides or nitrofurantoin.

Use of antibiotics from index date to seven days after index date is presented in Table 7B. Broad
spectrum antibiotics were used up to seven days of index date in 28% and 50% of ESBL and
non-ESBL patients, respectively, followed by use of narrow spectrum antibiotics (23% and
26%). Two most common used antibiotics in ESBL and non-ESBL group within seven days of
infection were Mecillinam (26% and 46%) and Sulfamethizole (10% and 19%). Combinations

of antibiotics used after the index date were similar to that before the index date.

Table 8 shows the association between different antibiotics (groups or single type) used +/-30
days of the index date and mortality/hospitalization during 31-365 days. No clear association

between any of the antibiotic therapy and mortality/hospitalization was observed.
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Thus, the likelihood of having received community antibiotics was increased in ESBL vs. non-
ESBL patients 30 days before the urinary tract infection, whereas the likelihood of community
antibiotic therapy appeared to be decreased in ESBL vs non-ESBL patients 7 days after urinary

tract infection diagnosis.

4. Discussion

In this large population based cohort study we observed that ESBL urinary tract infection pa-
tients were at 2-fold and 7-fold increased risk of being hospitalized within 30 days of infection
diagnosis compared with non-ESBL urinary tract infection patients and general population co-
hort, respectively. However, one year mortality was similar in ESBL versus non-ESBL patients,
but 2-fold higher compared with general population cohort. Both ESBL and non-ESBL patients
were treated with different antibiotics (monotherapy or combination therapy) before and after
infection diagnosis. Variety of antibiotic treatment resulted in small sample sizes enabling us

to study the association between treatment and mortality/hospitalization.

Strengths and limitations

Strengths of our study include its population based design in a setting with unfettered access to
health care, avoiding referral and diagnostic biases. The use of updated data on prescriptions
and hospitalization history minimized selection bias, and provided a long study period and a
large sample size compared with previous studies. Data on ESBL and non-ESBL patients were
collected from the same data source, minimizing selection bias.

Limitations of our study include the lack of data on antibiotics dispensing at hospitals. Since
only a small proportion of the total antibiotic use in Denmark is dispensed in hospitals (in 2012
the volume of antibiotics was 2 defined daily dose per 1000 inhabitants per day (DID) in hos-
pitals compared with 17 DID in primary care), the reported antibiotic use within seven days of
the index date might be underestimated. Given that ESBL patients were older and more comor-
bid than non-ESBL patients, resulting in longer hospital stay, the underestimation is likely to
differ among ESBL and non-ESBL patients, leading to differential misclassification. Our study
was conducted in a setting with low antibiotic use and low prevalence of ESBL E.coli compare
with many other countries, which may hinder the extrapolation of our results to other settings.

For example, cephalosporins are not used in Danish primary care.
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Our data on similar mortality in ESBL compared with non-ESBL urinary tract infected patients
within a one year of diagnosis are not in accordance with one previous study from UK (95).
This study included all sites of infection, but most common was urine (68%). Among these,
odds ratio for death was 6.33 (Cl): 1.99-20.09). The higher mortality in ESBL urinary tract
infection patients in previous studies was suggested to be partly be explained by patient’s high
age and comorbidity, and thereby greater vulnerability. We have adjusted for age and comor-
bidity. Since ESBL patients are more often hospitalized in our study, which will increase their
risk to be treated for infection and improve and optimize their vulnerability, and subsequently
might be possible explanation for similar mortality in ESBL versus non-ESBL patients we have
observed. In general, bacteremia cased by ESBL producing Enterobacteriaceae is associated
with higher mortality and delay in effective therapy (96, 97). However, not all previous studies
have observed increased mortality in ESBL patients, but longer inpatient stay and more frequent
admission to the intensive care unit (98, 99). Adjustment for ineffective empirical therapy leads
to a reduction in relative mortality, indicating that higher mortality in ESBL patients is likely
to be mediated through this phenomenon. Likewise, adjustment for detailed comorbidity may

lead to a reduction in relative mortality.

Conclusion
Compared with non-ESBL urinary tract infection patients, ESBL patients have higher risk of
being hospitalized up to one year of infection, whereas the mortality was similar in these two

groups.
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Study 3 — Cohort study, Tables 5-8

Table 5. Characteristics of the study population

ESBL UTI  non-ESBLUTI*  Population cohort

N % N % N %
Total 393 100 12,998 100 3,930 100
Year of index date
2007 8 20 1,694 13.0 80 2.0
2008 34 87 1,786 13.7 340 8.7
2009 57 145 2,115 163 570 14.5
2010 56 142 2,318 17.8 560 14.2
2011 104 26.5 2,534 195 1,040 26.5
2012 134 341 2,551 19.6 1,340 34.1
Male Sex 96 244 2,283 17.6 1,967 50.1
Age, years
15-50 98 249 4,449 342 2,121 54.0
51-50 49 125 1570 121 670 17.0
61-70 71 181 2,332 179 609 15.5
71-80 82 209 2314 17.8 345 8.8
81+ 93 237 2333 179 185 4.7
Charlson comorbidity index score
0 166 422 7,785 59.9 3,052 77.7
1-2 139 354 3,720 286 717 18.2
3+ 88 224 1,493 115 161 4.1
Coexisting comorbidities
Myocardial infarction 24 6.1 505 3.9 78 2.0
Congestive heart failure 25 6.4 458 35 58 15
Peripheral vascular disease 23 5.9 538 4.1 102 2.6
Cerebrovascular disease 41 104 1,249 9.6 145 3.7
Dementia 17 43 349 2.7 18 0.5
Chronic pulmonary disease 57 145 1,172 9.0 242 6.2
Connective tissue disease 28 7.1 539 4.1 85 2.2
Ulcer disease 33 84 690 5.3 80 2.0
Mild liver disease 8 20 124 1.0 17 0.4
Diabetes I and Il 43 109 864 6.6 101 2.6
Hemiplegia 7 18 69 0.5 9 0.2
Moderate to severe renal disease 37 94 352 2.7 41 1.0
Diabetes with end organ 21 53 419 3.2 52 13
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ESBLUTI  non-ESBLUTI*  Population cohort
N % N % N %

Any tumor 69 176 1,459 11.2 192 49
Leukemia 1 03 42 0.3 6 0.2
Lymphoma 3 038 60 0.5 15 0.4
Moderate to severe liver disease 1 03 19 0.1 7 0.2
Metastatic solid tumor 8 20 131 1.0 19 0.5
AIDS 1 03 2 0.0 0 0.0
Any antibiotics within 31-365 days

before the index date 307 78.1 7,277 56.0 1,128 28.7
- Broad spectrum antibiotics 227 57.8 4,004 30.8 343 8.7
- Narrow spectrum antibiotics 245 623 5,704 439 967 24.6
- Broad spectrum penicillin 87 221 1,323 10.2 200 5.1
- Narrow spectrum penicillin 99 25.2 3,038 234 667 17.0
- Mecillinam 199 50.6 3,271 25.2 167 4.2
- Sulfamethizole 92 234 2,009 155 89 2.3
- Macrolides 69 176 1,219 9.4 273 6.9
- Nitrofurantoin 55 14.0 596 4.6 22 0.6
Any surgical procedure 181 46.1 4,246 327 923 23.5
- Genitourinary tract 56 14.2 1,508 11.6 312 7.9
- Gastrointestinal tract 44 11.2 964 7.4 178 4.5
- Orthopedic 23 59 279 2.1 52 13
- Thorax 77 196 1,497 115 322 8.2
- Skin and soft tissue 47 120 939 7.2 217 5.5
Number of hospital inpatient admissions

within 365 days before index date

0 204 519 9,521 732 3,463 88.1
1-2 127 323 2,907 224 424 10.8
3+ 62 15.8 570 44 43 1.1

*UT]I- urinary tract infection
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Table 6A. Risk of mortality and hospitalization in ESBL and non-ESBL UTI* patients

Nat No of out-

Crude rate per 1,000

Crude rate

Adjusted rate

Outcome Exposure risk comes Person-years person-years (95% Cl) ratio (95% Cl) ratio (95% Cl)

Mortality 0-30 days ESBL UTI 393 2 32.2 62.0(7.5-224.1) 0.6(0.1-2.2) 0.4(0.1-1.4)
non-ESBLUTI 12,998 119 1,062.9 112.0(92.8 - 134.0)

Mortality 31-365 days ESBL UTI 391 33 340.9 96.8 (66.6 - 136.0) 1.6(1.2-2.3) 1.1(0.8-1.6)
non-ESBLUTI 12,877 676 11416.0 59.2 (54.8 - 63.9)

Hospitalization 0-30 days ESBL UTI 390 58 29.1 1995.3(1515.1-2579.4) 2.5(1.9-3.2) 2.0(1.5-2.6)
non-ESBLUTI 12,899 824 1,017.4 809.9 (755.5 - 867.2)

Hospitalization 31-365 days  ESBL UTI 332 114 234.7 485.7 (400.6-583.5) 1.4(1.2-1.7) 1.3(1.1-1.6)
non-ESBLUTI 12,009 3,118 9,206.2 338.7 (326.9 - 350.8)

*UT]I- urinary tract infection

Table 6B. Risk of mortality and hospitalization in ESBL UTI* patients and population co-

hort

Nat No of out-

Crude rate per 1,000

Crude rateratio  Adjusted rate

Outcome Exposure risk comes Person-years person-years (95% Cl) (95% ClI)  ratio (95% CI)

Mortality 0-30 days ESBL UTI 393 2 32.2 62.0(7.5-224.1) 5.0(0.9-27.3) 1.1(.-.)
Population cohort 3,930 4 3223 12.4(3.4-31.8)

Mortality 31-365 days ESBL UTI 391 33 340.9 96.8 (66.6 - 136.0)  7.8(5.0-12.3) 2.1(1.3-3.5)
Population cohort 3,921 44 3,555.8 12.4(9.0 - 16.6)

Hospitalization 0-30 days ESBL UTI 390 58 29.1 1995.3(1515.1-2579.4) 12.5(8.5-18.3) 7.3(4.6-11.5)
Population cohort 3,917 51 319.2 159.8 (118.9-210.0)

Hospitalization 31-365 days  ESBL UTI 332 114 234.7 485.7 (400.6 - 583.5) 3.8(3.0-4.7) 2.1(1.6-2.7)
Population cohort 3,858 426 3,299.0 129.1(117.2-142.0)

*UT]I- urinary tract infection
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Table 7A. Use of antibiotics within 30 days before the index date

ESBLUTI  non-ESBLUTI*  Population cohort

N % N % N %

Total 393 100 12,998 100 3,930 100
Any antibiotics within 30 days before

the index date (index date not included) 178 453 4,248 327 164 4.2
- Broad spectrum antibiotics 125 31.8 2,610 20.1 46 1.2
- Narrow spectrum antibiotics 83 21.1 2,108 16.2 133 3.4
- Broad spectrum penicillin 37 94 511 3.9 25 0.6
- Narrow spectrum penicillin 20 5.1 628 4.8 84 2.1
- Mecillinam 91 232 2,203 169 22 0.6
- Sulfamethizole 33 84 993 7.6 11 0.3
- Trimethoprim 20 5.1 250 1.9 6 0.2
- Macrolides 6 15 183 1.4 33 0.8
- Nitrofurantoin 14 3.6 209 1.6 2 0.1
Combinations

- Broad and narrow spectrum antibiotics 30 7.6 470 3.6 15 0.4
- Broad spectrum antibiotics and narrow spectrum penicillin 8 20 123 0.9 7 0.2
- Broad spectrum antibiotics and sulfamthizole 9 23 192 15 2 0.1
- Broad spectrum antibiotics and trimethoprim 5 13 74 0.6 1 0.0
- Broad spectrum antibiotics and macrolides 2 05 44 0.3 5 0.1
- Broad spectrum antibiotics and nitrofurantoin 10 25 74 0.6 0 0.0
- Narrow spectrum antibiotics and broad spectrum penicillin 12 31 105 0.8 11 0.3
- Narrow spectrum antibiotics and mecillinam 20 5.1 385 3.0 4 0.1
- Broad and narrow spectrum penicillin 2 05 28 0.2 5 0.1
- Broad spectrum penicillin and mecillinam 5 13 109 0.8 3 0.1
- Broad spectrum penicillin and sulfamethizole 5 13 35 0.3 1 0.0
- Broad spectrum penicillin and trimethoprim 2 05 18 0.1 0 0.0
- Broad spectrum penicillin and macrolides 1 03 20 0.2 5 0.1
- Broad spectrum penicillin and nitrofurantoin 3 08 15 0.1 0 0.0
- Narrow spectrum penicillin and mecillinam 6 15 99 0.8 2 0.1
- Narrow spectrum penicillin and trimethoprim 0 00 13 0.1 0 0.0
- Narrow spectrum penicillin and macrolides 1 03 23 0.2 3 0.1
- Narrow spectrum penicillin nitrofurantoin 0 00 8 0.1 0 0.0
- Mecillinam and sulfamethizole 6 15 163 1.3 1 0.0
- Mecillinam and trimethoprim 3 08 63 0.5 1 0.0
- Mecillinam and macrolides 1 03 27 0.2 0 0.0
- Mecillinam and nitrofurantoin 7 18 60 0.5 0 0.0
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ESBLUTI  non-ESBLUTI*  Population cohort

N % N % N %
- Sulfamethizole and trimethoprim 2 05 30 0.2 0 0.0
- Sulfamethizole and macrolides 1 03 9 0.1 0 0.0
- Sulfamethizole and nitrofurantoin 1 03 20 0.2 0 0.0
- Trimethoprim and macrolides 0 00 6 0.0 0 0.0
- Trimethoprim and nitrofurantoin 0 00 16 0.1 0 0.0
- Macrolides and nitrofurantoin 2 05 5 0.0 0 0.0

*UTI- urinary tract infection

Table 7B. Use of antibiotics from index date to 7 days after index date

ESBLUTI  non-ESBLUTI*  Population cohort

N % N % N %

Total 393 100 12,998 100 3,930 100
Any antibiotics from index date (included)

to 7 days after index date (not included) 183 46.6 9,378 721 42 1.1
- Broad spectrum antibiotics 110 28.0 6,469 49.8 13 0.3
- Narrow spectrum antibiotics 90 229 3,381 26.0 31 0.8
- Broad spectrum penicillin 9 23 510 3.9 3 0.1
- Narrow spectrum penicillin 7 18 90 0.7 21 0.5
- Mecillinam 101 25.7 6,025 464 10 0.3
- Sulfamethizole 41 104 2,433 187 2 0.1
- Trimethoprim 14 3.6 482 3.7 4 0.1
- Macrolides 2 05 58 0.4 5 0.1
- Nitrofurantoin 30 7.6 392 3.0 0 0.0
Combinations

- Broad and narrow spectrum antibiotics 17 43 472 3.6 2 0.1
- Broad spectrum antibiotics and narrow spectrum penicillin 3 08 36 0.3 0 0.0
- Broad spectrum antibiotics and sulfamthizole 6 15 264 2.0 1 0.0
- Broad spectrum antibiotics and trimethoprim 2 05 85 0.7 1 0.0
- Broad spectrum antibiotics and macrolides 0 00 23 0.2 0 0.0
- Broad spectrum antibiotics and nitrofurantoin 7 18 68 0.5 0 0.0
- Narrow spectrum antibiotics and broad spectrum penicillin 2 05 62 0.5 0 0.0
- Narrow spectrum antibiotics and mecillinam 15 3.8 415 3.2 2 0.1
- Broad and narrow spectrum penicillin 0 00 2 0.0 0 0.0
- Broad spectrum penicillin and mecillinam 1 03 77 0.6 0 0.0
- Broad spectrum penicillin and sulfamethizole 0 00 34 0.3 0 0.0
- Broad spectrum penicillin and trimethoprim 0 00 10 0.1 0 0.0
- Broad spectrum penicillin and macrolides 0 00 1 0.0 0 0.0
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ESBLUTI  non-ESBLUTI*  Population cohort

N % N % N %
- Broad spectrum penicillin and nitrofurantoin 2 05 15 0.1 0.0
- Narrow spectrum penicillin and mecillinam 3 08 34 0.3 0.0
- Narrow spectrum penicillin and trimethoprim 0 00 3 0.0 0.0
- Narrow spectrum penicillin and macrolides 0 00 1 0.0 0.0
- Narrow spectrum penicillin nitrofurantoin 0 00 1 0.0 0.0
- Mecillinam and sulfamethizole 6 15 233 1.8 0.0
- Mecillinam and trimethoprim 2 05 76 0.6 0.0
- Mecillinam and macrolides 0 00 22 0.2 0.0
- Mecillinam and nitrofurantoin 5 13 54 0.4 0.0
- Sulfamethizole and trimethoprim 0 00 21 0.2 0.0
- Sulfamethizole and macrolides 0 00 7 0.1 0.0
- Sulfamethizole and nitrofurantoin 3 038 22 0.2 0.0
- Trimethoprim and macrolides 0 00 0 0.0 0.0
- Trimethoprim and nitrofurantoin 1 03 8 0.1 0.0
- Macrolides and nitrofurantoin 0 0.0 2 0.0 0.0

*UT]I- urinary tract infection

68



Table 8. Use of antibiotics from 30 days before to 30 days after index date in ESBL and

non-ESBL patients

Nat No of out-

Crude rate per 1,000

Crude rate

Adjusted rate

Outcome Type of antibiotics Exposure risk comes Person-years person-years (95% Cl) ratio (95% Cl) ratio (95% Cl)

Mortality No antibiotics ESBL UTI 65 4 57.4 69.7 (19.0-178.5) 1.1(0.4-3.0) 0.7(0.2-2.0)
non-ESBL UTI 1,316 74 1,160.8 63.7 (50.1 - 80.0)

Any antibiotics ESBL UTI 326 29 2835 102.3 (68.5-146.9) 1.7(1.2-2.5) 1.2(0.8-1.7)
non-ESBLUTI 11,561 602 10255.1 58.7 (54.1 - 63.6)

Broad spectrum antibiotics ~ ESBL UTI 225 23 194.3 118.4(75.0-177.6) 1.8(1.2-2.8) 1.3(0.9-2.0)
non-ESBL UTI 8,744 495 7,733.9 64.0 (58.5 - 69.9)

Narrow spectrum antibiotics  ESBL UTI 206 21 178.4 117.7 (72.9-180.0) 1.9(1.2-2.9) 1.3(0.8-2.0)
non-ESBL UTI 5,915 333 5,235.9 63.6 (57.0 - 70.8)

Broad spectrum penicillin ESBL UTI 52 6 455 131.7 (48.3-286.7) 1.5(0.7-3.4) 1.0(0.5-2.2)
non-ESBL UTI 1,277 96 1,113.8 86.2 (69.8 - 105.3)

Narrow spectrum penicillin ~ ESBL UTI 39 7 32.0  218.6(87.9-450.5) 2.2(1.0-4.9) 1.4(0.6-3.1)
non-ESBL UTI 883 75 769.2 97.5(76.7 -122.2)

Mecillinam ESBL UTI 193 19 166.9 113.9(68.6-177.8) 1.8(1.1-2.9) 1.4(09-2.2)
non-ESBL UTI 8,166 453 7,227.1 62.7 (57.0 - 68.7)

Sulfamethizole ESBL UTI 85 6 75.1 79.9(29.3-174.0) 1.5(0.7-3.4) 0.9(0.4-2.0)
non-ESBL UTI 3,820 178 3,402.2 52.3(44.9 - 60.6)

Trimethoprim ESBL UTI 52 9 43.3 207.7(95.0-394.4) 2.1(1.0-4.0) 1.6(0.8-3.2)
non-ESBL UTI 1,104 97 961.2 100.9 (81.8-123.1)

Macrolides ESBL UTI 15 1 13.0 76.7 (1.9-427.1) 0.8(0.1-6.1) 0.8(.-.)
non-ESBL UTI 333 27 287.4 94.0 (61.9 -136.7)

Nitrofurantoin ESBL UTI 80 6 71.0 84.5(31.0-183.8) 1.1(0.5-2.6) 1.2(0.5-2.9)
non-ESBL UTI 821 55 7223 76.1(57.4-99.1)

Hospitalization No antibiotics ESBL UTI 54 21 36.8 571.0 (353.4-872.8) 1.4(09-2.2) 1.5(0.9-2.3)
non-ESBL UTI 1,205 358 891.6 401.5 (361.0 - 445.3)

Any antibiotics ESBL UTI 278 93 197.9 469.8 (379.2-575.6) 1.4(1.1-1.8) 13(1.0-1.6)
non-ESBLUTI 10,804 2,760 8,314.6 331.9 (319.7 - 344.6)

Broad spectrum antibiotics ESBL UTI 192 68 132.1 514.6 (399.6-652.4) 1.4(1.1-1.8) 1.3(1.0-1.7)
non-ESBL UTI 8,124 2,207 6,159.6 358.3 (343.5-373.6)

Narrow spectrum antibiotics  ESBL UTI 176 53 128.6 412.2 (308.8-539.1) 1.3(1.0-1.8) 1.2(09-1.6)
non-ESBL UTI 5,520 1,334 4,296.2 310.5(294.1 - 327.6)

Broad spectrum penicillin ESBL UTI 45 18 30.7 586.3(347.5-926.6) 1.2(0.7-2.0) 1.2(0.8-1.9)
non-ESBL UTI 1,125 384 792.8 484.3 (437.1-535.3)

Narrow spectrum penicillin ~ ESBL UTI 31 13 19.9 654.5(348.5-1119.2) 1.8(1.0-3.1) 1.4(0.7-2.5)

69



Nat No of out- Crude rate per 1,000 Crude rate Adjusted rate

Outcome Type of antibiotics Exposure risk comes Person-years person-years (95% Cl) ratio (95% CI) ratio (95% Cl)
non-ESBL UTI 779 217 583.0 372.2 (324.3-425.2)

Mecillinam ESBL UTI 166 60 113.5 528.5(403.3-680.3) 1.5(1.2-2.0) 1.4(1.1-1.9)
non-ESBL UTI 7,601 2,021 5,795.8 348.7 (333.7 - 364.2)

Sulfamethizole ESBL UTI 72 20 54.4 367.7 (224.6-567.9) 1.4(09-2.1) 1.2(0.7-1.9)
non-ESBL UTI 3,641 786 2,892.9 271.7 (253.0-291.4)

Trimethoprim ESBL UTI 44 13 32.9 394.9(210.2-675.2) 0.9(0.5-1.5) 0.8(0.5-1.5)
non-ESBL UTI 1,008 321 732.9 438.0(391.4 - 488.6)

Macrolides ESBL UTI 12 1 10.2 98.1(2.5-546.6) 0.3(0.0-1.8) 0.3(0.0-2.3)
non-ESBL UTI 293 82 223.9 366.3 (291.3 - 454.7)

Nitrofurantoin ESBL UTI 73 21 53.0 396.1(245.2-605.5) 1.0(0.6-1.5) 1.0(0.6-1.6)
non-ESBL UTI 749 229 555.3 412.4 (360.7 - 469.4)

Figure 7: 30 days incidence of hospitalization after ESBL vs. non-ESBL UTI and popula-

tion cohort
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Appendix 1. Survey form for cross-sectional study 2

Attached separately as pdf fil
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Appendix 2. Covariates included in the cohort study 3

variable

Data Source

Sub-category

Codes

Notes

Covariates

Sex

Civil Registra-
tion System

Age

Civil Registra-
tion System

Acid_related_drugs

Danish Na-
tional Health
Service Pre-
scription Data-
base

A02

Look 365 back from Index
date

Antibiotic any

Danish Na-
tional Health
Service Pre-
scription Data-
base

Categorized in the following catego-
ries:

31-365 days

0-365 days

Jo1

Look 365 back from Index
date

Broad-spectrum

Categorized in the following catego-
ries:

0-365 days

31-365 days

JO1AA JO1CA JO1CR
JO1DB JO1DC JO1DD
JO1DH JO1EE JO1GB
JO1MA JO1XB

Look 365 back from Index
date

Narrow-spectrum

Categorized in the following catego-
ries:

0-365

31-365 days

JO1BA JO1CE JO1CF
JO1DE JO1DF JO1EA
JO1EB JO1FA JO1FF

JO1XA JO1XC JO1XD
JO1XE JO1XX

Look 365 back from Index
date

Penicillin_broad

Categorized in the following catego-
ries:

0-365

31-365 days

JO1CA except
JO1CAO08, JO1CR

Look 365 back from Index
date
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Penicillin_narrow

Categorized in the following catego-
ries:

0-365

31-365 days

JO1CE JO1CF

Look 365 back from Index
date

Mecillinam Categorized in the following catego- | JO1CA08 Look 365 back from Index
ries: date
0-365 days
31-365 days
Sulfamethizole Categorized in the following catego- | JO1EBO02 Look 365 back from Index
ries: date
0-365 days
31-365 days
Trimethoprim Categorized in the following catego- | JO1EAO1 Look 365 back from Index
ries: date
0-365 days
31-365 days
Macrolides Categorized in the following catego- | JO1F Look 365 back from Index
ries: date
0-365 days
31-365 days
Look 365 back from Index
date
Look 365 back from Index
date
Nitrofurantoin Categorized in the following catego- | JO1XEO1 Look 365 back from Index

ries:
0-365 days
31-365 days

date
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Prior_admission

Danish Natio-
nal Patient Re-

gistry

hospital inpatient admis-
sions within 1 year prior to
the index date. We would
like to know the number
of prior admissions.

Surgical_procedures Danish Natio- | Genitourinary tract KK KL KM Look one year prior index
nal Patient Re- |"Gastrointestinal tract KJ date
gistry Thorax KF KG
Orthopedic KN
Skin and soft tissue KQ
Surgical_procedures_overall Danish Natio- | All of the above except for skin and Look one year prior index
nal Patient Re- | soft tissue date
gistry
Civilstatus Civil Registra- | Married G At index date
tion System Never married u
P
Divorced or widowed F
E
O
Unknown
Citizenship Civil Registra- | Northern EU (DK, N, SE, Finland,
tion System Faroe Islands) vs other
Hospitalization history Danish Natio- C_diag Look back to 1977
nal Patient Re- C_diagtype
gistry C_tildiag
D_inddto
D_uddto

Each of the 19 individual
Charlson diseases

Look back to 1977

Charlson Comorbidity Index
score

Look back to 1977

Outcome
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Vital status

Civil Registra-
tion System

0-30 and 31-365 days

d.d.

Any readmission

Danish Natio-
nal Patient Re-

gistry

0-30 and 31-365 days

After index date

Acute readmission

Danish Natio-
nal Patient Re-

gistry

0-30 and 31-365 days

After index date

Length of hospital stay

Danish Natio-
nal Patient Re-

gistry

For current UTI

Index date (inddto - uddto)

ICU therapy

Danish Natio-
nal Patient Re-

gistry

Procedureko-

den "NABE” el-

ler 'NABB” i SKS_UBE-
fileni LPR.

Datoen for proceduren
(d_odto) er indlaeggel-
sesdato.

Renal diseases

Danish Natio-
nal Patient Re-

gistry

NOO NO1 NO3 NO4 NO5
112 113 1151 1151

N11 N14 N15 N16
Q611 Q612 Q613 Q614
E102 E112 E142 NO83
N18 N19 N26 N27 NO7
NO8

After index date

Antibiotic any and specific use
for current UTI

Danish Na-
tional Health
Service Pre-
scription Data-
base

Look 30 days after index
date
Evt. From -30 to +30 days

Exposure

ESBL cohort
Non-ESBL cohort

Background population cohort

Microbiology
data and Civil
Registration
System
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