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Introduction, aim and outline of the thesis

The emergence of resistance was once illustrated by telling a fable. 

“Once upon a time there was an island covered with short grass and populated by a million 
short-legged dachshunds. They were happy, there was plenty of food, and when opposite
sexes met they reproduced to propagate the happy race. But one day the grass began 
to grow tall and taller. The poor short-legged dachshunds could no longer find food and 
they grew thin and sad. They could no longer find one another and soon the race became 
extinct. However, among the million short-legged dachshunds there was one freak-a 
long-legged dachshund. He had been shunned by his confrères and had lived alone in 
his hideout. On the short-grass island the long-legged dachshund had been exposed to 
predators and barely managed to survive. But when the grass grew taller the long-legged 
dachshund began to enjoy himself. He could peer over the top, could find food, and grew 
fatter as the short-legged ones starved.

One day he was overjoyed to meet a long-legged lady dachshund. They had a family 
and their offspring populated the tall-grass island ever after. 

The high level of drug (the tall grass) does not create resistant (long-legged) microbes, 
for they are either spontaneous mutants of a susceptible species or members of a natu-
rally occurring resistant species. But the selection pressure of the drug favours elimination 
of the susceptible micro-organisms and survival and propagation of the most resistant 
ones.” 1

Historical perspective
Since their introduction in clinical use, antibiotics have proved effective for the control of 
infectious diseases that have plagued human history for many centuries and are probably 
one of the most successful family of drugs in improving human health. The modern era 
of antibiotics started with the serendipitous discovery of penicillin by Alexander Fleming 
in 1928, when contamination of a culture plate of staphylococci by a mould, Penicillium 
notatum, was found to lead to lysis of staphylococcal colonies around the mould colony.2 At 
that time no systemic antimicrobial agents were known, with the exception of Ehrlich’s Sal-
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varsan.3 Fleming’s discovery laid the foundation later in 1940 for the successful treatment 
of various infectious diseases caused by Gram-positive bacteria, cocci, and spirochetes, on 
a scale never dreamed of before.4 Once the antibiotic was used widely, resistant strains 
capable of inactivating the drug became prevalent. The impact of the observed resistance 
was initially mitigated by the modification and improvement of antimicrobial agents, and 
the development of new families of antimicrobials (Figure 1). Indeed, the vast majority of 
antimicrobial classes in use today were isolated between the 1950s and 1970s, the golden 
era of discovery of novel antibiotics classes.5 These developments led to the belief in the 
1960s and 1970s that infectious diseases had been conquered6, and that we could always 
remain ahead of the pathogens.7 Unfortunately, this optimism proved to be short-lived, 
and has yet to be revived, as new antibiotics are no longer developed at a rate that can 
keep pace with the evolutionary response of bacteria to the selective pressure that results 
from exposure to these compounds.

Figure 1. The timeline of antibacterial development.8 

Causes of antibiotic resistance
Resistance in bacteria results from two independent steps: emergence and dissemina-
tion.9 

Emergence occurs when individual organisms harbour mutations, as normal genetic 
variations in bacterial populations, that render antibiotics ineffective, conveying a survival 
advantage to the mutated strain. When exposed to antibiotics, strains lacking the resist-
ance mutation will die, and the mutated strain will survive and potentially spread. 
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Dissemination is the spread or the transmission of genetic resistance determinants 
from the resistant strains to strains that lack this resistance.

The widespread antibiotic use in humans, animals and agriculture during close to 8 
decades is thought to be the primary cause antibiotic resistance 10,11,12, by providing selec-
tive pressure for resistant bacteria to maintain and further spread from person to person, 
or from the non-human sources in the environment, including food (Figure 2).13 

Figure 2. Examples of How Antibiotic Resistance Spreads.13

Mechanisms of antibiotic resistance
Not all bacterial species are susceptible to all antibiotics: some species are intrinsically 
resistant, meaning that they are resistant by nature. Such resistance can be due to a 
specific protective mechanism against the antibiotic, or can be due to a genetic trait with 
a different function, that happens to also convey resistance.14 One example of intrinsic 
resistance is the restricted outer-membrane permeability and efflux mechanisms in Pseu-
domonas aeruginosa15 and chromosomal beta-lactamases, which occurred in organisms 
long before the antibiotic era.16 Other previously susceptible species may acquire resis-
tance by genetic alterations within their genome, either by mutations or by horizontal gene 
transfer.17 In general, transfer of resistance determinants occurs through the processes 
of transduction (via bacteriophages), conjugation (via plasmids), and transformation (via 
incorporation into the chromosome of free DNA segments) (Figure 3). 
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Figure 3. Acquisition of Antibiotic Resistance. Bacteria can become antibiotic resistant (Abr) by mutation of the 

target gene in the chromosome. They can acquire foreign genetic material by incorporating free DNA segments 

into their chromosome (transformation). Genes are also transferred following infection by bacteriophage (trans-

duction) and through plasmids and conjugative transposons during conjugation.17

Once transferred, resistance genes can be expressed in the host bacteria and lead to 
loss of activity of the antibiotic in various ways, depending on the bacterial species and 
the class of antibiotics.

These include: a) production of enzymes that degrade or modify the antimicrobial, 
making it inactive against the bacteria; b) permeability barriers, which are regulated by 
narrow, restrictive porin channels that decrease the influx of the drug into the cell; c) active 
efflux by which the antibiotic molecules are pumped to the outside milieu; d) receptor 
modification resulting in lack of binding of the antibiotic (Figure 4).

Figure 4. Schematic representation of the main bacterial mechanisms of resistance to antibiotics.18
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Examples of acquired resistance are chromosomal mutations in Mycobacterium tubercu-
losis leading to rifampicin resistance19, fluoroquinolone resistance due to mutation in the 
drug’s targets DNA gyrase and topoisomerase IV20, and horizontal acquisition of mecA in 
methicillin resistance.21 

Both intrinsic and acquired resistance types can affect the four aforementioned major 
resistance pathways. For example, naturally occurring efflux pumps in P. aeruginosa can be 
overexpressed by mutations in repressor genes, leading to increased resistance to those 
antibiotics that act as substrates for the respective pump.22 In addition, multiple resistance 
mechanisms may act against the same antibiotic or a single resistance mechanism may 
affect multiple antibiotics.23,24

For the acquired resistance mechanisms, transmission through plasmids is perhaps 
the most important route for the exchange of genetic material encoding antimicrobial 
resistance between organisms. Multiple plasmids can exist within a single bacterium, rep-
licate independently of host cell replication, and be transferred from the carrier bacterial 
cell to bacteria of different species and genera.25,26 Examples of spread of resistance genes 
through plasmids are: the global dissemination of genes encoding Extended-spectrum 
beta-lactamases (ESBLs)27, and carbapenemases28; the transmission of resistance genes 
from bacteria in livestock to bacteria in humans29; transmission of chromosomal AmpC 
genes to plasmids30; the plasmid-mediated spread of quinolone resistance.31

In addition, a plasmid may carry genes that encode resistance to different classes of 
antibiotics, leading to transfer and spread of multidrug resistance.26,32 Depending on the 
extent of resistance to different classes of antibiotics, different definitions are used, includ-
ing multidrug-resistance (MDR), extensively drug-resistance (XDR), and pandrug-resistance 
(PDR).33 In the Netherlands, definitions for highly resistant micro-organisms (HRMO) among 
Gram-negative bacteria were made by the Dutch Working Party on Infection Control in 
2005, and revised in 2013 (Table 1).34
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Table 1. Definitions of Highly Resistant-Microorganisms.
Gram-negative bacteria ESBL QUI AMG CAR CFT PIP TMP-

SMZ

Enterobacteriaceae* A B B A

Acinetobacter species B$ B A

Stenotrophomonas 
maltophilia

A

Pseudomonas aeruginosa C C C C C C

ESBL: extended-spectrum beta-lactamase; QUI: Fluoroquinolones; AMG: Aminogycosides; CAR:
carbapenems; CFT: ceftazidime; PIP: piperacillin; TMP-SMZ: trimethoprim-sulfamethoxazole
A: resistance against an antibacterial agent from one of the indicated group is sufficient to define the 
micro-organism as highly resistant
B: resistance against an antibacterial agent from at least two of the indicated group is sufficient 
to define the micro-organism as highly resistant
C: resistance against an antibacterial agent from at least three of the indicated group is sufficient 
to define the micro-organism as highly resistant
* AmpC-producing Enterobacteriaceae are excluded due to the low prevalence of plasmidal 
AmpC/low risk for the occurrence of outbreaks in the Netherlands, and the lack of a routine 
phenotypic method to identify plasmidal AmpC
$ applies for ciprofloxacin and/or levofloxacin, not for norfloxacin due to intrinsic resistance

Clinical impact of multidrug resistance
In clinical care, hospitalized patients may be colonized with resistant bacteria through 
several ways: a) patients may carry resistant bacteria from the community upon admission 
into the health care facility; b) bacteria may develop resistance upon exposure of the host 
patient to antibiotics during admission; c) patients may become colonized by resistant 
bacteria through spread of these bacteria between patients. Following colonization, these 
bacteria may lead to antimicrobial-resistant infections (ARI).35 In such infections, Gram-
negative bacteria play a major role.36,37

Gram-negative bacteria cause infections in both hospitalized and community-dwelling 
patients. 

While serious infections caused by these organisms were rarely reported events in 
the medical literature in the pre-antibiotic era38,39 after the introduction of antibiotics they 
increasingly became a clinical problem.40,41,42,43,44 This is due to their constantly evolving 
antimicrobial resistance mechanisms and following the introduction and widespread use 
of new classes of antibiotics.45 Patients most affected by antibiotic-resistant infections 
caused by Gram-negative bacteria are those admitted to intensive care units (ICU).46 These 
hospital units are confined environments with seriously ill patients who are highly vulner-
able to infection and who frequently require antibiotics.47,48,49

Major hospital-acquired infections that are caused by Gram negative bacteria include 
bloodstream, surgical site, urinary tract, and lower respiratory tract infections.50 The latter 
are most often ventilator-associated pneumonia in intensive care patients.51 The onset 
of infection necessitating antimicrobial therapy may be in the community, such as bac-
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teraemia related to primary infections of the urinary tract52,53 or in the hospital, such as 
bloodstream infections, and lower respiratory tract infections.54,55 Failure to use appropri-
ate therapy to treat serious infections caused by multidrug-resistant bacteria was found 
to be associated with a significant increase in mortality.56,57,58,59,60 

Treatment options
Prompt initiation of appropriate empirical antimicrobial therapy is important for treatment 
outcome in patients with severe infections.61 Options regarding the (empirical) treatment 
of infections caused by Multidrug-resistant Gram-negative bacteria (MDR-GNB) are limited, 
and should be guided by local antimicrobial susceptibility patterns to ensure that the 
prescribed regimen is actually effective. 

The diversity of resistance mechanisms that underlie multidrug resistance in GNB may 
render therapy unsuccessful, leading to increasing reliance on broad spectrum antimi-
crobials, particularly carbapenems.62 These antibiotics are considered antibiotics of last 
resort13, that are used for the treatment of life-threatening suspected or proven multidrug-
resistant infection.63 Increasing prevalence of ESBL- and AmpC-producing organisms in 
some parts or the world has necessitated the use of carbapenems as preferred front-
line treatment agents. The emergence and further spread of carbapenemases amongst 
Enterobacteriaceae render some strains resistant to nearly all classes of antibiotics avail-
able in the clinic.64,65 Remaining treatment options are limited to tigecycline66, a minocycline 
derivative with a broader spectrum of activity against gram-negative bacteria, and two, 
old compounds, fosfomycin67 and particularly colistin.68 Observational studies show that 
combinations of these drugs, also with a carbapenem as part of the combination, may 
have better clinical outcomes.69 

Prevention 
Colonization of patients with multidrug-resistant strains may lead to antimicrobial-resist-
ant infection (ARI). Preventing these infections has been based on two main cornerstones: 
prudent use of antimicrobials to reduce selection pressure and emergence of resistance 
among susceptible strains, and high-quality infection control to reduce transmission of 
the resistant strains.

Prudent use of antimicrobials includes treating only those patients who are truly 
infected as long as is required to cure the infection, and narrowing down of the antimicro-
bial therapy based on antimicrobial susceptibility patterns.70 Expedient pathogen-specific 
antimicrobial treatment can be enhanced by a timely microbiological diagnosis based on 
clinical and surveillance cultures which help in distinguishing those colonized from those 
truly infected. 

Another approach which was found to reduce infections by antibiotic-resistant Gram-
negative bacteria is the use selective decontamination of the digestive tract (SDD) as 
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prophylaxis against ventilated associated pneumonia (VAP). It is proposed that SDD eradi-
cates carriage of pathogens, when it is used in a setting where baseline levels of resistance 
are low.51,71 However, concern remains as to whether its use will promote the growth 
of resistant bacteria, particularly when it is used in settings with higher drug-resistance 
levels.72,73 Antibiotic stewardship programs, aimed at the improvement of patient care and 
health care outcomes, contribute to limiting unintended consequences of antibiotic use, 
including antimicrobial resistance.74 Antibiotic stewardship, however, does not interfere 
with the patient-to-patient spread of resistant bacteria.75 Strict adherence to infection 
control strategies and isolation are important in halting transmission of multidrug resist-
ant organisms.76 

Infection control interventions for the prevention and control of MDR-GNB have 
focused mainly on active surveillance by screening cultures and flagging of patients, hand 
hygiene, contact (and droplet) precautions, use of single rooms, cohorting of staff/patients 
in epidemic settings, and cleaning/disinfection. Guidelines on where and when to use the 
various prevention and control measures can differ between countries.77 

In the Netherlands, the Working Party for Infection control (WIP) has published national 
guidelines for the control of highly resistant microorganisms in 2005, and revised them in 
2013. The guidelines apply to hospitals and other health-care facilities (www.wip.nl). The 
guidelines include criteria for screening and active surveillance testing to identify colonized 
patients (whether at admission or in case of an unexpected case during admission), use 
of different forms of isolation (depending on the criteria as defined in Table 1, including 
isolation in single rooms and droplet isolation), criteria for discontinuation of isolation, use 
of cleaning/disinfection, and recommendations for outbreak management.

Conclusion
Aantimicrobial resistance is an ever continuing and growing worldwide problem. Due to 
the extensive use of antibiotics, not only for treatment of human infectious diseases, for 
which they were originally developed, but also in animals, plants and agriculture, resist-
ance78 sooner or later emerged. None of the different classes of antibiotics that was 
developed since the first discovery of penicillin, has escaped resistance. At the same time, 
the development of new antibiotics, has essentially stalled.79 Although resistance rates 
differ between countries and between regions, countries with low resistance rates that 
foster policies and practices regarding prudent antibiotic use and infection control, such 
as the Netherlands, can also face multidrug resistant infections. Antibiotic resistance can 
still always develop under antibiotic pressure; antibiotic resistant microorganisms know 
no borders, and can spread through many vectors. 
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Outline of the thesis
This thesis focuses on multidrug-resistant Gram negative bacteria from the family of the 
Enterobacteriaceae in clinical care.

Increase in multidrug resistance among Enterobacteriaceae has been observed 
worldwide, also in The Netherlands, posing important therapeutic and infection control 
challenges. Among these is the emergence and dissemination in recent years of carbap-
enem resistance mediated by beta–lactamases (carbapenemases), such as New Delhi 
metallo-beta-lactamase-1 (NDM-1). Since NDM-1 was first described, reports have pointed 
to the Indian subcontinent as the main source of its origin. In chapter two, NDM-1 iso-
lated from a patient admitted to a Dutch hospital in 2008, the same year when NDM-1 
was first identified, is described. This patient had, however, no travel history to the Indian 
subcontinent but to the Balkan, supporting the hypothesis that the Balkan region may 
also be a reservoir of NDM-1-producing Gram-negative bacteria. Acinetobacter baumannii 
is another important cause of multidrug-resistant hospital acquired infections. Chapter 
three describes an outbreak with multidrug A. baumannii, imported from an endemic 
region, causing ward closure.

In chapter four, a large outbreak with an ESBL-producing Klebsiella pneumoniae in an 
intensive care unit is described. Specifically, the effect of SDD (which includes colistin and 
tobramycin), used as part of an infection control programme to control this outbreak, 
on colistin and tobramycin resistance is investigated. SDD, mainly used as a prophylactic 
measure, has shown to be beneficial with respect to morbidity and mortality. At the same 
time, the emergence of antimicrobial resistance has always been a major concern of its 
use. In chapter five further investigation of the observed colistin resistance under SDD is 
described, the role of heteroresistance herein, and the underlying genetic mechanisms. 
With the increasing antimicrobial resistance and the paucity of reliable antimicrobials avail-
able, infection control has become an important measure against the spread of resistance. 
Plasmidal AmpC beta-lactamase is a less well-recognized resistance mechanism with the 
potential of spread due to its plasmidal location. This beta lactamase can be missed in rou-
tine laboratory algorithms for identification of resistance mechanisms. In chapter six, the 
prevalence of and risk factors for the carriage of this resistance form is been investigated. 
The role of single-room design in preventing the spread of Gram-negative bacteria in an 
intensive care unit setting is investigated in chapter seven. In chapter eight, the main 
findings of the thesis are discussed. Issues regarding the increasing threat of antimicrobial 
resistance, related challenges and responses are addressed.
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Secondary transmission of ndm-1

New Delhi metallo-beta-lactamase 1 (NDM-1) was first identified in 2008 in a Klebsiella 
pneumoniae strain from a Swedish patient of Indian origin with a history of medical treat-
ment in a New Delhi hospital for a urinary tract infection.1 Since then, more such cases 
in different parts of the world have been reported. 2 The majority of these patients were 
found to have traveled to or been admitted to hospitals in the Indian subcontinent. A 
few patients had a travel history in the Balkan area.3 Here we describe a Dutch patient 
proven to be carrying an NDM-1-producing K. pneumoniae strain that was imported from 
the Balkan area. Furthermore, a second patient apparently acquired this strain during her 
stay in the same hospital as the index case. 

Patient A, a 66-year-old female with a cerebrovascular accident, was transferred from 
a hospital in Belgrade, Serbia, to the neurology department of a hospital in the east of the 
Netherlands on 27 August 2008. Since the patient was known to carry methicillin-resis-
tant Staphylococcus ureus (MRSA), she was directly placed in a separate room in isolation. 
During admission, extended-spectrum-beta-lactamase (ESBL)-producing K. pneumoniae, 
as determined according to the 2008 CLSI guidelines4, was isolated from different sites, 
including throat, rectum, and urinary tract. The patient was treated for the urinary tract 
infection with nitrofurantoin, to which the isolate was susceptible, and with removal of 
the urinary catheter. She was discharged from the hospital on 15 October to a nursing 
home, where contact isolation measures were maintained. Follow-up screening cultures 
remained positive for ESBL-producing K. pneumoniae up to March 2009, but subsequent 
cultures obtained on several occasions between April and September 2009 were negative.

Patient B, a 73-year-old female with no travel history outside the Netherlands, was 
admitted with exacerbation of pulmonary symptoms to the department of pulmonary 
disease (DPD) in the same hospital as the first patient between 10 October and 7 Novem-
ber 2008. At the end of October, ESBL-producing K. pneumonia was cultured from a urine 
specimen. The patient was treated with oral amoxicillin-clavulanate in addition to removal 
of the urinary catheter and was discharged from the hospital in good condition. A urinary 
culture obtained during readmission to the DPD on 25 June 2010 with pulmonary symp-
toms and urinary tract infection yielded only Escherichia coli. For the urinary tract infection, 
the patient was treated with ciprofloxacin, to which the E. coli strain was susceptible. The 
patient died on 18 July 2010.

Two ESBL-producing K. pneumoniae isolates, one from each of these two patients, 
were selected for further analysis aimed at the presence of carbapenemase because of 
their elevated MICs to meropenem according to the 2008 CLSI guidelines.4 Antimicrobial 
susceptibility testing using the EUCAST breakpoints (www.eucast.org) was performed with 
the Vitek2 automated system (bioMérieux). Ertapenem, imipenem, meropenem, tigecy-
cline, and colistin MIC values were determined by the Etest. The results of retrospective 
antimicrobial susceptibility testing and phenotypic confirmations are shown in Table 1. 
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TABLE 1. Results of antimicrobial susceptibility testing and phenotypic confirmations for two ESBL-producing K. 
pneumonia isolates, one from each of the two cases.
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Case 1a urine > 64 32 > 16 > 16 > 4 8 3 6 0.25 1.5 pos pos pos pos neg

Case 2b urine > 64 32 > 16 > 16 > 4 6 3 6 0.19 1.5   pos pos pos pos neg
a Index patient.
b Secondary case.
c Pos, positive; neg, negative.
d ESBL: extended-spectrum beta-lactamases (Laboratory detection of highly resistant microorganisms (HRMO), 
http://www.nvmm.nl).
e MHT, modified Hodge test.5
f CD, combined disc.6
 g See reference 7.

PCR and sequencing8 confirmed the presence of NDM-1, CTX-M-15, SHV-12, and 
OXA-1. Molecular plasmid analysis8 revealed the presence of a 70-kb IncII plasmid contain-
ing blaNDM-1 and a 140-kb plasmid. By amplified fragment length polymorphism (AFLP) 
typing9, the strains were shown to be identical (data not shown), a result which strongly 
suggests that the strain was transmitted from the index patient to the secondary case, 
although the transmission pathway remains unknown. 

By multilocus sequence typing (MLST)10, the strain of the index patient was found to 
belong to sequence type 15 (ST15). This MLST type was recently described in Belgium for 
an NDM-1-producing K. pneumoniae isolate from a patient who had been previously hos-
pitalized in Podgorica, Montenegro.11 The strain from the secondary case was ST431, an 
MLST type with only one base pair change from ST15. In conclusion, our study describes 
one of the first cases of NDM-1-producing K. pneumoniae with apparent secondary trans-
mission, as evidenced by the findings from AFLP typing. Furthermore, the strain belongs 
to ST15, which has recently been isolated from a patient returning from the Balkan 
area, supporting the hypothesis of the Balkan region as a reservoir of NDM-1-producing 
Gram-negative bacteria.12
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ABSTRACT

Introduction: Nosocomial outbreaks of multidrug-resistant (MDR)- Acinetobacter bauman-
nii (MDR-Ab) may be difficult to contain, despite stringent infection control measures, 
requiring ward closure in some cases. In this study, we describe a retrospective analysis of 
an intensive care unit (ICU) outbreak with MDR-Ab, leading to ward closure for new admis-
sions. As a temporary ICU, a combat support hospital (CSH) from the Dutch army was used.

Methods: A case was defined as a patient who presented with any type of culture positive 
for A. baumannii in the ICU or on suspected wards. Isolates obtained from environmental 
cultures, isolates from patients not related to the outbreak, and one stored MDR-Ab isolate 
from a patient, who had been transferred from a Turkish hospital to the ICU three months 
before the outbreak and placed in strict isolation, were included. The VITEK 2 system 
was used for identification and susceptibility testing. Selected results were confirmed by 
quantitative MIC’s using the E-test. DiversiLab and AFLP were used for molecular genotyp-
ing. The outbreak was managed by ICU closure and the use of a CSH as a temporary ICU. 
After decontamination, including hydrogen peroxide vapour (HPV) treatment, the ICU was 
reopened ten weeks after closure. 

Results: The outbreak took place in January 2008. CSH was used during February and 
March 2008. Seven cases were identified. Three isolates from ICU patients and seven iso-
lates from the ICU environment showed identical resistance pattern to that of the stored 
MDR-Ab strain. Genotyping showed an identical pattern for the MDR isolates from the 
patients and the ICU environmental isolates. The remaining non-MDR isolates showed 
different patterns. During a 10-month period after HPV decontamination, no MDR-Ab 
was isolated. 

Conclusions: A patient carrying MDR-Ab, who was admitted to the ICU three months 
before, was found to be the source of the ICU outbreak. Although the patient was strictly 
isolated during admission, spread of the Acinetobacter strain in the ICU and subsequently 
in the surgery ward could not be prevented. The outbreak was ended by ward closure and 
decontamination of the unit with HPV. CSH is suitable to use as a temporary ICU when 
acute ward closure is necessary. 
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INTRODUCTION

Acinetobacter baumannii has been associated with hospital outbreaks, especially in inten-
sive care units.1,2,3 A major concern is the emergence of multidrug-resistant (MDR-) strains 
that are difficult to treat4,5,6, making implementation of infection control measures to con-
trol the spread of such MRD-strains a necessity.7,8,9,10 Spread of MDR strains may persist 
despite stringent infection control measures; to end such outbreaks temporary closure of 
the ward may be needed.11 Closure of an intensive care unit poses a significant problem 
for patients and health care facilities, especially in regions where transfer facilities for 
patients to other hospitals are limited. 

In this study, we describe a retrospective analysis of an ICU outbreak with MDR-A. bau-
mannii (MDR-Ab), which was ended by temporarily closure of the ICU and decontamination 
of the unit with HPV. In order to guarantee access to intensive patient care, a combat 
support hospital from the Dutch army was used as a temporary ICU.

METHODS

Setting
The study covered the period between October 2007 and December 2008. Prior to this 
outbreak, a protracted outbreak involving extended-spectrum beta-lactamase (ESBL)-pro-
ducing Klebsiella pneumoniae (ESBL-Kp) and persistence of other MDR Gram negative 
bacteria had taken place in the same ICU lasting between 2002 and mid 2007.12,13 In this 
period, no MDR-Ab was isolated. The outbreak was ultimately controlled, typing of ESBL-Kp 
isolates showed no further spread beyond mid-2007. 

Patients were nursed in an ICU with 21 beds: five in single ventilated rooms and with 
anteroom, four in two double rooms without anterooms, and 12 in an open bay (Figure 1). 
Two of the 5 ventilated rooms are suitable for strict isolation (i.e., combined contact- and 
airborne isolation). The total number of beds in use was 18, since a maximum of nine out 
of the 12 open bay beds was used for admissions at any given time. The ICU has been a 
reference trauma center for the region.

During ICU closure between January and March 2008, a CSH from the Dutch army was 
determined to be a suitable option for use as a temporary ICU.

After obtaining the required permits and informing the National Health Care Inspec-
torate and neighbouring hospitals that refer patients to the ICU, CSH setup including: 
cleaning, disinfection and validation of the ventilation systems was conducted by Defence 
personnel in collaboration with the outbreak management team within 4 days. Patients 
were admitted to the CSH in the vicinity of the hospital, that consists of 6 ventilated units 
2 beds each and one trauma unit (Figure 2).
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Figure 1. Floor plan of the ICU: 1-6 and 10-15: beds situated in open bays; 7-9: beds situated in single rooms 

with anteroom and without controlled ventilation (not suitable for strict isolation, i.e., combined contact- and air-

borne isolation according to the national guideline); 16/17 and 18/19: beds situated in rooms without controlled 

ventilation and without anteroom; 20-21: beds situated in rooms with anteroom and with controlled ventilation 

(suitable for strict isolation, i.e., combined contact- and airborne isolation).
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Figure 2. Combat support hospital built next to the main hospital. Insert: view inside one of the units.

Surveillance
Routine microbiological screening that had already been implemented since February 
200213 continued throughout the entire study period. Screening was performed on all 
patients upon admission to the ICU and thereafter twice a week. Screening was done 
by culture of throat and rectal-swab specimens and, in the case of intubated patients, of 
tracheal fluid samples. When clinically indicated, samples were also obtained from relevant 
body sites, such as wounds. Surveillance included MDR-gram-negative bacteria according 
to the national definitions.14 During the outbreak, environmental cultures from the ICU, 
including bed rails, equipment, air-conditioning system, were also performed. The same 
patient surveillance policy was also performed in hospital wards in case of the isolation 
of the suspected outbreak strain, and in the CSH. MDR-Ab isolates were stored at -70°C.

Case definition
A case patient was defined as a patient admitted to the ICU, the CSH, or hospital wards 
in case of ICU patient transfer, who presented with any type of culture positive for A. bau-
mannii during the study period.

Bacteriological methods
All Acinetobacter isolates were identified and their microbial susceptibility determined by 
using the VITEC 2 Advanced Expert System (BioMérieux, Marcy L´Etoile, France). The MIC 
for meropenem was determined by the E-test. Clonality of the isolates was investigated 
by DiversiLab (bioMérieux, Marcy l’Étoile, France)15, using > 95% similarity as the similarity 
threshold. For the confirmation of both species identification and clonality, isolates were 
sent to the reference laboratory (Department of Infectious Diseases, Leiden University 
Medical Center, Leiden, The Netherlands). 
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RESULTS

Outbreak description and control measures
Three months before the outbreak, a surgical patient known to harbour MRSA and MDR-Ab 
was transferred from a Turkish hospital to the ICU, and was directly placed in a separate 
room in strict isolation. During his admission, which lasted 7 weeks, and after discharge, 
no spread of the MDR-Ab or MRSA among patients was observed. In the second week of 
January 2007 two patients were found positive for Acinetobacter (Figure 3A) phenotypically 
identical to that of the index patient. 

Figure 3. Epidemic curve of the outbreak (A) and timeline of the events (B). A: Key to boxes: stipple, intensive care 

unit (ICU); diagonal hatching, surgery ward; vertical hatching, combat support hospital (CSH). Isolate identifiers 

are unique isolate numbers used in figure 4: IC-5: outbreak strain from the index patient; IC-1 to IC-3: isolates 

from ICU patients; IC-4 isolate from an ICU patient subsequently transferred to the surgery unit; IC-6: isolate from 

a patient admitted to the surgery unit; IC-7: non-MDR isolate from an ICU patient admitted to the ICU during 

outbreak; Hyg-1 to Hyg-7: environmental ICU isolates; tIC-a to tIC-e: isolates from one patient admitted to the 

CSH. X, first date of isolate identification. B: HPV: hydrogen peroxide vapour.

An outbreak management team was formed, consisting of an infection control practitioner, 
an ICU physician, a clinical microbiologist, a nurse and the ICU staff head. The patients 
were directly placed in the two strict isolation rooms. Infection control measures were 
intensified including cohorting of staff, enforcement of hand hygiene and isolation pre-
cautions, and enhancing decontamination practices including surface decontamination. 
Soon, thereafter, two additional patients were found positive for Acinetobacter, of whom 
one patient was admitted to the ICU. The other patient stayed at the surgery ward but 
was admitted to the ICU prior to his transfer to this ward. Clinical sputum sample from 
this patient, collected during his stay at the ward, grew Acinetobater with the suspected 
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phenotype, and the patient was directly placed in strict isolation. Since further isolation 
facilities were limited, it was decided to close the ICU for new admissions. Patients and 
staff were cohorted. In the fourth week of January, a fifth ICU patient was found positive. 
Transferred non-MDR-Ab carrier patients to the wards were placed in strict isolation until 
surveillance cultures, obtained prior to leaving the ICU, proved negative. Nevertheless, a 
secondary case on the surgery ward was found positive through surveillance cultures. 

After all ICU beds became available through discharges, extensive cleaning and 
decontamination of the ICU was performed, including patient rooms, technical rooms 
and storage areas. In addition, the whole unit, including equipment and the ventilation 
ducting was decontaminated with vaporized hydrogen peroxide (VHP) according to man-
ufacturer’s instructions (Infection Control BV, Eemnes, the Netherlands), which was found 
more effective than conventional cleaning methods.16 

In advance of reopening the ward, the number of beds was reduced from 21 to 15 
in order to create additional bed space in the open bay. Long term plans for closing the 
ICU were accelerated. In May 2009 the ICU was transferred to a newly built ICU, which 
consisted of a two-floor unit, each with nine single rooms with controlled ventilation and 
anteroom.13

By closing the ward, concerns had been raised about the availability of intensive care 
beds for new patients, since critical care capacity within the hospital and in the surround-
ing area was insufficient. As a temporary ICU, a CSH from the Dutch army was used. In 
order to prevent cross-contamination between the ICU and the CSH, several measures 
were taken in addition to the infection control protocols. These included cohorting of 
health care personnel, restriction of access to the CSH for only authorized personnel by 
using recognizable badges and work uniforms, no transfer of patients or equipment of 
any kind from the ICU to the CSH, and the continuous availability of an infection control 
practitioner to the CSH. In addition, an ICU nurse and a technician from the army were 
available for health care personnel.

In the CSH, a seventh patient carrying Acinetobacter strain was identified (Figure 3B).

Culture results and antibiotic susceptibility testing
Five isolates representing all 5 ICU patients, one isolate from the surgery ward patient, 7 
isolates recovered from ICU environmental cultures, one isolate from the index patient 
and 5 isolates obtained from the CSH patient were identified as A. baumanni in the VITEC. 
All isolates, except one from one ICU patient and the isolates from the CSH patient, 
showed the same resistance pattern in the VITEK, being resistant to carbapenems and 
only susceptible to colistin and netilmicin. Antibiotic susceptibility testing results are shown 
in Table 1. The remaining two isolates from the ICU and the CSH patients were non-MDR. 
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Table 1. Antimicrobial susceptibility of MDR-Ab isolates as determined by the Vitek (mg/liter). Values in paren-

theses are MIC’s as determined by the Etest. TMP-SMZ: trimethoprim-sulfamethoxazole.

Antimicrobial MIC Antimcrobial MIC

Ampicillin ≥ 32 Meropenem 8 (> 32)

Amoxicillin/Clavulanic Acid ≥ 32 Amikacin ≥ 64

Ticarcillin ≥ 128 Gentamicin ≥ 16

Ticarcillin/Clavulanic Acid ≥ 128 Netilmicin 4

Piperacillin ≥ 128 Tobramycin ≥ 16 (24)

Piperacillin/Tazobactam ≥ 128 Nalidixic Acid ≥ 32

Cefalotin ≥ 64 Ciprofloxacin ≥ 4

Cefazolin ≥ 64 Gatifloxacin ≥ 8

Cefuroxime ≥ 64 Levofloxacin ≥ 8

Cefuroxime Axetil ≥ 64 Moxifloxacin ≥ 8

Cefotetan ≥ 64 Norfloxacin ≥ 16

Cefoxitin ≥ 64 Ofloxacin ≥ 8

Cefpodoxime ≥ 8 Tetracycline ≥ 16

Ceftazidime ≥ 64 Fosfomycin ≥ 256

Ceftriaxone ≥ 64 Nitroforantoin ≥ 512

Cefepime ≥ 32 Chloramphenicol ≥ 64 (> 256)

Cefpirome ≥ 64 Colistin ≤ 0.5

Aztreonam ≥ 64 Rifampicin 8

Imipenem ≥ 16 TMP-SMZ ≥ 320

Genotyping
Initially, 22 isolates were analysed using the DiversiLab: 5 isolates from the 5 ICU patients, 
one from the surgery ward patient, the index strain, 7 isolates from environmental cul-
tures, 5 isolates from the CHS patient, and 3 nonrelated isolates. All isolates (that were 
MDR) showed the same pattern, except for one isolate from one ICU patient, the 5 from 
the CSH patient and the nonrelated isolates (non-MDR) which showed different patterns 
(Figure 3).
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Figure 4. DiversiLab and AFLP profiles of the analyzed isolates. IC-5*: outbreak strain from the index patient; 

IC-1 to IC-3: isolates from ICU patients; IC-4 isolate from an ICU patient subsequently transferred to the surgery 

unit; IC-6: isolate from a patient admitted to the surgery unit; IC-7 (ΔR): non-MDR isolate from an ICU patient 

admitted to the ICU during outbreak; Hyg-1 to Hyg-7: environmental ICU isolates; tIC-a to tIC-e: isolates from 

one patient admitted to the CSH; nR1-nR3: non-related Acinetobacter isolates; L1- L10: A. baumannii isolates 

from the reference laboratory (Department of Infectious Diseases, Leiden University Medical Center, Leiden, 

The Netherlands). Clonal relatedness initially found in the DiversiLab was confirmed by the reference method, 

AFLP (red and blue frames).

All 22 isolates (except one out the 5 belonging to the CSH patient) were sent to the refer-
ence laboratory for confirmation using the AFLP. Ten reference strains from the reference 
laboratory collection were also included in the AFLP genotyping. The findings from the 
initial typing by DiversiLab were confirmed by the AFLP reference method (Figure 3).
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DISCUSSION

In this study, successful management of an ICU outbreak of MDR-Ab with a secondary 
case on the surgery ward arising from a transferred ICU patient, by unit closure, HPV 
decontamination and temporary CSH is described. The outbreak strain was found to be 
imported by a trauma patient who had been transferred to the ICU from a high prevalence 
area three months before the outbreak. While the patient was also colonized with MRSA, 
no persistence or spread of the MRSA strain was found. 

The introduction of MRD bacteria in hospitals through patient transfer between coun-
tries has previously been reported. An outbreak with MRD-Ab in a burn unit in a Norwegian 
hospital has been found to be introduced from Alicante, Spain, by a transferred patient.17 
Another study describes an outbreak with MDR-Ab in a Belgian university hospital after 
the transfer of two trauma patients from Greece.18 Introduction of MRD-Ab associated 
with influx of war trauma patients evacuated to host countries has also been reported.19

Although the index patient was strictly isolated during admission, spread of Acinetobac-
ter could not be prevented. During his admission which lasted 5 weeks, and up to 10 weeks 
after his discharge, surveillance routine patient cultures showed no patient colonization. 
However, contamination of the environment surrounding infected or colonized patients 
has been documented.20,21 Maintenance of Acinetobacter might have been enhanced by its 
potential to survive in dry conditions22, rendering this species capable of persisting despite 
stringent disinfection.23 Contamination of air conditioning units, as in this outbreak, has 
also been reported21, enabling contaminated dust to be widely dispersed in the environ-
ment.24 This might have been the mode of spread in this outbreak, since all environmental 
cultures, obtained from different places in the ICU area including patient rooms, the open 
bay and storage lockers, were positive. Early outbreak detection might have been possible 
if environmental samples had been included in the surveillance cultures.

Typing methods to investigate the relatedness among isolates is an important tool 
for establishing the sources and modes of transmission of the outbreak strains enabling 
the prevention of outbreak extension.25,26 A number of such typing methods have been 
used, including PFGE27,28,RAPD29, ribotyping13 and AFLP.30,31 Repetitive extragenic palindro-
mic sequence-based polymerase chain reaction (REP-PCR) is another technique that has 
been applied for typing A. baumannii strains.32,33,34 This method has been automated to a 
system known as DiversiLab35, making it useful for many laboratories that lack equipment 
and expertise regarding conventional methods. In this study, the results of the prompt 
genotyping using DiversiLab at our laboratory were confirmed by the reference labora-
tory using AFLP.

Closure of hospital units for successful outbreak containment has frequently been 
reported.36,37,38,39 In this study, it was decided to close the ward soon after it became clear 
that the first two cases may have resulted from the unexpected spread of the strain from 
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a patient admitted to the unit 3 months before, and in part because of the fact that the 
ICU suffered from the spread of MRD bacteria in the recent past prior to the outbreak. 
To offer immediate intensive patient care during ICU closure, a CSH from the Dutch army, 
was determined to be a suitable option for use as a temporary ICU.40,41 The option was 
suggested by an intensivist from the ICU who had served as surgeon in a CSH in Iraq and 
Afghanistan. An external audit (performed by COT Institute for Safety Security and Crisis 
Management, Rotterdam, The Netherlands) initiated by the hospital board has, among 
others, concluded that the CSH has contributed to outbreak control and the prompt reten-
tion of intensive patient care capacity. However, medical personnel, especially nurses, have 
experienced occupational health and safety conditions as severe.

In conclusion, an ICU outbreak with MDR-Ab was ended by ward closure and decon-
tamination of the unit with HPV. As a temporary ICU, a CSH was used. CSH is suitable to 
use as a temporary ICU in case of acute ward closure when other possibilities are lacking, 
although occupational circumstances may be challenging.
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ABSTRACT

Selective decontamination of the digestive tract (SDD) selectively eradicates aerobic 
Gram-negative bacteria (AGNB) by the enteral administration of oral nonabsorbable anti-
microbial agents, i.e., colistin and tobramycin. We retrospectively investigated the impact 
of SDD, applied for 5 years as part of an infection control program for the control of an 
outbreak with extended-spectrum beta-lactamase (ESBL)-producing Klebsiella pneumoniae 
in an intensive care unit (ICU), on resistance among AGNB. Colistin MICs were deter-
mined on stored ESBL-producing K. pneumoniae isolates using the Etest. The occurrence 
of both tobramycin resistance among pathogens intrinsically resistant to colistin (CIR) and 
bacteremia caused by ESBL-producing K. pneumoniae and CIR were investigated. Of the 
134 retested ESBL-producing K. pneumoniae isolates, 28 were isolated before SDD was 
started, and all had MICs of <1.5 mg/liter. For the remaining 106 isolated after starting 
SDD, MICs ranged between 0.5 and 24 mg/liter. Tobramycin-resistant CIR isolates were 
found sporadically before the introduction of SDD, but their prevalence increased imme-
diately afterward. Segmented regression analysis showed a highly significant relationship 
between SDD and resistance to tobramycin. Five patients were identified with bactere-
mia caused by ESBL-producing K. pneumoniae before SDD and 9 patients thereafter. No 
bacteremia caused by CIR was found before SDD, but its occurrence increased to 26 
after the introduction of SDD. In conclusion, colistin resistance among ESBL-producing 
K. pneumoniae isolates emerged rapidly after SDD. In addition, both the occurrence and 
the proportion of tobramycin resistance among CIR increased under the use of SDD. SDD 
should not be applied in outbreak settings when resistant bacteria are prevalent.
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INTRODUCTION

Colistin, a polypeptide antibiotic belonging to the polymyxin group, was initially used for 
the treatment of a variety of Gram-negative bacterial infections. However, because of its 
significant side effects and the introduction into clinical practice of less toxic antibiotics, 
the intravenous formulations of colistin were gradually abandoned in the early 1980s in 
most parts of the world.1 Oral nonabsorbable compounds, nebulized formulations, and 
topical preparations of colistin continue to be used for selective decontamination of the 
digestive tract (SDD); for treatment of cystic fibrosis patients colonized with Pseudomonas 
aeruginosa; and for therapy of otitis, conjunctivitis, and skin infections.1 With the increas-
ing prevalence of infections caused by multidrugresistant (MDR) Gram-negative bacteria 
while the discovery and development of newer, effective antibiotics has declined, colistin 
has reemerged as the last-resort therapy for many infections. Fortunately, recent clinical 
data show that the use of colistin is acceptably safe if certain precautions are taken.2 
Of great concern, however, is the emergence, all over the world, of colistin resistance 
in multidrug-resistant clinical strains of Acinetobacter baumannii3 and P. aeruginosa4 This 
study reports on the impact of long-term use of topical colistin as part of a regimen for 
SDD started during an outbreak involving extended-spectrum beta-lactamase (ESBL)-pro-
ducing Klebsiella pneumoniae in an intensive care unit (ICU) on resistance among aerobic 
Gram-negative bacteria (AGNB).

MATERIALS AND METHODS

Setting
SDD was applied for 5 years to all patients admitted to the ICU as part of an infection 
control program for the control of an outbreak involving ESBL-producing K. pneumoniae 
(Figure 1). SDD was given as a topical mixture of nonabsorbable antibiotics, including 
tobramycin, colistin, and amphotericin B (doses of 80, 100, and 500 mg, respectively), 
applied on the buccal mucosa and as a suspension administered via a nasogastric tube in 
the gastrointestinal tract four times a day.5 The aim of the SDD treatment was to reduce 
colonization of the digestive tract with resistant bacteria.5 

Surveillance
Routine microbiological screening, started in February 2002, was performed for all patients 
on admission to the ICU and then twice a week. Screening was done by culture of throat 
and rectal-swab specimens and, in intubated patients, of additional tracheal-fluid samples. 
When clinically indicated, samples were also obtained from relevant body sites, such as 
wounds.
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Bacteriological methods
Biochemical tests were routinely performed by using the API 20E system (bioMérieux, Marcy 
l’Étoile, France). Antimicrobial susceptibility was determined by the agar dilution method 
according to the guidelines of the Clinical and Laboratory Standards Institute (CLSI).6 CLSI 
did not include criteria for colistin susceptibility testing.6 Colistin susceptibility testing was 
performed by the disc diffusion method (potency of the disc, 10 µg) as recommended in 
the package insert, where zone diameter breakpoints of ≥ 11 mm (susceptible), 9 to 10 mm 
(intermediate), and ≤ 8 mm (resistant) were used. ESBL confirmation was performed with 
the double-disc synergy test.7 ESBL-producing K. pneumoniae isolates were stored at -70°C.

Retrospective analysis
In 2008, a retrospective study was undertaken on existing databases to determine the 
exact extent of the ESBL-producing K. pneumoniae outbreak, to obtain data on colistin anti-
microbial susceptibility among ESBL-producing K. pneumoniae isolates, and to determine 
the occurrence of pathogens intrinsically resistant to colistin (CIR) (Proteus, Morganella, 
and Serratia spp.) that were tobramycin resistant (CIRtR) during the use of SDD. The 
occurrence of bacteremia caused by ESBLproducing K. pneumoniae and CIR was also 
investigated. In addition, isolates stored before and after the start of SDD as ESBL-pro-
ducing K. pneumoniae were retrieved for further analysis. The Vitek 2 Advanced Expert 
System (bioMérieux, Marcy l’Étoile, France) was used for reidentification of the strains 
and to determine colistin susceptibility using the European Committee on Antimicrobial 
Susceptibility Testing (EUCAST) breakpoints (http://www.eucast.org/clinical_breakpoints). 
ESBL screening and confirmation were performed according to national guidelines (lab-
oratory detection of highly resistant microorganisms [HRMO]; http: /www.nvmm.nl). The 
colisitin MIC was determined by the Etest using EUCAST breakpoints (http://www.eucast.
org/clinical_breakpoints). DiversiLab (bioMérieux, Marcy l’Étoile, France), a semiautomated 
repetitive-sequence-based PCR (REP-PCR)8, was used to investigate the clonality of the 
ESBL-producing K. pneumoniae isolates, using > 95% similarity as the similarity threshold.

Statistical analysis
Segmented regression analysis was performed to test the regression slopes pre- and post-
SDD and to quantify the difference in tobramycin resistance among CIR by comparing the 
intercepts at the time of the start of SDD. To further investigate the impact of SDD on tobra-
mycin resistance among CIR isolates from surveillance culture and from clinically indicated 
cultures, a logistic regression model was fitted to the data. The test outcome (1 or 0) of tobra-
mycin resistance was taken as a response variable. The explanatory variables were sampling 
date (day), SDD (before, during, and after), and culture (surveillance or clinically indicated). 
The sudden jump in the proportion of resistant isolates after the start of SDD was incorpo-
rated in the regression model, as well as the decrease in the proportion of resistant isolates 
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after stopping SDD. No sudden jump was present here. To avoid numerical problems, it 
was assumed that there was no difference in the proportion of resistant isolates between 
the two cultures before the start of SDD. Differences in proportions of resistant isolates are 
reported as absolute risk differences (RD), while slopes are reported as odds ratios (OR) per 
year, together with their corresponding 95% confidence intervals (CI) and P values.

RESULTS

Between January 2001 and January 2008, 197 ESBL-producing K. pneumoniae-positive 
patients were identified (Figure 1). 

Figure 1. Monthly observed numbers of patients harboring extended-spectrum beta-lactamase-producing K. 

pneumoniae between 2001 and 2008 (n = 197). The ICU was closed from January through April 2003.

Isolates from 134 out of the 197 identified cases (one isolate per patient) were included 
in the present analysis. Upon retesting, all isolates were confirmed to be ESBL-producing 
K. pneumoniae. Most ESBL-producing K. pneumoniae isolates were resistant to tobramycin 
prior to the introduction of SDD(data not shown). Data on colistin susceptibility, as deter-
mined by disc diffusion, could be found for 89 ESBL-producing K. pneumoniae isolates 
and are shown in Table 1. All isolates tested before the introduction of SDD were found 
susceptible to colistin by this method. Four isolates (4.5%), all isolated after starting SDD, 
were resistant (Table 1). 



56

Chapter 4

Table 1. Susceptibilities of ESBL-producing K. pneumoniae isolates to colistin as determined by disc diffusion, 

Vitek, and Etest.

No. of isolatesb

Disc diffusion (n=89) Vitek (n=134) Etest (n=134)

Isolate groupa S I R   S I R   S I R

Before SDD 12 0 0 28 0 0 28 0 0

After SDD 45 28 4   31 0 74   32 0 74
aIsolates are grouped according to whether they were identified before or after the

introduction of SDD on the ICU in October 2002.
bS, susceptible; I, intermediate; R, resistant.

The results of the antimicrobial susceptibility testing of stored isolates as performed by 
the Vitek method revealed that of the 134 tested isolates, all 28 isolates obtained before 
the start of SDD were colistin susceptible. However, of the remaining 106, isolated after 
starting SDD, 75 (70.75%) were colistin resistant (Table 1). The results of the Vitek suscep-
tibility testing were confirmed by the Etest method (Table 1). All isolates obtained before 
SDD had colisitin MICs of < 1.5 mg/liter, but the MIC values rose to 24mg/liter in those 
tested isolates that were obtained after the introduction of SDD (Figure 2). 

Figure 2. Susceptibility to colistin among 134 extended-spectrum beta-lactamase-producing K. pneumoniae iso-

lates, as retrospectively determined by the Etest method. MICs (mg/liter) are shown.
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Typing of the 134 isolates by REP-PCR revealed that the majority were clonally related, as 
114 were identical by this method, 28 of which were isolated before the start of SDD and 
86 after. Of the remaining 20, 1 cluster contained 5 isolates, 4 clusters each contained 
2 isolates, and the remaining 7 isolates had different patterns. Colistin MICs among the 
ESBL-producing K. pneumonia isolates that were obtained after the start of SDD and that 
belonged to the major clone varied between 0.5 and 24 mg/liter. Of the 74 colistin-resis-
tant ESBL-producing K. pneumoniae isolates, 71 belonged to the major clone and 3 had 
different patterns. After the ward was reopened in April 2008, ESBL-producing K. pneu-
moniae isolates were sporadically detected in the ICU; all were colistin susceptible and 
genotypically unrelated to the outbreak, as investigated by DiversiLab. 

Between 2001 and 2008, data on 2,572 CIR could be retrieved (Figure 3). CIR isolates 
were found sporadically before the introduction of SDD, but their prevalence increased 
immediately afterward (Figure 3). 

Figure 3. Monthly occurrence of CIR isolates (n = 2,572) between 2001 and 2008.

Segmented regression analysis showed a highly significant relationship between the intro-
duction of SDD and resistance to tobramycin, with an RD value for the increase in the 
proportion of tobramycin-resistant isolates at the start of SDD of 0.41 (95% CI, 0.33 to 
0.47; P value < 0.001) (Figure 4). 



58

Chapter 4

Figure 4. Segmented regression analysis showing the relationship between the introduction of SDD and tobra-

mycin resistance among CIR isolates (black dots). The logistic regression model fit (solid lines) is shown, together 

with its 95% confidence interval (dashed lines).

Figure 5 shows the proportions of resistant isolates for the surveillance cultures (black 
dots) and the clinically indicated cultures (gray triangles) between 2001 and 2009. After 
the start of SDD, the proportion of resistant isolates suddenly increases. The increase for 
the surveillance cultures (RD = 0.51 [95% CI, 0.42 to 0.57; P value < 0.001]) is greater than 
the increase for the clinically indicated cultures (RD = 0.27 [95% CI, 0.18 to 0.34; P value 
< 0.001]). The difference between the two is 0.24 (95% CI, 0.15 to 0.32; P value < 0.001). 
During the SDD period, the slope, in terms of an odds ratio, for the surveillance cultures is 
as follows: OR = 1.34 (95% CI, 1.21 to 1.48). For the clinically indicated cultures, the slope 
is steeper (OR = 1.58 [95% CI, 1.43 to 1.76]). The difference is as follows: OR = 0.85 (95% 
CI, 0.73 to 0.98; P value = 0.023). After stopping SDD, the proportion of resistant isolates 
in the clinically indicated cultures sharply decreases, while it does not for the surveillance 
cultures.

Five patients were identified with bacteremia caused by ESBLproducing K. pneumoniae 
before the introduction of SDD and 9 patients thereafter (Figure 6). No bacteremia caused 
by CIR was found before SDD, but its occurrence increased to 26 after the introduction of 
SDD, 24 of which were caused by Serratia spp. and 2 by Morganella spp. (Figure 6).
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Figure 5. Proportions of tobramycin-resistant isolates from surveillance cultures (black dots) and clinically indi-

cated cultures (gray triangles) between 2001 and 2009. The logistic regression model fit (solid lines) is shown, 

together with its 95% confidence interval (dashed lines).

Figure 6. Monthly occurrence of bacteremia caused by CIR (Proteus, Morganella, and Serratia spp.) and extend-

ed-spectrum beta-lactamase-producing K. pneumonia between 2001 and 2008.
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DISCUSSION

The main findings of this study are the emergence under SDD of colistin resistance among 
ESBL-producing K. pneumoniae isolates, the increase in both the prevalence and the pro-
portion of tobramycin resistance among CIR, and the increase in occurrence of bacteremia 
caused by organisms resistant to SDD, which had been introduced in an outbreak setting. 

The potential for the emergence of resistance to colistin among sensitive organisms 
has been found to be low.9 Nonetheless, increase in colistin-resistant aerobic Gram-neg-
ative strains during the use of SDD has been observed10, and with the increasing systemic 
use of colistin against multidrug-resistant pathogens, development of resistance to the 
agent has frequently been reported in recent years in nosocomial strains11, including MDR 
K. pneumonia.12

In this study, we retrospectively investigated the impact of long-term use of colistin as 
part of SDD on resistance among ESBL-producing K. pneumoniae and CIR isolates during 
an outbreak.

Our data show that the routinely used disc diffusion method failed to detect colistin 
resistance. As shown in Table 1, most strains that were considered intermediate or suscep-
tible to colistin were found to be resistant when retested by the Vitek method. The Vitek 
method has been found to be reliable in susceptibility testing for colistin in clinical strains, 
including Klebsiella spp., compared to broth microdilution as the reference method.10 The 
observed inaccuracy of disc diffusion testing of colistin has also been shown in numerous 
studies, and therefore, alternative methods should be used.11 

The results of this study demonstrate an association between prolonged use of colistin 
as part of SDD and the emergence of colistin resistance among ESBL-producing K. pneumo-
niae isolates. The majority of resistant isolates were clonally related, as evidenced by REP-PCR 
typing, indicating horizontal transmission. All strains isolated before the start of SDD that 
were colistin susceptible belonged to the same clone as those isolated thereafter that were 
colistin resistant. In addition, 3 isolates, all obtained after the start of SDD, that were unre-
lated to the major clone were also colistin resistant, suggesting that resistance emerged 
through selection pressure. Interestingly, the clonally related strains that were isolated after 
the start of SDD exhibited a wide range of colistin MIC values, ranging between 0.5 and 24 
mg/liter (Figure 2), a finding that has also been described in a recent study12 where colis-
tin-resistant K. pneumoniae carbapenemase (KPC)-producing K. pneumoniae strains obtained 
from patients admitted to the same ward and belonging to the same clone showed different 
MIC values. This can possibly be explained by the presence of heteroresistant subpopula-
tions within the colistin-susceptible MDR strains after exposure to colistin, as has recently 
been shown in clinical strains of Acinetobacter28 and K. pneumonia.13 Combined with the fact 
that the majority of strains involved in our study were tobramycin resistant, these data sug-
gest a potential role of monotherapy with colistin in the emergence of resistance. 
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This study also shows an increase in both the occurrence of CIR and resistance to 
tobramycin among these isolates during SDD use (Figure 3 and 4). This may represent 
selection pressure under SDD. Horizontal spread, however, cannot be excluded, since 
no genotypic analysis of these isolates has been performed. CIR-tR consisted mainly of 
Serratia spp., which can be explained by the fact that these species are known to produce 
aminoglycoside-modifying enzymes that may affect the activity of tobramycin (http://www.
eucast.org/expert_rules), rendering them resistant to both SDD components. 

As in other studies, detection of antibiotic-resistant nosocomial pathogens was more 
frequently achieved by surveillance cultures than by clinical cultures alone.14-16 Figure 5 
shows that the increase in the proportion of tobramycin-resistant CIR isolates was greater 
for the surveillance cultures than for the clinically indicated cultures (an increase in RD 
of 0.24; P value < 0.001). The figure also shows, in accordance with other studies17,18, that 
the increasing rates of tobramycin resistance were not, at least during the study period, 
returned to baseline by cessation of SDD. SDD has been used as a method designed to 
prevent infection in critically ill patients. In settings with low levels of circulating antibiot-
ic-resistant organisms, SDD has been found not to be associated with increased selection 
or induction of antibiotic resistance.19,20 However, in settings with high levels of endemic, 
multidrug-resistant Gram-negative bacteria, SDD was associated with increased selection 
of such pathogens.19 In the present study, SDD had been started in an outbreak setting, 
when enhanced infection control measures were found insufficient to control the out-
break. The aim of SDD was to reduce colonization of the digestive tract with resistant 
bacteria5, which, in theory, could have a synergistic effect with infection control measures.20 
Reductions of bacterial loads at places frequently contacted by nursing staff would reduce 
the likelihood of cross-transmission.20 Only a few studies have investigated SDD in such 
settings.5 The results of studies of SDD in outbreak situations when SDD was introduced 
in our hospital were conflicting. Some had shown that the outbreak with multiresistant 
Gram-negative bacilli, including Klebsiella spp., could be controlled21,22, while in others, SDD 
alone failed to reduce the incidence of acquisition of outbreak strains.23 In a recent study 
assessing the effectiveness of SDD for eradicating carbapenem-resistant K. pneumoniae 
oropharyngeal and gastrointestinal carriage, it was concluded that in outbreaks caused by 
carbapenem-resistant K. pneumoniae infections that are uncontrolled by routine infection 
control measures, SDD could provide additional infection containment.24 SDD was also 
found beneficial in decreasing the intestinal reservoir in ICU patients with A. baumannii 
colonization, and no development of resistance to colistin was detected in the strains 
isolated in the course of SDD.25 In another recent study, however, oral colistin did not 
prevent colonization with extended-spectrum beta-lactamase-producing Enterobacteria-
ceae and appeared to select for colistin-resistant strains or to induce colistin resistance.26 
The results from the present study provide arguments against the use of SDD in out-
break settings when resistant bacteria are prevalent. Not only did SDD fail to control the 
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ESBL-producing K. pneumoniae outbreak, it also led to a dramatic increase in resistance, 
and its introduction was associated with an increase in the occurrence of bacteremia 
caused by organisms resistant to SDD. A possible explanation is the selection under SDD 
for resistant bacteria, which became predominant in the ICU environment, enhancing their 
likelihood for cross-transmission. This has previously been shown for vancomycin-resistant 
enterococci (VRE) when their colonization pressure, once high, became the major variable 
affecting VRE acquisition.27 

In conclusion, our study adds evidence to existing data showing the emergence of 
colistin resistance in ESBL-producing K. pneumoniae strains exposed to prolonged treat-
ment with colistin. The strains were resistant to tobramycin, which was combined with 
colistin in the SDD regimen, suggesting a potential role for monotherapy in resistance 
and emphasizing the need for further studies to determine whether combination therapy 
of colistin with other agents prevents the emergence of resistance.11 This study further 
provides evidence against the use of SDD in outbreak settings and supports the rational 
use of colistin, combined with a monitoring surveillance program for colistin resistance 
and the strict and timely implementation of infection control rules, as a main factor in 
avoiding the emergence and spread of resistance.

ACKNOWLEDGMENTS

We thank Jan van de Kassteele (Department of Statistics, Mathematical Modeling and Data 
Logistics, National Institute for Public Health and the Environment, RIVM, The Netherlands) 
for his statistical assistance. 



63

Emergence of colistin resistance during SDD

4

REFERENCES
1.  Falagas ME, Kasiakou SK. 2005. Colistin: the revival of polymyxins for the management of multidrug-resistant 

gram-negative bacterial infections. Clin. Infect. Dis. 40:1333–1341.

2.  Falagas ME, Rafailidis PI. 2009. Nephrotoxicity of colistin: new insight into an old antibiotic. Clin. Infect. Dis. 

48:1729 –1731.

3.  Ko KS, Suh JY, Kwon KT, Jung S-I, Park K-H, Kang CI, Chung DR, Peck KR, Song J-H. 2007. High rates of resistance 

to colistin and polymyxin B in subgroups of Acinetobacter baumannii isolates from Korea. J. Antimicrob. 

Chemother. 60:1163–1167.

4.  Tan TY, Ng SY. 2006. The in-vitro activity of colistin in gram-negative bacteria. Singapore Med. J. 47:621– 624.

5.  van der Voort PHJ, van Saene HKF (ed). 2008. Selective digestive tract decontamination in intensive care 

medicine: a practical guide to controlling infection. Springer-Verlag Italia, Milan, Italy.

6.  National Committee for Clinical Laboratory Standards. 2000. Performance standards for antimicrobial sus-

ceptibility testing: 10th informational supplement M100-S10. NCCLS, Wayne, PA.

7.  Livermore DM, Brown DF. 2001. Detection of beta-lactamase-mediated resistance. J. Antimicrob. Chemother. 

48(Suppl 1):59–64.

8.  Carretto E, Barbarini D, Farina C, Grosini A, Nicoletti P, Manso E, APSI Acinetobacter Study Group Italy. 2008. 

Use of the DiversiLab semiautomated repetitive-sequence-based polymerase chain reaction for epidemiologic 

analysis on Acinetobacter baumannii isolates in different Italian hospitals. Diagn. Microbiol. Infect. Dis. 60:1–7.

9. Li J, Nation RL, Milne RW, Turnidge JD, Coulthard K. 2005. Evaluation of colistin as an agent against multi-re-

sistant Gram-negative bacteria. Int. J. Antimicrob. Agents 25:11–25.

10. Lo-Ten-Foe JR, de Smet AM, Diederen BM, Kluytmans JA, van Keulen PH. 2007. Comparative Evaluation of the 

VITEK 2, disk diffusion, Etest, broth microdilution, and agar dilution susceptibility testing methods for colistin in 

clinical isolates, including heteroresistant Enterobacter cloacae and Acinetobacter baumannii strains. Antimicrob. 

Agents Chemother. 51:3726–3730.

11.  Landman D, Georgescu C, Martin DA, Quale J. 2008. Polymyxins revisited. Clin. Microbiol. Rev. 21:449–465.

12.  Bogdanovich T, Adams-Haduch JM, Tian GB, Nguyen MH, Kwak EJ, Muto CA, Doi Y. 2011. Colistin-resistant, 

Klebsiella pneumoniae carbapenemase (KPC)-producing Klebsiella pneumoniae belonging to the international 

epidemic clone ST258. Clin. Infect. Dis. 53:373–376.

13.  Meletis G, Tzampaz E, Sianou E, Tzavaras I, Sofianou D. 2011. Colistin heteroresistance in carbapenemase-pro-

ducing Klebsiella pneumoniae. J. Antimicrob. Chemother. 66:946 –947.

14.  Ben-David D, Maor Y, Keller Regev-Yochay NG, Tal I, Shachar D, Zlotkin A, Smollan G, Rahav G. 2010. Potential 

role of active surveillance in the control of a hospital-wide outbreak of carbapenem-resistant Klebsiella pneu-

moniae infection. Infect. Control Hosp. Epidemiol. 31:620–626.

15.  Calfee D, Jenkins SG. 2008. Use of active surveillance cultures to detect asymptomatic colonization with 

carbapenem-resistant Klebsiella pneumonia in intensive care unit patients. Infect. Control Hosp. Epidemiol. 

29:966 –968.

16.  Lucet J-C, Decre D, Fichelle A, Joly-Guillou M-L, Pernet M, Deblangy C, Kosmann M-J, Regnier B. 1999. Control 

of a prolonged outbreak of extended-spectrum-beta-lactamase-producing Enterobacteriaceae in a university 

hospital. Clin. Infect. Dis. 29:1411–1418.

17.  Enne VI, Livermore DM, Stephens P, Hall LM. 2001. Persistence of sulphonamide resistance in Escherichia coli 

in the UK despite national prescribing restriction. Lancet 357:1325–1328.

18.  Willemsen I, Cooper B, van Buitenen C, Winters M, Andriesse G, Kluytmans J. 2010. Improving quinolone use 

in hospitals by using a bundle of interventions in an interrupted time series analysis. Antimicrob. Agents 

Chemother. 54:3763–3769.



64

Chapter 4

19.  de Smet AM, Kluytmans JA, Cooper BS, Mascini EM, Benus RF, van der Werf TS, van der Hoeven JG, Pickkers 

P, Bogaers-Hofman D, van der Meer NJ, Bernards AT, Kuijper EJ, Joore JC, Leverstein-van Hall MA, Bindels AJ, 

Jansz AR, Wesselink RM, de Jongh BM, Dennesen PJ, van Asselt GJ, te Velde LF, Frenay IH, Kaasjager K, Bosch 

FH, van Iterson M, Thijsen SF, Kluge GH, Pauw W, de Vries JW, Kaan JA, Arends JP, Aarts LP, Sturm PD, Harinck 

HI, Voss A, Uijtendaal EV, Blok HE, Thieme Groen ES, Pouw ME, Kalkman CJ, Bonten MJ. 2009. Decontamination 

of the digestive tract and oropharynx in ICU patients. N. Engl. J. Med. 360:20 –31.

20.  Oostdijk EA, Wittekamp BH, Brun-Buisson C, Bonten MJ. 2012. Selective decontamination in European intensive 

care patients. Intensive Care Med. 38:533–538.

21.  Brun-Buisson C, Legrand P, Rauss A, Richard C, Montravers F, Besbes M, Meakins JL, Soussy CJ, Lemaire F. 

1989. Intestinal decontamination for control of nosocomial multiresistant gram-negative bacilli. Study of an 

outbreak in an intensive care unit. Ann. Intern. Med. 110:873– 881.

22.  Taylor ME, Oppenheim BA. 1991. Selective decontamination of the gastrointestinal tract as an infection control 

measure. J. Hosp. Infect. 17: 271–278.

23.  Decré D, Gachot B, Lucet JC, Arlet G, Bergogne-Bérézin E, Régnier B. 1998. Clinical and bacteriologic epidemiol-

ogy of extended-spectrum beta-lactamase- producing strains of Klebsiella pneumoniae in a medical intensive 

care unit. Clin. Infect. Dis. 27:834–844.

24.  Saidel-Odes L, Polachek H, Peled N, Riesenberg K, Schlaeffer F, Trabelsi Y, Eskira S, Yousef B, Smolykov R, Codish 

S, Borer A. 2012. A randomized, double-blind, placebo-controlled trial of selective digestive decontamination 

using oral gentamicin and oral polymyxin E for eradication of carbapenem-resistant Klebsiella pneumoniae 

carriage. Infect. Control Hosp. Epidemiol. 33:14 –19.

25.  Agustí C, Pujol M, Argerich MJ, Ayats J, Badía M, Domínguez MA, Corbella X, Ariza J. 2002. Short-term effect of 

the application of selective decontamination of the digestive tract on different body site reservoir ICU patients 

colonized by multi-resistant Acinetobacter baumannii. J. Antimicrob. Chemother. 49:205–208.

26.  Strenger V, Gschliesser T, Grisold A, Zarfel G, Feierl G, Masoud L, Hoenigl M, Resch B, Müller W, Urlesberger 

B. 2011. Orally administered colistin leads to colistin-resistant intestinal flora and fails to prevent faecal colo-

nisation with extended-spectrum-beta-lactamase-producing enterobacteria in hospitalised newborns. Int. J. 

Antimicrob. Agents. 37:67– 69.

27.  Bonten MJ, Slaughter S, Ambergen AW, Hayden MK, van Voorhis J, Nathan C, Weinstein RA. 1998. The role 

of “colonization pressure” in the spread of vancomycin-resistant enterococci: an important infection control 

variable. Arch. Intern. Med. 158:1127–1132.

28.  Hawley JS, Murray CK, Jorgensen JH. 2008. Colistin heteroresistance in Acinetobacter and its association with 

previous colistin therapy. Antimicrob. Agents Chemother. 52:351–352.







Genomic Characterization of Colistin Heter-
oresistance in Klebsiella pneumoniae during 

a Nosocomial Outbreak

Teysir Halaby1,2, Emre Kucukkose1,3, Axel B. Janssen3, Malbert R. C. Rogers3, 
Dennis J. Doorduijn3, Adri G. M. van der Zanden1, Nashwan al Naiemi1,4, 

Christina M. J. E. Vandenbroucke-Grauls4, Willem van Schaik3

1 Laboratory for Medical Microbiology and Public Health, Hengelo, The Netherlands
2 Department of Intensive Care, Medisch Spectrum Twente, Enschede, The Netherlands
3 Department of Medical Microbiology, University Medical Center Utrecht, Utrecht, The Netherlands
4 Department of Medical Microbiology and InfectionControl, VU University Medical Center, Amsterdam, The Neth-

erlands

Antimicrob Agents Chemother. 2016;60:6837-6843.

Chapter 5



68

Chapter 5

ABSTRACT

Klebsiella pneumoniae is emerging as an important nosocomial pathogen due to its rapidly 
increasing multidrug resistance, which has led to a renewed interest in polymyxin anti-
biotics, such as colistin, as antibiotics of last resort. However, heteroresistance (i.e., the 
presence of a subpopulation of resistant bacteria in an otherwise susceptible culture) may 
hamper the effectiveness of colistin treatment in patients. In a previous study, we showed 
that colistin resistance among extended spectrum-beta-lactamase (ESBL)-producing K. 
pneumoniae isolates emerged after the introduction of selective digestive tract decontami-
nation (SDD) in an intensive care unit (ICU). In this study, we investigated heteroresistance 
to colistin among ESBL-producing K. pneumoniae isolates by using population analysis 
profiles (PAPs). We used whole-genome sequencing (WGS) to identify the mutations that 
were associated with the emergence of colistin resistance in these K. pneumonia isolates. 
We found five heteroresistant subpopulations, with colistin MICs ranging from 8 to 64 
mg/liter, which were derived from five clonally related, colistin-susceptible clinical iso-
lates. WGS revealed the presence of mutations in the lpxM, mgrB, phoQ, and yciM genes 
in colistin-resistant K. pneumoniae isolates. In two strains, mgrB was inactivated by an 
IS3-like or ISKpn14 insertion sequence element. Complementation in trans with the wild-
type mgrB gene resulted in these strains reverting to colistin susceptibility. The MICs for 
colistin-susceptible strains increased 2- to 4-fold in the presence of the mutated phoQ, 
lpxM, and yciM alleles. In conclusion, the present study indicates that heteroresistant K. 
pneumonia subpopulations may be selected for upon exposure to colistin. Mutations in 
mgrB and phoQ have previously been associated with colistin resistance, but we provide 
experimental evidence for roles of mutations in the yciM and lpxM genes in the emergence 
of colistin resistance in K. pneumoniae.
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INTRODUCTION

Klebsiella pneumoniae is emerging as an important nosocomial pathogen due to rapidly 
increasing resistance to practically all currently available antibiotics, in particular carbap-
enems.1,2 This Gram-negative opportunistic pathogen can cause wound and urinary tract 
infections and other life-threatening, hospital acquired infections, such as pneumonia, 
bacteremia, and postoperative meningitis.3,4 Due to increasing multidrug resistance (MDR) 
among Gram-negative bacteria, including K. pneumoniae, and the lack of novel antibiotics 
to treat infections caused byMDR Gram-negative bacteria5, there is a renewed interest in 
the antibiotic colistin as a therapy of last resort.6 

Colistin (polymyxin E) is a cationic polypeptide with a lipid tail which targets anionic 
lipopolysaccharide (LPS) molecules in the outer membranes of Gram-negative bacteria, 
introducing changes in the permeability of the membrane which lead to leakage of cell 
contents and, finally, cell death.7,8 Resistance to colistin among Gram-negative bacteria in 
clinical isolates was reported recently.9-11 Several strategies are employed by bacteria to 
gain resistance to colistin, including LPS modifications, particularly modifications of lipid 
A, the use of efflux pumps, and overexpression of outer membrane proteins.12 Resis-
tance to colistin in clinical isolates may go undetected when traditional in vitro antibiotic 
susceptibility testing is used, because of heteroresistance, which denotes the presence 
of subpopulations of bacterial cells with higher levels of antibiotic resistance than those 
of the rest of the population in the same culture.13 This phenomenon was described 
recently for Gram-negative organisms including Pseudomonas aeruginosa14, Acinetobacter 
baumannii15,16, and Enterobacter cloacae.17 

In a previous study18, we showed that colistin resistance among extended-spectrum 
beta-lactamase (ESBL)-producing K. pneumoniae isolates emerged after exposure to colis-
tin as part of selective digestive tract decontamination (SDD) in an intensive care unit 
(ICU), and we postulated that this may be explained by the presence of heteroresistant 
subpopulations of the colistin-susceptible MDR strains. 

In the present study, the existence of colistin-resistant subpopulations among ESBL-pro-
ducing K. pneumoniae isolates was investigated. Through whole-genome sequencing (WGS) 
and complementation of mutated alleles in trans, the roles of mutations in resistance to 
colistin in K. pneumoniae were determined.
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MATERIALS AND METHODS

Clinical data and bacterial isolates. K. pneumoniae isolates were collected during a study 
on the emergence of colistin resistance in Enterobacteriaceae before and after the introduc-
tion of SDD in an ICU.18 Briefly, SDD, a topical mixture of antibiotics, including tobramycin, 
colistin, and amphotericin B at doses (given four to eight times daily) of 80, 100, and 500 
mg, respectively, was introduced in 2002 to control an outbreak of ESBL-producing K. 
pneumoniae in an ICU. Reexamination of stored isolates from surveillance and clinical cul-
tures from ICU patients before and after the start of SDD revealed that all tested isolates 
obtained before the start of SDD were colistin susceptible, whereas 71% of isolates from 
cultures obtained thereafter were resistant. Molecular typing of the isolates revealed that 
most of them were clonally related.18 

In this study, we included a total of 13 strains: eight genetically related ESBL-producing 
K. pneumoniae clinical isolates (one isolate per patient) with known colistin MICs and five 
heteroresistant subpopulations of these isolates. Genetic relatedness was determined by 
use of the DiversiLab system (bioMérieux, Marcy l’Etoile, France) according to the manufac-
turer’s instructions. The eight clinical isolates included six colistin-susceptible isolates, one 
of which was obtained before the start of SDD and five thereafter, and two colistin-resis-
tant isolates obtained after the start of SDD. The six colistin-susceptible isolates and one of 
the two colistin-resistant isolates were genotypically identical based on DiversiLab typing.

K. pneumoniae ATCC 700603 (ATCC, Manassas, VA) was included as a colistin-suscepti-
ble reference strain. The identities of all isolates were confirmed by matrix-assisted laser 
desorption ionization–time of flight mass spectrometry (MALDI-TOF) analysis according to 
the manufacturer’s instructions, and strains were stored at -80°C before the investigations 
described in this study.

Antibiotic susceptibility testing. Routine antimicrobial susceptibility testing was per-
formed by use of a Vitek 2 Advanced Expert system and Etest (bioMérieux, Marcy l’Etoile, 
France), using the European Committee on Antimicrobial Susceptibility Testing (EUCAST) 
breakpoints (http://www.eucast.org/clinical_breakpoints). The presence of ESBLs was 
determined with the double-disk synergy test.19 The MICs of colistin against the K. pneu-
moniae strains were determined by broth microdilution testing (http://www.eucast.org/
guidance_documents) using cation-adjusted Mueller-Hinton broth (MHCB). Determination 
of the colistin MICs of electrotransformed strains was performed with MHCB supple-
mented with 10 mg/liter tetracycline. 

PAPs. To investigate the presence of colistin heteroresistance, population analysis pro-
files (PAPs) were determined for two replicates by spiral plating 50-µl aliquots of the 
starting bacterial cell suspension (corresponding to a 0.5 McFarland standard for K. 
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pneumoniae cultures grown on blood agar plates for 24 h at 37°C; approximately 108 
CFU/ml) on Mueller-Hinton agar plates with or without colistin sulfate (0.5, 1, 2, 3, 4, 5, 
6, 8, and 10 mg/liter; Sigma-Aldrich, Zwijndrecht, The Netherlands) as described by Li 
et al.20 After 24 h of incubation at 37°C, the number of colonies was counted. Colistin 
heteroresistance was defined as the presence of a colistin-susceptible isolate with a 
colistin MIC of <2 mg/liter in which detectable colistin-resistant subpopulations were 
able to grow in the presence of ≥2 mg/liter colistin.20 The detection limit of colistin resis-
tant subpopulations was 20 CFU/ml. 

Genome sequencing and assembly. Genomic DNAs of K. pneumonia isolates were iso-
lated from overnight cultures grown in Luria broth at 37°C with shaking at 250 rpm by 
use of a Wizard Genomic DNA purification kit (Promega, Madison, WI) according to the 
manufacturer’s instructions. Sequence libraries were prepared with a Nextera XT kit (Illu-
mina, San Diego, CA) used according to the manufacturer’s instructions. Libraries were 
sequenced on an Illumina MiSeq system with a 500-cycle (2 × 250 bp) MiSeq reagent kit v2. 
High-throughput sequence (HTS) data were analyzed for quality with FastQC (http://www.
bioinformatics.babraham.ac.uk/projects/fastqc/), and raw 2- by 250-bppaired-end reads 
were filtered with Nesoni 0.109 (http://github.com/Victorian-Bioinformatics-Consortium/
nesoni). De novo genome assembly was performed with SPAdes 2.5.121, with k-mers 25, 
35, 45, 57, and 69, using the following cutoffs for the minimum contig/scaffold: a size of 
500 bp and average nucleotide coverage (10-fold).

Phylogenetic analysis. Publicly availableWGSsequence data for 25 K. pneumoniae 
strains were downloaded from the NCBI databases in February 2016. The strains used 
in phylogenetic analysis were selected to cover all K. pneumoniae clades, as previously 
determined by Holt et al.22 For strains for which only raw sequence reads were avail-
able, assemblies were generated with SPAdes 2.5.121, as described above. To ensure 
consistent gene prediction and annotation of all 38 genomes in this study, all genome 
sequences were reannotated with PROKKA v1.10, using the default settings.23 To identify 
the core genome of these strains, first an all-against-all protein BLAST sequence simi-
larity search of annotated and translated gene sequences was performed with default 
settings, except for an E value of 1e–05. Based on the protein BLAST output, orthol-
ogous groups were determined and clustered using OrthAgogue v1.0.324 (settings -u 
and -o 50) and MCL v14-13725 (settings -I 1.5), respectively. The nucleotide sequences 
of orthologous groups containing exactly one representative protein from each of the 
K. pneumoniae genomes were extracted and then aligned using MUSCLE v3.8.31.26 Gaps 
were removed from each alignment by using trimAl v1.627, resulting in alignments of 
equal length (core genome alignments) which were then concatenated. Subsequently, 
Parsnp v1.228 (settings -r !, -c, and -C 1000) was used to construct a maximum likelihood 
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phylogenetic tree from the variable positions in these core genome alignments. The 
tree was midpoint rooted and visualized using FigTree software (v1.4.2; http://tree.bio.
ed.ac.uk/software/figtree).

Identification of SNPs and indels. Mapping of the Nesoni-filtered reads against the 
complete genome sequence of K. pneumoniae MGH 78578 (NCBI accession number 
NC_009648) was performed with Bowtie2 v2.2.029 (settings -X 1200, and -a). Genomic 
repeats were removed from the analyses by filtering out reads that mapped to multiple 
positions in the K. pneumoniaeMGH78578 genome. To call single nucleotide polymor-
phisms (SNPs) and insertions and deletions (indels), SAMtools 0.1.1830 was used with the 
following settings: Q score of ≥50, mapping quality of ≥30, mapping depth of ≥10 reads, 
consensus of ≥75% to support a call, and ≥1 supporting reads in each direction.

Multilocus sequence typing (MLST) and identification of antibiotic resistance genes. 
Sequence types of the isolates were determined by submitting the genome assemblies to 
MLST, version 1.8.31 Antibiotic resistance genes in the genome assemblies were identified 
by ResFinder v2.1.32

Complementation in trans. The genes that were mutated in the colistin-resistant K. 
pneumoniae strains were amplified from both the susceptible and resistant strains by 
PCR using 2× Phusion HF master mix (Thermo Scientific, Landsmeer, The Netherlands) 
and the primers listed in Table S1 in the supplemental material. The amplified fragments 
were cloned into the PCR-Trap cloning system (GenHunter, Nashville, TN), and the resulting 
plasmids (encoding resistance to tetracycline) were transformed into electrocompetent 
colistin-susceptible or -resistant K. pneumoniae strains by electroporation. The cloned 
amplicons were sequenced to ensure the absence of errors introduced during PCR (Mac-
rogen Europe, Amsterdam, The Netherlands). Transformants were selected by overnight 
incubation at 37°C on Luria agar supplemented with 10 mg/liter of tetracycline. The lacZ 
gene fragment encoding the LacZ α-peptide was used as a control insert.

Accession number(s). Sequence data from this study were deposited in NCBI’s Short 
Read Archive (SRA) under accession number SRA354747.
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RESULTS

Antimicrobial susceptibility and colistin heteroresistance. An overview of the 13 K. 
pneumoniae strains included in this study is listed in Table 1; these strains included eight 
clinical isolates and five heteroresistant subpopulations. After retesting of antibiotic sus-
ceptibilities and confirmation of the presence of the ESBL phenotype by the double-disk 
synergy test, seven of the eight initially ESBL-producing K. pneumoniae clinical isolates 
were again found to be ESBL positive (isolate 3-CR lost the ESBL phenotype). None of the 
strains was resistant to carbapenem antibiotics. The six colistin-susceptible isolates had 
colistin MICs ranging from 1 to 2 mg/liter, and the two colistin-resistant strains had colistin 
MICs of 16 and 64 mg/liter.

TABLE 1 Characteristics of ESBL-producing K. pneumoniae isolatesa

Colistin Clonality Colistin MIC Mutation

Isolate 
identifier

Yr of 
isolation

suscep-
tibility

(sequence 
type) (mg/liter) mgrB yciM phoQ lpxM

1-AS 2002 S ST-43 2

2-BR 2004 R ST-43 64 IS3-like insertion

3-CR 2007 R ST-1423 16 ND

4-DS 2002 S ST-43 1

5-DR   R   32 ISKpn14 insertion      

6-ES 2003 S ST-43 2

7-ER   R   48   V43G    

8-FS 2003 S ST-43 2

9-FR   R   16     A21S  

10-GS 2005 S ST-43 2

11-GR   R   8       V30G

12-HS 2006 S ST-43 4

13-HR   R   64 4.2 kb deletion      
 aIsolate identifiers consist of unique numbers used in Figure 1 and 2; letters indicate the code for the patient and 

whether the strain was susceptible (S) or resistant (R) to colistin. The isolate from patient A was obtained before 

the introduction of SDD in the ICU, and the remaining seven were obtained thereafter. Clonality was determined 

by phylogenetic analysis. MICs were determined by the broth microdilution method. The different SNPs, a deletion, 

and the inactivation of genes due to IS element insertions are indicated in the mutation columns. Heteroresistant 

strains are indicated with shading. ST, sequence type; ND, not determined.
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PAPs revealed the presence of heteroresistance in five clinical isolates (Table 1) (isolates 
4-DS, 6-ES, 8-FS, 10-GS, and 12-HS) initially considered colistin susceptible based on MICs 
ranging from 1 to 2 mg/liter. Subpopulations of these colistin-heteroresistant isolates grew 
in the presence of colistin at concentrations of 3 to 10 mg/liter (Figure 1). The MICs for 
the resistant subpopulations 5-DR, 7-ER, 9-FR, 11-GR, and 13-HR were 32, 48, 16, 8, and 
64 mg/liter, respectively (Table 1). The proportion of resistant colonies was on the order 
of 10-6. The colistin-susceptible reference strain ATCC 700603 survived in the presence 
of up to 0.5 g/liter colistin sulfate, and no heteroresistant subpopulations were observed.
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Figure 1. Population analysis profiles indicating colistin heteroresistance. Population analysis profiles are shown 

for five colistin-susceptible isolates after exposure to colistin sulfate. The y axis indicates the number of colonies 

on Mueller-Hinton agar plates, and concentrations of colistin sulfate are shown on the x axis.

Phylogenetic analysis of colistin-susceptible and colistin-resistant K. pneumoniae 
isolates. A phylogenetic tree (Figure 2A) for K. pneumoniae was generated based on the 
core genome sequence of 25 publicly available K. pneumoniae sequences and the 13 
sequenced genomes of the K. pneumoniae isolates (Table 1). The core genome consisted of 
2,637 orthogroups, with a total alignment length of 2,013,123 bp and 209,626 polymorphic 
sites. The core genome-based phylogenetic tree recapitulated the previously observed 
population structure of K. pneumoniae sensu lato, which includes Klebsiella quasipneumo-
niae (clade KpII) and Klebsiella variicola (clade KpIII).22,33,34 Seven of the eight clinical isolates 
from the nosocomial outbreak were closely related to each other and clustered in the K. 
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pneumoniae (KpI) clade. A single colistin-resistant isolate (3-CR) was assigned to clade KpIII 
and therefore appeared to be unrelated to the other isolates from the outbreak. All other 
strains from the outbreak (seven clinical isolates and five heteroresistant subpopulations) 
had the same sequence type, i.e., ST-43. These data confirm the previously reported exis-
tence of an outbreak with closely related K. pneumoniae isolates in an ICU.18 
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Figure 2. Phylogenetic tree and antibiotic resistance genes of K. pneumoniae strains. (A) The phylogenetic tree 

represents a concatenated alignment of 2,637 core orthogroups, with a combined length of 2,013,123 bp and 

209,626 polymorphic sites, of 38 K. pneumoniae strains. The strains sequenced as part of this study are high-

lighted in color (orange, colistin-susceptible isolates; and blue, colistin-resistant isolates). (B) Antibiotic resistances 

detected in the K. pneumoniae strains that were sequenced as part of this study. Classes of antibiotic resistance 

genes are indicated as follows: A, aminoglycoside resistance genes; B, β-lactam resistance genes; C, chloram-

phenicol resistance genes; Q, quinolone resistance genes; S, sulfonamide resistance genes; and T, trimethoprim 

resistance genes.

Although the isolates belonged to the same sequence type, a repertoire of distinctly dif-
ferent antibiotic resistance genes was observed (Figure 2B). The isolates carried several 
antibiotic resistance genes, including aminoglycoside resistance genes and β-lactam resis-
tance genes.
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Mutations associated with colistin resistance. SNPs and indels were determined for 
all paired colistin-susceptible and colistin-resistant isolates. In addition, we determined 
whether full-length copies of the mgrB and phoQ genes were present in the isolates, as 
mutations leading to deletion or inactivation of these genes are a common cause of colistin 
resistance in K. pneumonia.12, 35-39 

A limited number (1 to 4) of SNPs (see Table S2 in the supplemental material) and 
indels (see Table S3) distinguished the outbreak isolates. In comparisons of paired 
colistin-susceptible and colistin-resistant strains originating from the same patients, we 
identified mutations in mgrB that led to disruption of the gene in three colistin-resis-
tant isolates (2-BR, 5-DR, and 13-HR). The event that led to the inactivation of mgrB was 
different for each strain. In strain 2-BR, an IS element (IS3-like) was inserted into mgrB. 
In strain 5-DR, the element ISKpn14 disrupted mgrB. Strain 13-HR had a 4.2-kb deletion 
including the mgrB gene. In all other colistin-resistant strains, mgrB was not mutated, 
meaning that other mutations must have led to the colistin resistance phenotypes of 
7-ER, 9-FR, and 11-GR. 

Interestingly, in these isolates, nonsynonymous SNPs were identified in genes that had 
predicted roles in outer membrane biosynthesis. Since the outer membrane is the main 
target of colistin, mutations in genes involving outer membrane biosynthesis may contrib-
ute to colistin resistance. In the strains from patient E, the only SNP difference between 
the colistin-susceptible (6-ES) and colistin-resistant (7-ER) isolates was a nonsynonymous 
SNP causing a V43G amino acid substitution encoded within the yciM gene. A mutation in 
phoQ, resulting in an A21S amino acid change, was identified in the colistin-resistant iso-
late 9-FR. The colistin-susceptible and colistin-resistant strains from patient G (10-GS and 
11-GR, respectively) differed from each other by only 2 SNPs. One of these SNPs mapped 
to the lpxM gene, causing a V30G substitution.

Mutations in mgrB, yciM, phoQ, and lpxM contribute to colistin resistance. To verify 
whether the IS element insertions and amino acid substitutions identified by WGS con-
tributed to colistin resistance, the colistin-susceptible and -resistant strain pairs were 
complemented in trans with the wild-type and mutated genes. Transformation of the 
strains with a control plasmid containing the lacZ gene did not alter the MIC of colistin for 
any strain. Complementation in trans with plasmids harboring the parental mgrB gene 
resulted in a reversal toward colistin susceptibility in isolates 2-BR and 5-DR (Figure 3). 
Complementation in trans for the 12-HS and 13-HR pair was not performed due to dif-
ficulties in cloning the 4.2-kb deleted region spanning mgrB. Complementation with the 
mutated forms of phoQ, yciM, and lpxM resulted in decreased susceptibility to colistin. 
Electrotransformation of the colistin-susceptible strain 6-ES with a plasmid containing 
the mutated yciM gene resulted in a 3-fold increase in the MIC of colistin. The phoQ and 
lpxM mutations resulted in a 4-fold increased MIC of colistin for strain 8-FS and a 2-fold 
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increased MIC of colistin for strain 10-GS, respectively. These observations indicate that 
mutations in yciM, phoQ, and lpxM are dominant when present in trans with the cor-
responding wild-type alleles, resulting in a colistin resistance phenotype. Because the 
deletions and inactivations of mgrB are loss-of-function mutations, they are recessive in 
the presence of the intact mgrB gene.

Figure 3. Experimental validation of the roles of identified mutations in colistin resistance. Wild-type and mutated 

mgrB, yciM, phoQ, and lpxM alleles were cloned into corresponding K. pneumoniae strains by use of a PCR-TRAP 

cloning system (red). The strains from which the corresponding genes originated are indicated in parentheses. 

A vector containing a gene encoding the LacZ α-peptide of E. coli was used as a vector control (blue). The colis-

tin MICs for the electrotransformed K. pneumoniae strains were determined by reference broth microdilution 

testing using cation-adjusted Mueller-Hinton broth supplemented with 10 mg/liter tetracycline. The colistin MIC 

resistance breakpoint (i.e., 2 mg/liter) is indicated with a black dashed line. Significant differences (P < 0.05; 

Mann-Whitney test) are indicated by double asterisks. The y axis was plotted on a log2 scale.
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DISCUSSION

In a previous study, we showed that prolonged use of colistin as part of SDD in an out-
break setting resulted in the emergence of colistin resistance among ESBL-producing 
K. pneumoniae clinical isolates.18 The main finding of the present follow-up study is that 
heteroresistance among these apparently susceptible isolates forms a reservoir for the 
emergence of colistin resistance during treatment. 

Heteroresistance has been recognized in both Gram-positive and Gram-negative bac-
teria and is a phenomenon where subpopulations of seemingly isogenic bacteria exhibit 
a range of susceptibilities to a particular antibiotic.13 Heteroresistance can be intrinsic 
or acquired. Intrinsic heteroresistance occurs without preexposure to the antibiotic, but 
heteroresistance may also be acquired or induced after initial exposure to antibiotics.13 
Heteroresistance may have an impact on the outcome of clinical infection, particularly 
because its detection may be difficult by routine microbiology susceptibility testing.40 The 
PAP method used in the present study is considered the gold standard for determining 
heteroresistance.13 Phylogenetic analysis confirmed the clonality of all clinical isolates 
(excluding 3-CR). However, the absence of overlapping SNPs between clonal colistin-resis-
tant isolates, isolated from different patients over a time span of 4 years, argues in favor 
of acquired, de novo resistance in individual strains under SDD use, rather than selection 
of preexisting mutants or transmission of the resistant strains between patients.

Although heteroresistance has previously been described for K. pneumoniae41,42, 
data on the molecular basis of colistin resistance in this species are scarce. Studies have 
recently shown that mutations in the genes encoding the PhoPQ two-component system 
and inactivation of the mgrB gene are important pathways by which K. pneumoniae can 
acquire resistance to colistin.43 In the present study, mutations in phoPQ and mgrB were 
found in four of the six analyzed isolates.

Mutations in the phoQ gene are a common mechanism by which Gram-negative bac-
teria, including K. pneumoniae, gain resistance to colistin.12,38,39 PhoQ is a sensor histidine 
kinase which, together with its cognate response regulator, PhoP, forms a two-compo-
nent system (2CS). PhoPQ is activated under a variety of conditions, including low pH, 
low concentrations ofMg2+, and the presence of antimicrobial peptides, including colistin. 
Activation of PhoPQ leads to the expression of genes that modify LPS in a variety of ways, 
including deacylation of lipid A or modification of lipid A by 4-amino-4-deoxy-L-arabinose, 
leading to colistin resistance.12 We found that a mutation in phoQ resulting in an amino 
acid change (A21S) in the sensor domain of PhoQ which leads to colistin resistance was 
dominant over the nonmutated copy of phoQ. Notably, a mutation in Salmonella phoQ, 
resulting in a threonine-to-isoleucine change at position 48, in the sensor domain of the 
PhoQ protein, was also found to be dominant, as it constitutively increased phosphoryla-
tion of the response regulator PhoP.44,45 A similar mechanism may explain why the phoQ 
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mutation of Klebsiella pneumoniae strain 9-FR is dominant. Several studies have recently 
shown that inactivation of the mgrB gene, which encodes a negative regulator of the 2CS 
PhoPQ, causes colistin resistance.36-39 The inactivation or deletion of mgrB leads to higher 
activity of PhoPQ, which in turn activates the pmrHFIJKLM operon, which is responsible for 
modification of lipid A.

The mgrB and phoPQ genes were not mutated in the remaining two colistin-resistant 
isolates. In the heteroresistant strain from patient E, a mutation leading to an amino acid 
substitution encoded within the yciM gene was found. In Escherichia coli, yciM contributes 
to cell wall integrity by regulating LPS biosynthesis46,47, and a deletion in yciM leads to 
decreased susceptibility to colistin.48 It is possible that the mutation in yciM in K. pneu-
moniae increases LPS production, leading to higher levels of LPS in the outer membrane, 
which could titrate out the destabilizing effect of colistin binding to LPS. In the heteroresis-
tant strain from patient G, a nonsynonymous mutation was found in the lpxM gene. LpxM 
is responsible for the addition of one of the secondary acyl chains to lipid A in Enterobacte-
riaceae.49,50 In K. pneumoniae, deletion of lpxM contributes to susceptibility to antimicrobial 
peptides, including colistin.51 It is possible that the mutation in lpxM alters the acylation of 
lipid A, thereby making the strain more resistant to colistin. To our knowledge, this is the 
first time that mutations in yciM and lpxM have been found in K. pneumonia and linked 
to reduced susceptibility to colistin. Currently, we cannot mechanistically explain why the 
mutated alleles of yciM and lpxM are dominant over the wild-type alleles. Conceivably, the 
presence of these alleles may interfere with the complex regulation of LPS biosynthesis 
in Klebsiella.52 

The present study shows that heteroresistance to colistin is present in a clonal popu-
lation of ESBL-producing K. pneumonia strains that were isolated from ICU patients who 
had been exposed to colistin. Our study highlights the multiple evolutionary trajectories 
that can lead to colistin resistance in K. pneumonia and underscores the importance of 
monitoring the existence of colistin-resistant subpopulations in diagnostic susceptibility 
testing of K. pneumoniae.
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SUPPLEMENTAL MATERIAL

Table S1. PCR amplification primers used in this study.    

Primer Sequence (5’-3’) Gene Ref.

12-mgrB-F AAC CAT AAC AAC AGA CCG AC mgrB This study

12-mgrB-R ATC CCT GGC TTG ATT TTG AC mgrB  

45-mgrB-F ATA ACA ACA GAC CGA CAA GC mgrB  

45-mgrB-R TTC GTA ATA CAG TTA GCC GC mgrB  

67-yciM-F AAA ACG GAT GCC TG AAG C yciM  

67-yciM-R GTT GTA ACT AAC GGA GGG C yciM  

89-phoQ-F GGC GTT TAC TGA AAT TAC GC phoQ  

89-phoQ-R GAT ATT CCA CTG CAG GTG TC phoQ  

1011-lpxM-F1 GGT TAA GAT TTT GCC TGG lpxM  

1011-lpxM-R1 CTG GGG CAC CGG CTT TCC ACT GAC CGG TGG TAA GTG AGT GTG 

ATG TGA TAT TAT

lpxM  

1011-lpxM-F2 CCA CCG GTC AGT GGA AAG lpxM  

1011-lpxM-R2 TCC TCA CCG TCG AGT AAG lpxM  
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Table S2. Single nucleotide polymorphisms. 
Annotation Gene  

length (nt)
Mutation  

position (nt)
1-AS 2-BR 4-DS 5-DR 6-ES 7-ER 8-FS 9-FR 10-GS 11-GR 12-HS 13-HR

Bifunctional polymyxin resistance protein ArnA 1986 1626 - GAC[D] > 
GAT[D]

- - - - - - - - - -

Cation efflux system protein CusC precursor 1386 288 - - - - TAT[Y] > 
CAT[H]

TAT[Y] > 
CAT[H]

- - - - - -

Cobalt import ATP-binding protein CbiO 825 169 - - - - - - - - GAT[D] > 
GAG[E]

- - -

Divalent metal cation transporter MntH 1242 1062 CTG[L] > 
ATG[M]

- - - - - - - - - - -

DNA polymerase II 2358 2177 - - - - - - - - - - CAG[Q] > 
CTG[L]

CAG[Q] > 
CTG[L]

Glutamine transport ATP-binding protein GlnQ 780 417 - CAC[H] > 
AAC[N]

- - CAC[H] > 
AAC[N]

CAC[H] > 
AAC[N]

CAC[H] > 
AAC[N]

CAC[H] > 
AAC[N]

CAC[H] > 
AAC[N]

CAC[H] > 
AAC[N]

CAC[H] > 
AAC[N]

CAC[H] > 
AAC[N]

GMP/IMP nucleotidase YrfG 684 284 - GCG[A] > 
GTG[V]

- - - - - - - - - -

HTH-type transcriptional regulator AscG 1014 680 - - - TAC[Y] > 
TTC[F]

- - - - - - - -

HTH-type transcriptional regulator MalT 2706 1815 - - - - - - - - - - - CTG[L] > 
TTG[M]

Hypothetical protein 369 92 - - - - - - - TCG[S] > 
TTG[L]

- - - -

Hypothetical protein 1062 193 CCA[P] > 
CCG[P]

CCA[P] > 
CCG[P]

- CCA[P] > 
CCG[P]

CCA[P] > 
CCG[P]

CCA[P] > 
CCG[P]

CCA[P] > 
CCG[P]

CCA[P] > 
CCG[P]

CCA[P] > 
CCG[P]

CCA[P] > 
CCG[P]

CCA[P] > 
CCG[P]

CCA[P] > 
CCG[P]

Lipid A biosynthesis (KDO)2-(lauroyl)-lipid IVA 
acyltransferase LpxM

1071 887 - - - - - - - - - GTC[V] > 
GGC[G]

- -

Lipopolysaccharide export system permease protein 
LptG

1083 330 - - - - AGC[S] > 
TGC[C]

AGC[S] > 
TGC[C]

- - - - - -

Maltose transport system permease protein MalF 1308 181 - - - - - - - CGT[R] > 
AGT[S]

- - - -

Metallo-beta-lactamase superfamily protein 852 286 - - - - - - - - - - GCC[A] > 
ACC[T]

-

NADH oxidase 2034 2016 - - - - - - - - ATT[I] > 
ATA[I]

- - -

Outer membrane usher protein FimD precursor 2613 952 CTT[L] > 
CTG[L]

CTT[L] > 
CTG[L]

- - CTT[L] > 
CTG[L]

CTT[L] > 
CTG[L]

CTT[L] > 
CTG[L]

CTT[L] > 
CTG[L]

CTT[L] > 
CTG[L]

CTT[L] > 
CTG[L]

CTT[L] > 
CTG[L]

CTT[L] > 
CTG[L]

Putative arginine/ornithine antiporter ydgI 1383 386 - CAG[Q] > 
CTG[L]

- - - - - - - - - -

Putative ATP-dependent helicase DinG 1911 1612 - - - - - - - GAT[D] > 
TAT[Y]

- - - -

Putative cyclic-di-GMP phosphodiesterase AdrB 1563 140 - GTG[V] > 
GGG[G]

- - - - - - - - - -

Putative hydroxypyruvate reductase YdgI 1260 1038 - - - - - - - - - - TGG[W] > 
TGA[stop]

-

Putative lipoprotein ChiQ precursor 333 296 ATC[I] > 
AGC[S]

- - - - - - - - - - -
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Table S2. Single nucleotide polymorphisms. 
Annotation Gene  

length (nt)
Mutation  

position (nt)
1-AS 2-BR 4-DS 5-DR 6-ES 7-ER 8-FS 9-FR 10-GS 11-GR 12-HS 13-HR

Bifunctional polymyxin resistance protein ArnA 1986 1626 - GAC[D] > 
GAT[D]

- - - - - - - - - -

Cation efflux system protein CusC precursor 1386 288 - - - - TAT[Y] > 
CAT[H]

TAT[Y] > 
CAT[H]

- - - - - -

Cobalt import ATP-binding protein CbiO 825 169 - - - - - - - - GAT[D] > 
GAG[E]

- - -

Divalent metal cation transporter MntH 1242 1062 CTG[L] > 
ATG[M]

- - - - - - - - - - -

DNA polymerase II 2358 2177 - - - - - - - - - - CAG[Q] > 
CTG[L]

CAG[Q] > 
CTG[L]

Glutamine transport ATP-binding protein GlnQ 780 417 - CAC[H] > 
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AAC[N]

CAC[H] > 
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CAC[H] > 
AAC[N]

GMP/IMP nucleotidase YrfG 684 284 - GCG[A] > 
GTG[V]

- - - - - - - - - -

HTH-type transcriptional regulator AscG 1014 680 - - - TAC[Y] > 
TTC[F]

- - - - - - - -

HTH-type transcriptional regulator MalT 2706 1815 - - - - - - - - - - - CTG[L] > 
TTG[M]

Hypothetical protein 369 92 - - - - - - - TCG[S] > 
TTG[L]

- - - -

Hypothetical protein 1062 193 CCA[P] > 
CCG[P]

CCA[P] > 
CCG[P]

- CCA[P] > 
CCG[P]
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CCG[P]
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CCG[P]

CCA[P] > 
CCG[P]
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CCG[P]

CCA[P] > 
CCG[P]

CCA[P] > 
CCG[P]

Lipid A biosynthesis (KDO)2-(lauroyl)-lipid IVA 
acyltransferase LpxM

1071 887 - - - - - - - - - GTC[V] > 
GGC[G]

- -

Lipopolysaccharide export system permease protein 
LptG

1083 330 - - - - AGC[S] > 
TGC[C]

AGC[S] > 
TGC[C]

- - - - - -

Maltose transport system permease protein MalF 1308 181 - - - - - - - CGT[R] > 
AGT[S]

- - - -

Metallo-beta-lactamase superfamily protein 852 286 - - - - - - - - - - GCC[A] > 
ACC[T]

-

NADH oxidase 2034 2016 - - - - - - - - ATT[I] > 
ATA[I]

- - -

Outer membrane usher protein FimD precursor 2613 952 CTT[L] > 
CTG[L]

CTT[L] > 
CTG[L]

- - CTT[L] > 
CTG[L]

CTT[L] > 
CTG[L]

CTT[L] > 
CTG[L]

CTT[L] > 
CTG[L]

CTT[L] > 
CTG[L]

CTT[L] > 
CTG[L]

CTT[L] > 
CTG[L]

CTT[L] > 
CTG[L]

Putative arginine/ornithine antiporter ydgI 1383 386 - CAG[Q] > 
CTG[L]

- - - - - - - - - -

Putative ATP-dependent helicase DinG 1911 1612 - - - - - - - GAT[D] > 
TAT[Y]

- - - -

Putative cyclic-di-GMP phosphodiesterase AdrB 1563 140 - GTG[V] > 
GGG[G]

- - - - - - - - - -

Putative hydroxypyruvate reductase YdgI 1260 1038 - - - - - - - - - - TGG[W] > 
TGA[stop]

-

Putative lipoprotein ChiQ precursor 333 296 ATC[I] > 
AGC[S]

- - - - - - - - - - -
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Table S2. Single nucleotide polymorphisms. 
Annotation Gene  

length (nt)
Mutation  

position (nt)
1-AS 2-BR 4-DS 5-DR 6-ES 7-ER 8-FS 9-FR 10-GS 11-GR 12-HS 13-HR

Replicative DNA helicase 1416 596 - - - GCC[A] > 
GGC[G]

- - - - - - - -

Ribosomal protein S12 methylthiotransferase accessory 
factor YcaO

1761 4 - - - - - - - - - - AAA[K] > 
AAT[N]

AAA[K] > 
AAT[N]

Sensor protein PhoQ 1467 1404 - - - - - - - GCC[A] > 
TCC[S]

- - - -

SpoVR family protein 1533 84 - TTC[F] > 
GTC[V]

- - TTC[F] > 
GTC[V]

TTC[F] > 
GTC[V]

TTC[F] > 
GTC[V]

TTC[F] > 
GTC[V]

TTC[F] > 
GTC[V]

TTC[F] > 
GTC[V]

TTC[F] > 
GTC[V]

TTC[F] > 
GTC[V]

Tetratricopeptide repeat protein yciM 1170 128 - - - - - GTT[V] > 
GGT[G]

- - - - - -

Transcriptional regulator LsrR 942 818 - - - - - - - - TGC[C] > 
TTC[F]

TGC[C] > 
TTC[F]

TGC[C] > 
TTC[F]

TGC[C] > 
TTC[F]

Transketolase 2 1995 809 - - - - - - - GCG[A] > 
GTG[V]

- - - -

Isolate identifiers consist of unique numbers used in figures 1 and 2; letters: code of the patient, and whether 
the strain was susceptible (S) or resistant (R) to colistin. Isolate from patient A was obtained before the start of 
SDD, the remaining five colistin-susceptible isolates thereafter. Synonymous- and Non-synonymous mutations 
are marked as black and blue, respectivitely.

Table S3. Nucleotide insertions and deletions.
Annotation Gene length 

(nt)
Mutation 

position (nt)
1-AS 2-BR 4-DS 5-DR 6-ES 7-ER 8-FS 9-FR 10-GS 11-GR 12-HS 13-HR

Divalent metal cation transporter MntH 1242 1027 - GCCCC > 
GCCC (-1C)

- - GCCCC 
> GCCC 

(-1C)

GCCCC 
> GCCC 

(-1C)

GCCCC 
> GCCC 

(-1C)

GCCCC 
> GCCC 

(-1C)

GCCCC 
> GCCC 

(-1C)

GCCCC 
> GCCC 

(-1C)

GCCCC 
> GCCC 

(-1C)

GCCCC 
> GCCC 

(-1C)

DNA translocase FtsK 1872 4 - G > GC 
(+1C)

- G > GC 
(+1C)

- - G > GC 
(+1C)

- G > GC 
(+1C)

G > GC 
(+1C)

- G > GC 
(+1C)

DNA translocase FtsK 2385 2385 - G > GC 
(+1C)

- G > GC 
(+1C)

- - G > GC 
(+1C)

- G > GC 
(+1C)

G > GC 
(+1C)

- G > GC 
(+1C)

General stress protein 69 897 868 - - - A > AC 
(+1C)

- - - - - - - -

Hypothetical protein 180 109 - - - C > CG 
(+1G)

- - CC > CGC 
(+1G)

- - C > CG 
(+1G)

- -

Putative assembly protein 1848 385 GC > 
GCC 
(+1C)

- - - - - - - - - - -

Putative ATP-dependent transporter SufC 747 295 - - - - G > GA 
(+1A)

- G > GA 
(+1A)

G > GA 
(+1A)

G > GA 
(+1A)

G > GA 
(+1A)

- -

Signal transduction histidine-protein kinase BarA 2751 1012 - - - - - - - - GC > G 
(-1C)

GC > G 
(-1C)

GC > G 
(-1C)

-

Isolate identifiers consist of unique number; letters: code of the patient, and whether the strain was susceptible 
(S) or resistant (R) to colistin. Isolate from patient A was obtained before the start of SDD, the remaining five 
colistin-susceptible isolates thereafter. Mutation is indicated between brackets.
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Table S2. Single nucleotide polymorphisms. 
Annotation Gene  

length (nt)
Mutation  

position (nt)
1-AS 2-BR 4-DS 5-DR 6-ES 7-ER 8-FS 9-FR 10-GS 11-GR 12-HS 13-HR

Replicative DNA helicase 1416 596 - - - GCC[A] > 
GGC[G]

- - - - - - - -

Ribosomal protein S12 methylthiotransferase accessory 
factor YcaO
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AAT[N]
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TTC[F] > 
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- - - - - -

Transcriptional regulator LsrR 942 818 - - - - - - - - TGC[C] > 
TTC[F]

TGC[C] > 
TTC[F]

TGC[C] > 
TTC[F]

TGC[C] > 
TTC[F]

Transketolase 2 1995 809 - - - - - - - GCG[A] > 
GTG[V]

- - - -

Isolate identifiers consist of unique numbers used in figures 1 and 2; letters: code of the patient, and whether 
the strain was susceptible (S) or resistant (R) to colistin. Isolate from patient A was obtained before the start of 
SDD, the remaining five colistin-susceptible isolates thereafter. Synonymous- and Non-synonymous mutations 
are marked as black and blue, respectivitely.
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Annotation Gene length 

(nt)
Mutation 

position (nt)
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DNA translocase FtsK 1872 4 - G > GC 
(+1C)
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- - G > GC 
(+1C)

- G > GC 
(+1C)
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(+1C)
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DNA translocase FtsK 2385 2385 - G > GC 
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- - G > GC 
(+1C)
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Hypothetical protein 180 109 - - - C > CG 
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- - C > CG 
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- -

Putative assembly protein 1848 385 GC > 
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(+1A)
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ABSTRACT

Objectives
The objective of this study was to determine the prevalence of pAmpC beta-lactamases in 
community-acquired Gram negative bacteria in the Netherlands, and to identify possible 
risk factors for carriage of these strains.

Methods
Fecal samples were obtained from community-dwelling volunteers. Participants also 
returned a questionnaire for analysis of risk factors. Screening for pAmpC was per-
formed with selective enrichment broth and a selective screening agar. Confirmation of 
AmpC-production was performed with two double disc combination tests: cefotaxime 
and ceftazidime with either boronic acid or cloxacillin as inhibitor. Multiplex PCR was used 
as gold standard for detection of pAmpC. 16S rRNA PCR and AFLP were performed as 
required, plasmids were identified by PCR-based replicon typing. Questionnaire results 
were analyzed with SPSS, version 20.0.

Results
Fecal samples were obtained from 550 volunteers; mean age 51 years (range: 18–91), 61% 
were females. pAmpC was present in seven E. coli isolates (7/550, 1.3%, 0.6–2.7 95% CI): 
six CMY-2-like pAmpC and one DHA. ESBL-encoding genes were found in 52/550 (9.5%, 
7.3–12.2 95% CI) isolates; these were predominantly blaCTX-M genes. Two isolates had 
both ESBL and pAmpC. Admission to a hospital in the previous year was the only risk 
factor we identified. 

Conclusions
Our data indicate that the prevalence of pAmpC in the community seems still low. How-
ever, since pAmpC-producing isolates were not identified as ESBL producers by routine 
algorithms, there is consistent risk that further increase of their prevalence might go 
undetected.
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INTRODUCTION

Resistance to broad-spectrum cephalosporins is considered to be mainly caused by 
extendedspectrum beta-lactamases (ESBLs). Another group of enzymes that can hydro-
lyze cephalosporins are the AmpC beta-lactamases. AmpC were originally described as 
chromosomally encoded beta-lactamases, particularly in Enterobacter spp., Citrobacter 
freundii, and Serratia spp. Plasmid-mediated AmpC (pAmpC) are AmpC beta-lactamases 
encoded on plasmids and hence transferable between species. These enzymes appeared 
in Enterobacteriaceae that lack chromosomal AmpC enzymes (Proteus mirabilis, Salmonella 
spp and Klebsiella spp) or only express low basal amounts of AmpC like Escherichia coli 
and Shigella spp. The frequency of pAmpC may be of larger concern than initially thought, 
especially if this resistance threat would mimick the trend that we have seen occurring 
over the past years for ESBLs.1,2 We consider it important therefore, to closely monitor 
the occurrence of this resistance trait.

Outbreaks of pAmpC have been recognized in different settings worldwide.3–8 Currently 
little information is available regarding the prevalence of this group of beta-lactamases in 
the Dutch community. The exact prevalence of pAmpC is still unknown because simple and 
valid detection methods are not available, hence pAmpC-producing organisms are often 
missed. While algorithms for the routine detection of resistance among Gram-negative 
bacteria, including detection of ESBL and carbapenemases, are widely available, such 
algorithms are still lacking for pAmpC.9,10

The objective of the present study was to determine the prevalence of pAmpC beta-lac-
tamases in community-acquired Gram negative bacteria in the Netherlands, and to identify 
possible risk factors for carriage of these strains.
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MATERIALS AND METHODS

Study population
In the context of a larger study aimed at determining the prevalence of carriage of 
ESBL-positive isolates in the community in The Netherlands, volunteers for this study were 
approached through five general practices, affiliated to the Academic General Practice 
Network, VU University Medical Center, in the region of Amsterdam. In the Netherlands, 
health insurance is obligatory and all inhabitants have to be registered with a general prac-
titioner, regardless of their health status. We took advantage of this registration system, 
and used it to approach the study subjects. All persons older than 18 years, registered in 
the above mentioned five general practices were approached by postal mail, except for 
a small group of terminally ill patients registered with a single practitioner who preferred 
that these patients were not asked to participate. This means that the persons who partici-
pated in the study were not hospitalized, nor visiting their physician at that moment, hence 
truly recruited from the community. Volunteers were asked to send in a fecal sample and 
to fill in a questionnaire.

Ethics Statement
Written informed consent was obtained from all participants, and the study was approved 
by the medical ethics committee (METc, NL29769.029.09) of the VU University Medical 
Center (NTR Trial ID NTR2453).

Antimicrobial susceptibility testing and phenotypic confirmation of ESBL and pAmpC
Fecal samples were inoculated into Trypticase Soy enrichment Broth containing 50 mg/L 
ampicillin (TSB-amp) and incubated overnight at 37°C. For ESBL and AmpC screening, 
an aliquot of the overnight culture was subcultured on a selective screening agar which 
is routinely used for ESBL screening (EbSA ESBL agar, Cepheid Benelux, Apeldoorn, the 
Netherlands).

This agar consists of a double MacConkey agar plate supplemented with vancomycin 
to inhibit gram-positive enterococci (64 mg/L) and cloxacillin to inhibit AmpC producers 
(400 mg/L) on both sides. Additionally, cefotaxime (1mg/L) was added to one of the sides, 
and ceftazidime (1 mg/L) to the other side to screen for isolates resistant to third gen-
eration cephalosporins. In order to detect also AmpC producers (both chromosomally 
and plasmid encoded AmpC), an adapted agar without cloxacillin was used in this study. 
Colonies growing on either side of the adapted screening agar were regarded as suspect 
for ESBL- and/or AmpC production and were further analyzed. 

Species identification and antibiotic susceptibility testing were performed with the Vitek 
2 system (bioMérieux, Marcy l’Etoile, France). The MIC breakpoints used for interpreting 
the results were set according to EUCAST criteria.11
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For species identification, amplification and sequencing of the 16s rRNA gene was 
performed on isolates for which Vitek 2 did not provide conclusive results. Phenotypic 
confirmation of ESBL production was performed according to the Dutch national guide-
lines for ESBL detection with the double disk combination test, i.e. synergy with clavulanic 
acid was tested for cefotaxime, ceftazidime and cefepime on Mueller-Hinton agar (Rosco, 
Taastrup, Denmark).9 In the Netherlands we assume that ESBL detection algorithms will 
detect all plasmid-mediated resistance to extended-spectrum cephalosporins. 

According to this guideline for detection of ESBL, enterobacterial species can be 
divided, with regard to the presence of chromosomal AmpC which may interfere with ESBL 
detection, in two groups: group I comprises Escherichia coli, Klebsiella spp., Proteus mirabilis, 
Salmonella spp., and Shigella spp., in which inducible or derepressed chromosomal ampC 
enzyme are uncommon or absent, and group II including Citrobacter freundii, Enterobacter 
spp., Hafnia alvei, Morganella morganii, Providencia spp. and Serratia spp. in which the 
presence of inducible chromosomal AmpC beta-lactamase is more rule than exception.9 
Reduced susceptibility to cefoxitin was determined with Vitek 2 (bioMerieux, Marcy-l’Etoile, 
France), and was defined as an MIC > 8 mg/L according to EUCAST guidelines.11 In the 
present study we included all isolates of group I and II Enterobacteriaceae, regardless of 
their susceptibility to cefoxitin.11 A MIC ≤ 8 mg/L for cefoxitin was repeated with Vitek 2 
and confirmed with Etest cefoxitin on Mueller-Hinton agar (bioMérieux, Solna, Sweden). 

Two disk-based tests have been proposed to detect AmpC activity, namely cefotaxime 
and ceftazidime combined with well-known inhibitors of pAmpC: boronic acid (PBA) or 
cloxacillin (Rosco, Taastrup, Denmark).12,13 An increase in zone diameter of ≥ 5 mm in the 
presence of the inhibitor indicated a positive AmpC test.

Molecular analyses
All phenotypically confirmed AmpC and ESBL positive isolates were analyzed by PCR for 
molecular detection of pAmpC genes. Bacterial DNA was isolated using the QIAamp DNA 
mini kit (QIAGEN, Venlo, the Netherlands), and an initial multiplex screening PCR was per-
formed, followed by a confirmatory singleplex PCR for multiplex PCR positive DNA. The 
primers used were specific for MOX-type, CMY-type, DHA-type, ACC-type, MIR-/ACT-type 
and FOX-type, with a slightly increased primer annealing step of 70°C for 30 seconds.14 
Detection by PCR was considered the gold standard for pAmpC detection. Group I isolates 
were also screened for AmpC-encoding genes by Check-MDR CT103 microarray to identify 
CMY I/MOX, CMY II, FOX, DHA, ACT/MIR and ACC (Check-Points Health BV,Wageningen, 
the Netherlands).15 In isolates positive for ESBL in the phenotypic tests, ESBL genes were 
characterized by PCR (VUmc) and sequencing (BaseClear, Leiden, the Netherlands).16,17
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Identification of plasmids and epidemiological typing
Characterization of enterobacterial plasmids was performed with PCR-based replicon 
typing for the detection of the eight most prevalent replicon types.18 Seven AmpC-pos-
itive E. coli isolates were analyzed for genetic relatedness by Amplified-fragment length 
polymorphism (AFLP), as described.19 Bionumerics software, version 6.6, (Applied Maths, 
Sint-Martens- Latem, Belgium) was used to analyze AFLP banding patterns.

Statistical analyses
Statistical analyses were performed with SPSS, version 20.0.

RESULTS

Between August 12 and December 13, 2011, fecal samples and questionnaires were 
obtained from 550 volunteers. The mean age of participants was 51 years (range: 18–91), 
and 61% of participants were female. 

With the phenotypic AmpC confirmation test, (AmpC disk diffusion combination test 
with boronic acid and cloxacillin), we detected 176/550 (32%) AmpC positive isolates; these 
included Enterobacteriaceae from both Group I and Group II. Among group I species, 
45/176 isolates (42 Escherichia coli, 2 Klebsiella pneumoniae, 1 Salmonella spp) were pos-
itive in the phenotypic confirmation test. Only 7/42 of the E. coli isolates, however, were 
confirmed to be positive for pAmpC by multiplex AmpC PCR. Among Group II species, 
which consisted of 60 Enterobacter spp, 47 Citrobacter spp, 16 Hafnia alvei, 5 Morganella 
morganii, 1 Raoulthella ornithinolytica, 1 Aeromonas hydrophila/caviae, 1 Serratia plymuthica, 
131 isolates were found to be positive using the phenotypic confirmation test, whereas 
only 52 were found to be positive using the multiplex AmpC screening PCR. 

If an AmpC gene was detected by PCR that is specific for the species concerned, it 
was considered as chromosomal.1 The AmpC genes detected in group II species were all 
species-related chromosomal genes: CMY-2-like pAmpC was found in Citrobacter freundii, 
DHA in Morganella morganii spp., ACC in Hafnia alvei, and ACT/MIR-1 in Enterobacter spe-
cies. A non-species related pAmpC was detected by PCR in 7 strains, all E. coli (7/550, 1.3%, 
0.6–2.7 95% CI). The genes were 6 blaCMY-2-like and 1 blaDHA. Microarray results confirmed 
the results obtained by PCR in group I Enterobacteriaceae.20 

ESBL-encoding genes were detected in 52/550 samples (9.5%, 7.3–12.2 95% CI), these 
were predominantly blaCTX-M genes. Interestingly, two pAmpC-producing isolates also pro-
duced an ESBL: one CTX-M-1 and one CTX-M-15. Two of the seven pAmpC positive E. coli 
isolates were also resistant to cotrimoxazole, one to ciprofloxacin and one to gentamicin. 
Multiresistance, i.e. resistance to at least one antimicrobial agent from three or more 
antimicrobial categories (aminoglycosides, quinolones and cotrimoxazole), was detected 
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in a single isolate.21 One isolate was also resistant to nitrofurantoin. All pAmpC-produc-
ing strains were susceptible to meropenem and imipenem. No cefoxitin susceptible (as 
determined by E-test) pAmpC-positive isolates were found. 

AFLP was performed on the pAmpC-producing E. coli strains, which showed that the 
seven isolates were not genetically related. In these seven pAmpC-producing isolates, the 
plasmid replicon types IncI1 (5/7), ColE (5/7), ColEtp (3/7), FIB (3/7), Frep (2/7), R (1/7) and 
FIA (1/7) were identified. We did not perform transformation experiments to precisely 
identify the pAmpC-carrying plasmid types. The types of plasmids we detected, however, 
are in accordance with previous publications that show that a wide range of plasmid 
replicon types may be associated with pAmpC-positive bacterial isolates, including A/C, 
I1, Y, F, K, FII, L/Mand B/O.22–24

After analysis of the 544 questionnaires (six participants did not complete the ques-
tionnaire), our data showed that all the seven cases were women, with four out of six aged 
between 18 and 30 years (Table 1). No comorbidities were present. Only two out of seven 
cases had used antibiotics in the previous year (tetracyclines seven months and quinolo-
nes 12 months earlier), compared to 80 out of 495 persons who did not carry pAmpC (OR 
2.6, CI 0.5–14.4). Three out of seven cases were admitted to a hospital in the Netherlands 
(OR 7.2; CI 1.6–33.2), one had an admission to a foreign hospital and one participant was 
admitted to a rehabilitation center. Healthcare-associated pAmpC carriage overall turned 
out to be significant (OR 6.9; CI 1.5–31.5). Four carriers visited countries inside Europe, 
only one travelled to Asia (5 months ago) and one to Africa (more than one month ago). 

Table 1. Characteristics of the participants (n = 544) included.
  pAmpC carrier (7) pAmpC non-carrier (537) total OR CI

18–30 years 4/6 148/537 544 5.4 1.0–9.5

Previous use of antibiotics 2/7 80/495 501 2.6 0.5–14.4

Healthcare-associated* 3/7 52/528 535 6.9 1.5–1.5

Travel outside Europe 2/7 192/533 540 0.7 0.1–3.7

*Healthcare-associated acquisition included hospital admission in the Netherlands or in a foreign country, or 
admission to a rehabilitation center.
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DISCUSSION

In this study we detected pAmpC-positive enterobacterial isolates in seven out of 550 
(1.3%) fecal samples obtained from community-dwelling individuals in the region of Amster-
dam. The participants in the study were approached by postal mail, hence they were not 
hospitalized, nor attending their physician at the moment of recruitment. Because of the 
unbiased way we approached the study population, participants represent a cross-section 
of the general population (older than 18 years) and therefore include healthy persons, and 
persons that may have been in hospital before or may have recently visited their general 
practitioner for any reason. We consider therefore the prevalence that we measured to 
reflect the actual prevalence of carriage of pAmpC in the general population. 

To date, pAmpC has been found mainly in clinical isolates obtained from hospitalized 
patients.25,26 Only very limited data are available regarding the prevalence of pAmpC cir-
culating in the community.2 Data vary from 0.59% in outpatients in Spain to 6.7% in Libya 
and 16% in another study performed in Spain.2,27–29 More than one percent in the present 
study seems however to be high in strains isolated from community patients in a country 
with prudent antibiotic use. The possible relevance of community circulating pAmpC has 
been previously indicated by Pitout et al., who showed that pAmpC-producing Enterobac-
teriaceae are relevant community pathogens with important implications for public health, 
especially as a cause of urinary tract infections in older women.30 In addition, studies from 
different countries show that the community serves as a reservoir for the introduction of 
pAmpC in the hospital setting.31,32 

A few studies analyzed possible risk factors for infections due to pAmpC and ESBL-pro-
ducers. Our results should be interpreted with caution, because of the very small number 
of cases, but the possible risk factors that we found are similar to those described pre-
viously, i.e. contact with healthcare.1,2 It is interesting that, despite the small number of 
carriers we found, the association with female gender is apparent and comparable to that 
found by Pitout (although there is a difference in age).30 

All seven pAmpC-producing Enterobacteriaceae we found were E. coli isolates, a spe-
cies which is also the predominant ESBL-producing species among community-acquired 
ESBL-producers.33,34 The most frequent pAmpC gene belonged to CMY group II; this is 
comparable to what has been found in several previous studies, where blaCMY-2 was found 
to be the most widely distributed pAmpC gene geographically.30,31,35 

pAmpC-encoding genes are often located on large plasmids, which are associated with 
multidrug resistance.36 Two of the seven pAmpC-positive E. coli strains that we identified 
in the present study also harboured an ESBL gene. These strains were therefore resistant 
to cephalosporin antibiotics by multiple mechanisms and could easily be detected by 
routine diagnostic methods. Five of the seven pAmpC-producing isolates, however, were 
phenotypically ESBL negative, meaning that these strains would be missed as strains pos-
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sessing a plasmid-mediated resistance to extended-spectrum cephalosporins. Hence, in 
the routine setting, the prevalence of pAmpC-producing strains is probably largely under-
estimated. Phenotypic detection of pAmpC has such poor specificity that it cannot be used 
for routine pAmpC detection. The only reliable pAmpC detection methods are multiplex 
PCR and specific microarrays such as the Check-MDR CT103.20 These molecular methods 
however, are only applicable to species of Group I Enterobacteriaceae, since in Group II 
Enterobacteriaceae isolates, a positive pAmpC PCR result is most likely due to the pres-
ence of chromosomal AmpC genes. Indeed, plasmid-encoded genes can be identical to 
chromosomally located AmpC beta-lactamase genes in this group of Enterobacteriaceae.1 

Several of the pAmpC-producing strains were also resistant to aminoglycosides, 
quinolones, cotrimoxazole and nitrofurantoin. High rates of co-resistance have also been 
reported in other studies, which means that also for infections caused by pAmpC-pro-
ducing strains there may be few therapeutic options. This could increase morbidity and 
mortality in affected patients.2,37,38 

In conclusion, a pAmpC prevalence of 1.3% (all E. coli) was observed in a Dutch commu-
nity setting. Importantly, the majority of the pAmpC-producing isolates were not detected 
by routine phenotypic screening algorithms for ESBLs. Although plasmid-mediated ESBL 
production seems to spread much more easily than plasmid-mediated AmpC production, 
careful monitoring of this plasmid-mediated resistance mechanism seems appropriate.
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ABSTRACT

Background: 
Cross-transmission of nosocomial pathogens occurs frequently in intensive care units 
(ICU). The aim of this study was to investigate whether the introduction of a single room 
policy resulted in a decrease in transmission of multidrug-resistant (MDR) bacteria in an 
ICU.

Methods: 
We performed a retrospective study covering two periods: between January 2002 and 
April 2009 (old-ICU) and between May 2009 and March 2013 (new-ICU, single-room). 
These periods were compared with respect to the occurrence of representative MDR 
Gram-negative bacteria. Routine microbiological screening, was performed on all patients 
on admission to the ICU and then twice a week. Multidrug resistance was defined accord-
ing to a national guideline. The first isolates per patient that met the MDR-criteria, detected 
during the ICU admission were included in the analysis. To investigate the clonality, iso-
lates were genotyped by DiversiLab (bioMérieux, France) or Amplified Fragment Length 
Polymorphism (AFLP). To guarantee the comparability of the two periods, the ‘before’ and 
‘after’ periods were chosen such that they were approximately identical with respect to 
the following factors: number of admissions, number of beds, bed occupancy rate, per 
year and month. 

Results: 
Despite infection prevention efforts, high prevalence of MRD bacteria continue to occur 
in the original facility. A marked and sustained decrease in the prevalence of MDR-GN 
bacteria was observed after the migration to the new ICU, while there appear to be no 
significant changes in the other variables including bed occupancy and numbers of patient 
admissions. 

Conclusion: Single room ICU design contributes significantly to the reduction of cross 
transmission of MRD bacteria.
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BACKGROUND

Cross-transmission of nosocomial pathogens has been shown to occur frequently in inten-
sive care units (ICU).1 It may be promoted by several factors including environmental 
source2, invasive procedures, and understaffing.3 Bacterial cross-transmissions account 
for a significant part of ICU-acquired infections4, the majority of which are associated with 
Gram-negative (GN) microorganisms.5 GN-infections in turn lead to substantial morbidity, 
mortality and costs.6 Interventions aimed at reducing the spread of nosocomial pathogens 
include contact precautions and isolation of patients, especially when multidrug resistant 
(MDR) organisms are involved7 and hand hygiene8, which has been considered the most 
important control measures.9 Despite evidence that transmission of pathogens by way of 
health care workers’ hands is a major cause of nosocomial infections10, compliance with 
policies and procedures for infection control has been uniformly poor.11 Nursing patients 
in single-patient rooms can improve hand washing compliance and facilitate cleaning and 
decontamination and thereby contribute to infection control.12 

In this retrospective study we describe the long-term persistence and transmission of 
MDR-GN organisms in an ICU despite extensive infection control precautions. We present 
evidence for the role of the single room design of the new facility to which the ward was 
eventually moved in their control.

METHODS

Setting
The study covered two periods: a first period between January 2002 and April 2009 (old-
ICU) and a second between May 2009 and March 2013 (new-ICU, single room). In the first 
period patients were nursed in an ICU with 21 beds: five in single ventilated rooms and with 
ante-room, four in two double rooms without anterooms, and 12 in an open bay (Figure 
1). The total number of beds in use was 18, since a maximum of nine out of the 12 open 
bay beds was used for admissions at any given time. 

This ICU was closed on two occasions: from January through May 2003 because of an ongo-
ing outbreak with ESBL-producing Klebsiella pnumoniae (ESBL-Kp) which started in 200113, 
and between January and March 2008 because of an outbreak with multidrug resistant 
Acinetobacter baumannii (MDR-Ab). Because of these outbreaks and because there was 
evidence of persistent colonization and spread of other MDR-GN among patients in the 
ICU despite extensive infection control efforts, it was ultimately decided to transfer the 
ICU in May 2009 to a newly built ICU, which consisted of a two-floor unit, each with 9 single 
rooms with controlled ventilation and ante-room (Figure 2). The two floors were identical 
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regarding treatment facilities and casemix. Initially only 16 beds were used. In January 2011 
the number beds in use was increased to 18. Only new patients were admitted to the new 
ICU and no patients we transferred from the old ICU during migration.

Figure 1. Floor plan of the ICU before conversion: 1–6 and 10–15: beds situated in the open bay; 7–9 and 20–21: 

single rooms with controlled ventilation and with anteroom; 16/17 and 18/19: rooms without controlled venti-

lation an without anteroom.

Surveillance
Routine microbiological screening started in February 2002 and continued through the 
whole study period. Screening was performed on all patients on admission to the ICU and 
then twice a week. Screening was done by culture of throat and rectal-swab specimens 
and, in intubated patients, of tracheal fluid samples. When clinically indicated, samples 
were also obtained from relevant body sites, such as wounds. MDR-GN strains were stored 
at −70 °C.

Bacteriological methods
From January 2002 until April 2010, species identification was routinely performed by 
classical biochemical methods and the API 20E system. Antimicrobial susceptibility testing 
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was performed by the agar dilution method according to the National Committee on Clin-
ical Laboratory Standards (NCCLS), now called Clinical and Laboratory Standards Institute 
(CLSI).14 From April 2010 on, the Vitek 2 Advanced Expert System (bioMérieux, France) was 
used to identify strains, to determine antimicrobial susceptibility using the EUCAST break-
points15, and to perform phenotypic screening for ESBL. ESBL confirmation was performed 
by the double disk synergy test with cefotaxime and/or ceftazidime, and clavulanic acid.16 

Figure 2. Plan of the new ICU consisting of two identical floors with 9 patient rooms each. Single patient rooms 

with anteroom are indicated by dark green and light green, respectively.

Infection control 
Before the outbreak, infection control measures in the ICU were implemented accord-
ing to a national guideline.17 Infection prevention measures were mainly based on the 
so-called “work island” principle, which means contact precautions in the area surrounding 
the ventilated patient bed, including cleaning and disinfection and hand hygiene before 
entering and by leaving the patient area. When an increase in the number of patients 
colonized with ESBL-Kp was noticed in August 2001, an outbreak management team 
was formed, including an infection control nurse, an ICU medical officer, a consultant 
microbiologist, and an ICU nurse. Infection control practices were reinforced, including 
labelling and isolation of ESBL-Kp-positive patients in the single-patient rooms, cohort 
nursing of ESBL-Kp-colonised patients to the two-bedded rooms when more patients 
were found colonized, and disinfection of hospital equipment and high-touch surfaces. 
Since the outbreak remained uncontrolled despite these measures (Figure 3), an inten-
sified infection control programme was started. This included from September 2002, the 
use of a ‘short stay’ four bedded unit outside the ICU area for patients expected to be 
admitted to the ICU for fewer than 72 h. Secondly, from October 2002 onwards, patients 
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admitted to the ICU received selective decontamination of the digestive tract (SDD). The 
aim of the SDD treatment in this setting was to reduce colonization of the digestive tract 
with resistant bacteria.18 SDD was given as topical mixture of nonabsorbable antibiotics 
including tobramycin, colistin and Amphotericin B (respective doses: 80, 100, and 500 mg), 
applied on the buccal mucosa and as a suspension administered via a nasogastric tube 
in the gastrointestinal tract, four times a day.19

Finally, the ICU was temporarily closed from January through May 2003 for thorough 
cleaning and disinfection, during which period patients were admitted to a temporary, 
16-bed ICU. The same infection control policy from the closed ICU was continued. No new 
patients with ESBL-Kp were detected during this period, until one week before moving 
the ICU back to the main location. After the ICU was moved back to the main location, 
an increase in the incidence of ESBL-Kp positive patients was noted (Figure 3). In 2005 a 
decrease in the incidence was observed; however, the outbreak remained uncontrolled. 
In 2007, it was concluded that radical facility changes in design and infection control policy 
were needed for optimal infection control practices. Shortterm changes that followed 
within the following year included SDD discontinuation (April 2007), the appointment of 
additional infection control practitioners, and the promotion of a high level of compliance 
with infection control measures.

Between January and March 2008 the ward was closed due to an outbreak with MDR-
Ab. Rigorous infection control measures were implemented including the grouping of 
MDR-Ab-positive patients in single rooms with controlled ventilation, education of staff, 
enforcement of hand hygiene and surface decontamination. In addition, the ward was tem-
porarily closed for new admissions. After all beds became available through discharges, 
the unit including equipment was decontaminated with vaporized hydrogen peroxide 
(VHP), according to manufacturer’s instructions (Infection Control BV, Eemnes, the Neth-
erlands). Shortterm changes were implemented, including the reduction of the number of 
beds to 16, and the unit was re-opened on April the 3rd 2008. In April 2009 the ICU was 
moved to a semi-permanent (http://www.cadolto.com/en/products/healthcare_buildings/
hospitals) single-room unit (Figure 2). Nurse-to-patient ratio (0,66) did not change. The 
same infection control protocols were maintained. In the single-room unit, a hand washing 
sink was located in each ante-room and an alcohol-based hand rub dispenser in each 
ante-room and at the bedside.

Retrospective microbiological analysis
In 2014, a retrospective study was undertaken on existing laboratory databases to collect 
data on the occurrence of MDR-GN, including ESBL-Kp, Citrobacter spp., Proteus spp., 
Enterobacter spp., Serratia spp., Morganella spp., Pseudomonas spp. and Acinetobacter spp. 
Multidrug resistance among Gram-negative bacteria was defined according to a national 
guideline (Table 1).20
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Figure 3. Occurrence of MDR-resistant bacteria (each counted once per patient) between January 2002 and March 

2013 with indication of the main infection control measures that were taken on the ICU. ICU closure I: during 

January–May 2003 for thorough cleaning and disinfection; ICU closure II: temporary closure for new admissions 

because of an outbreak with multidrug resistant A. baumannii. After all beds became available through discharges 

the unit including equipment was decontaminated with vaporized hydrogen peroxide; new ICU opened with 

single-bed rooms.

The first isolates per patient, that met the MD Rcriteria, detected during the ICU admission 
were included in the analysis.

Since the dilutions values of antimicrobial agents that were tested in the agar dilution 
method were available in the Laboratory Information System (LIS),it was possible to com-
pensate for the change from CLSI to EUCAST by retrospectively redefining the breakpoints 
of the tested isolates to meet the MDR criteria. During the whole study period, ESBL iden-
tification was performed on K. pneumonia, K. oxytoca and bacteriemic P. mirabilis isolates 
that screened suspected.14 Bacteriemic P. mirabilis isolates were not detected21, hence, 
no ESBL confirmation was performed. So, from the ESBL-positive Enterobacteriaceae 
only K. pneumonia isolates were included in the analysis. The other Enterobacteriaceae 
were included not as whether or not carrying ESBL but when meeting the HRMO criteria.

Clonality of stored ESBL-Kp isolates obtained between2002 and 2007 was retrospec-
tively investigated by DiversiLab (bioMérieux, France).21 Available data from typing of 
Enterobacter, Acinetobacter, P. aeruginosa, Citorbacter freundii, E. coli and ESBL-Kp isolates 
obtained after 2007, prospectively investigated by DiversiLab or AFLP22, were also included 
in this study.Frequency distribution of the MDR Gram-negative bacteria that were used 
for genotyping is shown in Figure 4.
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Figure 4. Frequency distribution of the MDR Gram negative bacteria that were used for genotyping.

Statistical analysis
Our objective was to investigate whether the introduction of a single room policy resulted 
in a decrease in the number of transmissions of MDR within the ICU. For this purpose 
we compared a period before the introduction of the policy and a period following it with 
respect to the occurrence of representative MDR isolates of the species Citrobacter, Entero-
bacter, Morganella, Proteus, Serratia and Pseudomonas. To guarantee the comparability of 
the two periods, the ‘before’ and ‘after’ periods were chosen such that they were approx-
imately identical with respect to the following factors: number of admissions, number of 
beds, bed occupancy rate, per year and month (the average length of stay per month 
can be dispensed with since it is determined by the average number of admissions and 
the occupancy rate). A data set derived from the NICE database (National Intensive Care 
Evaluation, https://www.stichting-nice.nl) was combined with the laboratory data and upon 
examination of the monthly figures related to numbers of admissions, number of beds and 
bed occupancy it was decided to compare the periods from April 2008 to April 2009 and 
from May 2009 to December 2010, during the whole length of which the number of beds 
was kept at 16, as the ‘before’ and ‘after’ periods for the main part of the analysis. A third 
period (a second ‘after’ period) from January 2011 to March 2012, in which the capacity of 
the ICU was increased to 18 beds, was used for subsidiary analyses.

The two periods were compared with respect to a single variable (e.g. number of 
transmissions of a given bacterium or bed occupancy) by a permutation test with month 
as a ‘block factor’ based on a so-called sum statistic.23 This is the sum, over the available 
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months, of the monthly differences in the average values of the variable in the two periods. 
The blocking by month should correct for eventual seasonal patterns in the number of 
transmissions. In order to compare the two periods with respect to the transmissions of 
the six different species simultaneously we used a generalization of the permutation test 
based on the sum of the six sum statistics corresponding to the six bacteria. The ratio-
nale for using this test was the “principle of coherence”24: if the intervention does have 
a positive (or at least non-negative) effect then that effect consists of a decrease (or at 
least non-increase) in the number of all the bacteria. All the tests were two-sided. Despite 
several tests being carried out, no multiple testing corrections are presented because, by 
the nature of the data and of the hypotheses tested, the p-values are either unequivocally 
large or unequivocally small. Statistical analyses were carried out with programs written 
in R25, which may be obtained from the authors upon request.

RESULTS

The numbers of patients carrying MDR-Citrobacter spp., Proteus spp., Enterobacter spp., 
Serratia spp., Morganella spp. and Pseudomonas spp. and ESBL-Kp are shown in Figure 3.

ESBL-Producing K. pneumoniae
Between January 2002 and March 2013, 225 patients with ESBL-Kp were identified (Figure 
3). Typing of 163 isolates (one isolate per patient) by REP-PCR revealed that the majority 
was clonally related. Of these isolates 121,obtained between January 2002 and July 2007, 
were found to be identical21, while 42 appeared unrelated to the major clone. Typing of 
10 out of the 17 ESBL-Kp isolates obtained between March 2008 and April 2009 (after 
disinfection of the old ICU with VHP and before the move to the new ICU), showed no 
clonal relation of these isolates to the outbreak strain. However, two clusters of strains 
were identified: one of two strains (isolated on 3/11/2008 and 11/12/2008), and the other 
of three strains (isolated on 18/12/2008, 29/12/2008 and 3/1/2009). The remaining five 
isolates had different patterns.

A. Baumannii
In October 2007, a patient known to harbour MDR-Ab was transferred from a Turkish 
hospital to the ICU and was directly placed in a separate room in strict isolation. During 
his admission, which lasted three weeks, and after discharge, no spread of the MDR-Ab 
was seen, until early in January 2008, when two patients were found to carry a strain of 
MDR-Ab. The patients were placed in separate rooms with controlled ventilation in strict 
isolation. During the following two weeks, MDR-Ab was detected in three more patients. 
Genotyping showed clonal relationship between strains from the five patients, one strain 
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from the index patient and seven from the ICU environment. The unit was closed in the 
third week of January and re-opened in March 2008.

Other MDR-gram negative organisms
Between March 2008 and April 2009, 46 patients carrying MDR E. cloacae were identified. 
Typing of 23 isolates obtained between April and August 2008, with DiversiLab26 revealed 
two clusters: one of 7 and one of 13 strains. The remaining three strains had different 
patterns.

After the old ICU was reopened in March 2008, cross transmission of new microor-
ganisms re-emerged and persisted as evidenced by genotyping of ESBL-Kp (unrelated to 
the major clone) and MDR E. cloacae (Figure 5).
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Figure 5. Data from typing of Enterobacter, Acinetobacter and ESBL-Kp isolates. Cross transmission of new micro-

organisms re-emerged and persisted after the old ICU was reopened in March 2008. The second closure ended 

the cross transmission of ESBL-Kp and MDR-Ab.
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New ICU period
After the migration to the new ICU, a marked decrease in the prevalence of MDR-GN was 
observed (Figure 6). Available data from typing of Enterobacter, Acinetobacter, P. aeruginosa, 
C. freundii, E. coli and ESBL-Kp isolates obtained after the migration showed no transmis-
sion (Figure 7).
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Figure 6. Plot diagram showing a decrease in the yearly numbers of MDR organisms isolated after the move to 

the new ICU. Data sets before and after the move consist of 88 and 47 months surveillance, respectively.

The test comparing the ‘before’ (April 2008 to April 2009) and ‘after’ (May 2009 to Decem-
ber 2010) periods regarding the numbers of transmissions of the six bacteria jointly 
yielded a p-value of 0.001. With respect to the number of admissions, the comparison 
between the ‘before’ and ‘after’ periods and between the ‘after’ period and the second ‘after’ 
period (January 2011 to March2012) no significant changes were observed (p-values of 
0.17, and 0.34).

With respect to bed occupancy, testing for differences between the ‘before’ and ‘after’ 
periods yields a p-value of 0.99. In contrast, there was evidence for a difference between 
the ‘after’ period and the second ‘after’ period (increase in the capacity of the ICU from 16 
to 18 beds),with a p-value of 0.007.

Comparing the ‘before’ and ‘after’ periods with regard to each species one at a time, 
p-values of 0.0015, 0.0005,0.37, 0.99, 0.25, and 0.39 for Citrobacter, Enterobacter, Morgan-
ella, Proteus, Serratia and Pseudomonas, respectively, were found.



115

7

Single room ICU design and spread of bacteria 

0

2

4

6

8

10

12

transmission

no transmission

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013

new ICU

ICU 
closure II

ICU 
closure I

SDD protocol

year

nu
m

be
r o

f M
D

R
O

Figure 7. Pooled data from typing of Enterobacter, Acinetobacter, P. aeruginosa, C. freundii, E. coli and ESBL-Kp 

isolates. In the new ICU no transmission was observed.

DISCUSSION

Our results provided strong evidence that the single room policy as an infection control 
strategy has contributed significantly to the control of cross transmission of resistant 
pathogens in the ICU.

In this study we analysed the history of an ICU which was affected by a protracted 
clustered occurrence of MDR bacteria despite extensive infection control precautions. 
Control was ultimately achieved by closing the ward and moving it into a new single room 
designed facility.

Despite combined interventions, including education to improve adherence to hand 
hygiene practices, use of contact precautions, isolation of ESBL-Kp positive patients and 
temporary ward closure in early 2003, the colonization by endemic ESBL-Kp, as evidenced 
by genotyping with DiversiLab, and by other MDR-Gram negative bacteria was observed 
soon after the unit was re-opened. Educational meetings were held and hand hygiene 
was emphasized on several occasions. Recorded observations about hand hygiene per-
formance, and adherence to hygiene protocols were not part of the experimental design, 
hence could not be described during the study period. Even if lack of adherence to hand 
washing protocols alone may not explain the failure to halt transmission27, breaches in 
hand hygiene may have promoted it.28
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Although the importance of colonization pressure in transmission of MDR-GN bacteria 
has not fully been estimated29, our data suggest that the increased number of colonized 
patients has contributed to the persistence of MDR-bacteria. Not only was the proportion 
of colonized patients high, patients were also colonized with multiple MDR-GN bacteria. 
Selection of these bacteria may have been facilitated by the start and the prolonged use of 
SDD. Prior to the introduction of SDD, most ESBL-Kp isolates were resistant to tobramycin, 
and upon exposure to colistin, heteroresistant subpopulations may have been selected 
for. In addition, the proportion of tobramycin resistance among pathogens intrinsically 
resistant to colistin (Proteus, Morganella, and Serratia spp.) increased under the use of SDD, 
and decreased after stopping SDD.21 Abundant carriage of these MDR-bacteria under SDD, 
i.e. colonization pressure30 may have enhanced the risk of their spread and acquisition.

Although temporary ward closure has been shown to control ESBL-Kp outbreaks ade-
quately31, in our case the ESBL-Kp outbreak persisted after closure of the ICU early in 
2003. The reason for this is not clear; no common environmental source was identified, 
and cultures obtained from the hands of nursing and medical staff performed on one 
occasion were negative. After the second ward closure and decontamination with HPV 
early in 2008, clonal spread of the ESBL-Kp or MDR-Ab was not observed again. However, 
transmission and persistence of new MDR-GN bacteria after the ward was reopened 
continued to occur, as evidenced by typing of ESBL-Kp and E. cloacae strains.

Single-bed room design has been shown beneficial in reducing contact transmis-
sion and acquisition of resistant bacteria in several studies.32–36 It enables the separation 
of patients upon admission and prevents transmission from unrecognized carriers of 
pathogens. By design, single rooms are furnished with a conveniently located sink in 
each, provided by sufficient and accessible alcohol-based hand-rub dispensers. Affecting 
staff behavior by single-room design has in one study been found a possible element 
that contributed to higher hand hygiene compliance, compared to an open plan ICU.32 
Another study showing a substantial reduction in transmission of some microorganisms 
after converting the ICU to private rooms, has attributed the observed reduction to better 
hand hygiene by hospital staff, rather than to the move to a new and uncontaminated 
environment.33 The results from our study supports these findings. Although adherence 
to hand hygiene practice was not measured, ending of cross transmission occurred only 
after the move to the new ICU (Figure 7).

In this study, after the move to the single room unit, a clear and sustained decrease 
in the prevalence of the MDR-GN bacteria was observed, except for MDR-P. aeruginosa 
which, however, could not be explained by cross transmission since the genotyping of 
five isolates between July and October 2009 revealed no similarities. Statistical analysis 
testing for differences between the periods before and after the move to the single room 
unit showed good evidence that the single room policy was very effective in controlling 
the cross transmission of the MDR bacteria in this ICU.
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CONCLUSION

Protracted clustered occurrence of MDR bacteria in an ICU despite extensive infection 
control precautions, including temporary ward closure on two occasions, was ended only 
by the transformation of the unit into a single-room unit. Single room ICU design signifi-
cantly contributed to the reduction of cross transmission of MRD-bacteria.
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GENERAL DISCUSSION AND FUTURE DIRECTIONS

Soon after the introduction of penicillin in clinical use, Sir Alexander Fleming warned that 
“There is probably no chemotherapeutic drug to which in suitable circumstances the 
bacteria cannot react by in some way acquiring ‘fastness’ [resistance].”1

Unfortunately, after decades of antibiotic use, we may conclude that Fleming’s predic-
tion has come true, as the association between the overuse of antibiotic consumption and 
resistance has become clear. Despite this knowledge, alerts with increasing urgency about 
antibiotic resistance2,3,4,5,6,7 and a growing number of guidelines for use of antimicrobial 
agents and prevention8,9,10,11,12, antibiotic resistance is nowadays considered as one of the 
greatest global threats of the 21st century.13

This lies in the fact that the continuously evolving resistance, especially in Gram-nega-
tive pathogens, has ended in the emergence in some parts of the world of clinical isolates 
resistant to nearly all available antibiotics, including last resort antibiotics, rendering life-
threatening bacterial infections in some patients untreatable.14 Of particular concern is 
the recent identification of new plasmid-mediated resistance genes conferring resistance 
to colistin, one of the last few resort antibiotics, in bacterial isolates from food animals.15 A 
worrisome scenario is the potential global spread of colistin resistance in humans though 
plasmid transmission16, also in The Netherlands17, in the same way as other worldwide 
plasmidal resistance dissemination such as ESBL’s and carbapenemases. This would mark 
the start of the post-antibiotic era, where in a growing number of patients currently treat-
able infectious conditions will eventually be considered as life-threatening due to the lack 
of available effective antibiotic treatment. If current trends continue, annual fatalities from 
drug-resistant microbes could rise to more than 10 million by 2050, exceeding deaths 
caused by cancer.18

In the European Union, drug resistant infections are estimated to cause more than 25000 
deaths and generate health care costs of 1.5 billion euros annually.19 As to the Nether-
lands, resistance in humans is still low compared to other European countries.20 There 
is cause for concern and caution, however, since the Netherlands has not been spared 
from threats of antibiotic resistance.21,22,23 One of these threats is Carbapenem resistance, 
which is still rare in the Netherlands.24 The overall proportion of confirmed non-suscep-
tible E. coli and K. pneumoniae is low (0.01% and 0.15% respectively). Nevertheless, more 
outbreaks with carbapenem-resistant isolates in healthcare settings were described in 
2016 compared to 2015.24 NDM-1, is one of the resistance traits that confer resistance 
to almost all beta-lactams (except aztreonam), including the last resort carbapenems.25 
NDM-1 was first reported on in December 2009.26 It was identified in a K. pneumoniae 
isolate recovered from a patient who was referred to a Swedish hospital in January 2008, 
after being hospitalized in New Delhi, India. This was followed by reports on more such 



124

Chapter 8

imported cases from the Indian subcontinent into different parts of the world, including 
The Netherlands.27

In chapter two, one of the first NDM-1 cases in The Netherlands is described. The 
patient was transferred from a hospital in Belgrade, Serbia, to a hospital in the Neth-
erlands in August 2008. Serbia is one of the Balkan countries, that is thought to be the 
second important reservoir for the NDM-1 carbapenemase after Indian continent.28,29 The 
laboratory testing of carbapenems was locally performed by testing meropenem with 
the recommended clinical and laboratory standards institute (CLSI) criteria in 2008.30 The 
dilution series of meropenem were 2, 4, 8 and 16 mg/L. The isolate grew at a concentra-
tion of 4 mg/L and was inhibited at a concentration of 8 mg/L, hence found intermediate 
susceptible.31 Since the patient was known to harbor methicillin-resistant Staphylococcus 
aureus (MRSA) besides NDM-1, she was placed in isolation on admission, according to 
the national MRSA isolation protocol.32 This approach has been shown to be effective in 
preventing the spread of MRSA.33 Consequently, spread of the NDM-1 isolate apparently 
remained limited to only one patient. 

The recommended MIC breakpoint at 4 mg/L was higher than the breakpoint that 
would screen for the presence of carbapenemases.34 This emphasizes the importance 
of adequate laboratory detection as one of the determinants in controlling antimicrobial 
resistance35, and the need for timely updates of microbiological testing guidelines. In 
2010 The European Committee on Antimicrobial Susceptibility Testing (EUCAST) recom-
mended lower breakpoints compared to the CLSI.36 As can be expected, lowering of the 
susceptibility breakpoints led to increasing rates of organisms classified as intermediate 
or resistant phenotypes.37

Carbapenem-resistant Acinetobacter baumannii is another important cause of mul-
tidrug-resistant hospital acquired infections that has spread globally.38 Chapter three 
describes an outbreak with multidrug-resistant A. baumannii (MDR-AB) in an intensive 
care unit, that led to ward closure. The strain was imported from Turkey, one of the Euro-
pean countries with a high-prevalence of carbapenem resistance.39 The patient was also 
carrying MRSA and was accordingly isolated upon admission. Unlike the NDM-1 case and 
similar to another report40, MDR-AB could spread among the ICU patients despite MRSA 
isolation strategy.

Prior to this outbreak, the same ICU had suffered from the spread of MRD bacteria nearly 
a decade. While in the Netherlands ESBL rates are low compared to other countries41, and 
outbreaks of ESBL-producing strains have until then rarely been reported42, a large outbreak 
with ESBL-producing K. pneumonia (ESBL-KP) was recognized in 2002 in this ICU. The index 
strain was first isolated in August 2001 from a patient who had never been hospitalized 
before. By the end of 2002, 85 ICU patients carrying the same Klebsiella strain with the same 
antibiotic resistance profile and with the same randomly amplified polymorphic DNA and 
restriction fragment length polymorphism patterns, were found to be involved.43
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In chapter four, investigation of the further course of this outbreak is described. Since 
the outbreak could not be controlled with classical infection control measures, additional 
measures were implemented. One of these was the use of SDD, following consultation with 
experts in the field and based on available knowledge.44,45 The aim of SDD was to reduce 
the colonization rate among the ICU patients with the outbreak strain. Analysis of the 
impact of SDD during 5 years revealed four main outcomes: a. SDD appears to have been 
ineffective in controlling the outbreak; b. a sharp increase in the prevalence of pathogens 
intrinsically resistant to colistin, along with an increased number of bacteremia episodes 
caused by these pathogens; c. tobramycin resistance increased significantly after SDD 
initiation among pathogens intrinsically resistant to colistin, and decreased when SDD was 
stopped; d. ESBL-KP isolates that were resistant to colistin emerged under the use of SDD, 
the majority of which were clonally related. Subsequent analysis of colistin resistance in 
these isolates using whole Genome Sequencing (WGS46) (chapter five) reveals that het-
eroresistance among apparently susceptible isolates forms a reservoir for the emergence 
of colistin resistance during treatment. Mutational resistance in a clinical setting coupled 
with clonal spread may be an important clinical threat, as has recently been suggested.47, 
The reason for the increase in resistance might be that SDD was introduced in an outbreak 
setting with high a prevalence of multidrug resistance, and continued over 5 years. 

In its classical use, SDD is based on the application of oral non-absorbable antibiotics 
to reduce bacterial colonization in patients who are at risk for infection, and has been 
associated with lower VAP and mortality rates.48 Its broad use remains controversial due 
to concern about the risk for emerging antimicrobial resistance during its application. 
However, studies in Dutch ICU’s found no association between SDD use and increased 
resistance.49,50 This can be attributed to both its use in settings with low levels of antibiotic 
resistance and adequate resistance surveillance as recommended by the national guide-
line.51 Nevertheless, further increase of antimicrobial resistance globally and particularly 
in the Netherlands would, at a certain point necessitate the reconsideration of the use of 
SDD as a prophylactic strategy.52 It has been suggested that oropharyngeal decontamina-
tion with antiseptic agents, such as chlorhexidine, might be an alternative.53,54 A European 
trial is under way comparing the effect of decontamination interventions with antibiotics 
and chlorhexidine mouthwash on clinical outcomes such as survival of ICU patients and 
ecological effects, such as the development of antimicrobial resistance and influence on 
cross-transmission of MDR-GNB.55 If antiseptic strategies are as effective as strategies 
using antibiotic prophylaxis, antiseptics would be preferred for their lower risk to induce 
resistance to antibiotics.55 Cautious monitoring of resistance remains warranted, since, 
as with SDD, chlorhexidine decolonization can become imperiled by the emergence of 
chlorhexidine-resistant organisms.56

Another resistance mechanism in Enterobacteriaceae that can be associated with 
multidrug resistance of clinical importance is AmpC beta-lacatamase, which confers resis-
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tance to all beta-lactams except fourth-generation cephalosporins and carbapenems.57 
The genes encoding these enzymes can be chromosomal or plasmidal borne.58 Treatment 
options can further be limited due to the possible concomitant presence of other resis-
tance genes, such as those of resistance to quinolones.59

AmpC beta-lacatamases are widely distributed.60,61 One Dutch study found that resis-
tance due to either hyperproduction of chromosomal ampC or plasmid-borne AmpC 
beta-lactamases (pAmpC) occurs more frequently than previously reported.62 Tested 
Enterobacteriaceae isolates were obtained from laboratories that are geographically dis-
persed over the Netherlands and represent a mixture of secondary and tertiary care 
hospitals, long term care facilities (LTCFs) and general practitioners (GPs). In this study, 
AmpC type resistance was observed in 11% of tested E. coli isolates. 

The occurrence of ESBL/AmpC-producing E. coli is widespread in Dutch food-producing 
animals and in raw meat products mainly of poultry origin, which which could potentially 
contributeto infections in humans.63 In another Dutch study from the same above-men-
tioned authors, AmpC gene on identical plasmid types was detected in E. coli isolates 
from Dutch patients and poultry meat, suggesting a food-borne transmission route.64 
To determine the prevalence of pAmpC circulating in the community we investigated its 
carriership in fecal samples obtained from community-dwelling volunteers (chapter six). 
Although only 1,3% of all E . coli isolates were found positive, the community can still serve 
as a reservoir for the introduction of pAmpC in the hospital setting.65 While AmpC may 
have the same phenotype as ESBL, no specific laboratory algorithm is in use for AmpC 
detection. At the same time, the presence of AmpC may interfere with the detection of 
ESBL.66 Of note, AmpC-positive isolates that are ESBL negative will be missed in routine 
screening, which is aiming to detect ESBL only.

To prevent the spread of these and other MDR nosocomial organisms, such as MRSA and 
vancomycin-resistant enterococci (VRE), infection control measures are needed. In the 
Netherlands, evidence-based recommendations and guidelines for infection prevention 
in healthcare are provided by the Working Party on Infection Prevention (Werkgroep Infec-
tiepreventie or WIP) (www.wip.nl). In the hospital settings, several guidelines are available. 
The Dutch Guideline for Preventing Nosocomial Transmission of Highly Resistant Micro-
organisms (HRMO)67, includes recommendations aimed at isolation of patients who carry 
an MDR organism, active surveillance, and contact tracing. Transmission of MDR bacteria 
may still occur, sometimes leading to outbreaks.68,69,70,71 In case of an outbreak, additional 
measures are recommended, including nursing patients in single rooms or in cohort. 

In an intensive care setting, change in design to single patient rooms may enable the 
timely identification of MDR carriers before the expansion towards an outbreak, and con-
tribute to the control of MDR acquisition once they have spread. Chapter seven describes 
a retrospective study in an intensive care unit with protracted outbreaks caused by MRD 
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bacteria. Despite intensified infection control measures, isolation of patients, and tem-
porary ward closure on two occasions, dissemination of the organisms persisted. Once 
the ICU was moved to a single-room location, no transmission was observed. improved 
infection control awareness and behavior of caregivers possibly play a major role.

Perspective
So, the development of antibiotic resistance is inevitable, in that it is the result of a gradual 
and continuous evolutionary and natural selection process, which has been expedited 
and further intensified by the introduction of antibiotics.72 Because of its inevitability, 
new drugs will always be needed. However, by creating more, or stronger, bactericidal 
antibiotics alone this problem will not consequently be solved73, particularly since resist-
ance may already exist to antibiotic agents that we have not yet discovered or invented.74 
In addition, “…the truth is probably that medicine has moved on and too much is now 
expected from antibiotics”.75 Alternative approaches are hence needed, still effective in 
eliminating pathogenic bacteria but with less potential to trigger or to exert evolutionary 
pressure for the development of resistance, compared to conventional antibiotics. Current 
approaches being investigated in this regard include Bacteriophage therapy76, “Anti-vir-
ulence drugs”77 , iChip technology78, magnetic core-shell nanoparticles (MCSNPs)-based 
physical treatment79, and colonization resistance by the normal intestinal microbiota.80 
Although promising, these strategies are in the stage of development and will need further 
clinical development and evaluation. For instance, bacteriophages, like penicillin, coexist 
with bacteria in nature.81 The potential to develop resistance by the bacterial host against 
them82, just as has occurred for penicillins, is one of the challenges.

In the meantime, awaiting development of new drugs, current available options are 
limited to prudent use of available antimicrobial compounds and optimization of their 
most effective dosing regimens and combinations, and strengthening behaviors aimed 
at reducing the dissemination of resistant pathogens.83

As an example, intravenous formulation of ofloxacin is no longer available, not without 
consequences. The recommended regimens for treatment of pelvic inflammatory disease 
include intravenous ceftriaxone, oral metronidazole and oral ofloxacin. As an intravenous 
alternative for ofloxacin, levofloxacine has been advised. As a consequence, when oflox-
acin cannot be given orally (which is aimed at Chlamydia trachomatis), it is replaced by 
intravenous levofloxacin. This antibiotic, however, has a broader spectrum of activity than 
ofloxacin. Such a substitution, therefore, is sharply at odds with one of the principles of 
antibiotic stewardship, that is the pathogen-directed therapy.

Another example is the treatment of Helicobacter pylori. The recommended regimen 
when first-line therapy fails includes a proton pump inhibitor, tetracycline, metronidazole 
and bismuth-subnitrate. In the Netherlands, bismuth is no longer distributed but is still 
available in Germany. However, extra efforts and costs are required that prevent pre-
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scriber, pharmacy and patient from importing the agent when needed. As a consequence, 
an alternative regimen that includes levofloxacin is used.

These examples illustrate that the pharmaceutical industry plays a key role in provid-
ing expedient, (narrow-spectrum antimicrobial) therapy, by retaining agents that have 
important clinical use. 

What can be done?
Going back to the grass metaphor (page 17), antibiotic resistance has been described as 
a classic example of the “tragedy of the commons”.84 This concept was used by Garrett 
Hardin, a population biologist, in an article published in 1968 to explain how the pursuit of 
an individual’s actions towards his own interest will, across populations all acting the same, 
result in exhaustion of environmental resources.85 The phrase Tragedy of the commons 
refers to cattle grazing in a shared field, the commons. When an individual herdsman seeks 
to maximize his gain, by adding one animal to his herd, he receives all the proceeds from 
the sale of the additional animal. Since, however, the effects of overgrazing created by one 
more animal are shared by all the herdsmen, the negative utility for the herdsman is only 
a fraction compared to the gain. The rational herdsman concludes that the only sensible 
course for him to pursue is to add another animal to his herd. The tragedy develops when 
every rational herdsman sharing the commons comes to the same conclusion, which is to 
add another animal to his herd.85 Hardin suggested sociological solutions, including both 
educating and informing the individual to recognize and to act with more in mind than 
squeezing one more cow onto the common grazing area, and managing and regulating 
the common resources.

What does this have to do with antibiotic resistance? Use of an antibiotic by an indi-
vidual for a not so severe infection, that may be even viral, may have a small benefit for that 
individual, balanced against a slight collective harm to society. If this occurs on a large scale, 
howerver, the collective potential benefit to the users remains small, but harm to society 
grows.86 The same might occur when an individual uses antimicrobials to feed livestock, 
or use in agriculture, that may result in increased resistance with little or no benefit. At 
the national level, countries differ in their policies regarding antimicrobial consumption, 
or strategies against spread of antimicrobial resistance, which altogether lead not only to 
local but also global resistance problems. 

Putting it this way, the tragedy of resistance is no longer merely a medical issue, but 
also an individual issue, and above all it is broadly communal. Tackling resistance in clini-
cal care remains important, but goes beyond that. People not only carry MDR organisms 
in the clinical setting, but also in the community87, nursing homes88, obtain them via the 
food chain89 or through travel.90 Furthermore, antibiotic agents are being extensively used 
in livestock and other animals, fueling the emergence of resistant bacteria that find their 
way back to humans via spread into the environment.91 (figure 2, page 19). Taking Hardin’s 
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sociological suggestions towards finding a solution into consideration, focus should be 
placed on a comprehensive approach regarding the control of antibiotic resistance. The 
fundamentals of this approach are: a. educating and informing the individual (patient 
and doctor!); b. managing and regulating the common source, in this case the antibiotics. 
Importantly, interventions are more likely to be effective if their aim is to change behavior, 
rather than provide information.92

On the global level, although several initiatives are being taken in tackling antibiotic resis-
tance, a truly international action is still to come.93

As for The Netherlands, in a recent listing of top diseases and their impact on popula-
tion health, healthcare-associated infections and antibiotic resistance have been added to 
the existing list.94 Quote: “Listing the top diseases is important for an overview of population 
health. These lists reduce the thousands of diseases to a compact selection that enables policy 
makers and researchers to set priorities in public health and health care. The Dutch National 
Institute for Public Health and the Environment uses such a selection for the Public Health Status 
and Forecast, a four-yearly overview of population health. This document forms the basis of the 
policy report on public health policy of the Ministry of Health, Welfare and Sport. The previous 
selection is 20 years old. The new selection not only reflects changing disease patterns, but also 
changing public discussions. The selection is still based on mortality and morbidity, but also on 
costs and participation in society, two subjects that are high on the public agenda”.

The Dutch government has adopted a comprehensive-like approach, the global “One 
Health” approach, aimed at surveillance, and interventions across human, veterinary, 
agricultural and environmental sectors.95 To control antibiotic resistance in health care 
as a whole, joint cooperation is needed among all actors in the healthcare sector, acting 
as a network. As patients move between hospitals and care institutions, primarily within 
rather than between regions96, control measures should be regionally coordinated within 
this network. To cover all sectors, the network should include hospitals, nursery homes, 
the Public Health Service, rehabilitation centres, primary care and home-based care. An 
important part of the network is a regional-based diagnostic microbiology testing.96 Clinical 
Regional microbiology laboratories not only perform the testing, the clinical microbiologists 
(CM)/infectious disease specialists (IDS) also supervise valid testing and interpret the data 
on-site. This offers a powerful tool for the interaction with the infection control depart-
ments, and for the performance of the antibiotic stewardship, one of the cornerstones 
of the one health approach.95,97 Performing diagnostic microbiology testing outside the 
region would jeopardize the network approach in several ways. These include poor com-
munication and consultation between the CM/IDS and the local caregivers and infection 
control departments; impaired rapid direct examination; time-consuming customized 
reporting, and compromised infection-control surveillance.98
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Misconceptions about the efficacy of antibiotics influence self-medication with anti-
biotics and need more attention in future studies.99 Attitudes and behavior regarding 
prescription of antibiotics by the doctor also affects self-medication.100,101 Influencing 
behavior, linked to inappropriate antibiotic prescriptions, of both patient and clinician 
was shown to reduce antibiotic prescriptions.102 A recent analysis shows that, while taking 
antibiotics for longer than necessary increases the risk of resistance, little evidence exists 
that shorter duration of a prescribed antibiotic course would contribute to antibiotic resis-
tance.103 The authors suggest that the “complete the course” message should be broadly 
abandoned. 

Long term programs on a large scale, incorporated in school educational programs tar-
geting school children, may contribute to raising awareness of the benefits of antibiotics, 
their prudent use, and how inappropriate use can have adverse effects on an individual’s 
useful microbes and antibiotic resistance in the community.104 Parental education may 
help to reduce the frequency of injudicious antibiotic prescriptions in children.105 This 
statement is supported by the findings that children with a parent with medical knowledge 
(physician, pharmacist) were significantly less likely than other children to receive antibiotic 
prescriptions.106 Education and awareness among health care givers should be focused on 
to promote appropriate consulting and appropriate prescribing decisions.107,108,109

To make this comprehensive approach affordable, population-based payment may 
be required.110

Finally, regulatory requirements and sustained political engagement are needed in 
facilitating efforts against antibiotic resistance. For instance, financial support is vital for 
development of new antibiotics outside the industry111, and mandatory regulation of lab-
oratory reporting may be necessary.112

“There is coming a time when our ‘magic bullets’ are no longer ‘magic’ or ‘bullets’ and they 
will conclude that, despite knowing what to do, the political appetite to act nobly and honorably, 
was singularly lacking.”113
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SUMMARY IN ENGLISH

The introduction of antibiotics in the 1940s has contributed greatly to the treatment of 
infectious diseases. However, with its increased use both in humans and in livestock (selec-
tion pressure), the number of bacterial species that has become resistant to antibiotics, 
so-called multidrug-resistant bacteria, is growing. At the same time, the development 
of new antibiotics is gradually decreasing. And once multidrug-resistant bacteria have 
emerged they are able to spread further. This spread is facilitated, among others, by global 
travel, the food chain, and the hands of care providers in the treatment of patients. The 
emergence and further spread of multidrug-resistant bacteria combined with the scarcity 
of new antibiotics poses a serious threat to public health. In some parts of the world the 
resistance problems have even advanced to the stage where an infectious disease can 
lead to a patient’s death. Effective antibiotic medicines are simply no longer available.

This thesis consists of retrospective studies in the field of multidrug-resistant bacteria 
in the clinical setting. These studies illustrate a number of aspects of the resistance prob-
lems that we are faced with today. 

Multidrug-resistant bacterial species with greatly reduced therapeutic options, such as 
New Delhi Metallo-beta-Lactamase 1 (NDM-1) and multidrug-resistant Acinetobacter bau-
mannii (MDR-AB), are still rare in the Netherlands as opposed to some foreign countries 
where the presence of these bacteria is sometimes endemic. But as chapters 2 and 3 will 
show, the Netherlands can also not be spared the threat of these bacteria.

Chapter 2 describes a patient admitted in a Dutch hospital in August 2008 from whom 
an NDM-1-producing isolate was obtained. NDM-1 was first identified from a Klebsiella 
pneumoniae bacterium at the beginning of 2008 in an Indian patient who had returned 
from a hospital in India (hence the name) and was then admitted in a Swedish hospital. 
The Indian continent subsequently turned out to constitute a large reservoir for NDM-1 
from where its worldwide spread would take place. Another patient described in chap-
ter 2 had been referred from the intensive care department in a Serbian, not an Indian, 
hospital in Belgrade. Serbia is part of the Balkan region and forms, a second reservoir 
for NDM-1, as has since become apparent. This case illustrates that NDM-1 was already 
present in the Netherlands through import from endemic areas at about this same time. 
The identification from the frozen isolate could however only take place at a later time, 
after the necessary methodologies had become available.

A similar case where a multidrug-resistant bacterium was imported when a patient 
was transferred from a hospital in an endemic region is described in chapter 3. This case 
involves a patient with MDR-AB who had been repatriated from a Turkish hospital to a 
Dutch hospital. MDR-AB is endemic in Turkey, among other countries. This case shows yet 
again that MDR-AB is able to break through isolation precautions and disseminate, which 
may even result in the shutdown of an affected department.
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Chapter 4 describes resistance problems that are not import-related but caused 
by antibiotic selection pressure combined with the transfer of resistant bacteria among 
patients in an intensive care unit (ICU). Here the impact of Selective Digestive Decontami-
nation (SDD) on the occurrence of multidrug-resistant bacteria is discussed. Traditionally, 
SDD is used as prophylaxis to prevent ventilator-associated pneumonia in mechanically 
ventilated ICU patients, especially in the Netherlands. The idea is that SDD will (virtually) 
eliminate the potentially pathogenic micro-organisms in the gastrointestinal tract to pre-
vent them from causing infections. A number of Dutch studies shows that the use of SDD 
in preventing ICU infections in a setting with low-prevalence multidrug resistance has a 
favorable effect on both morbidity and mortality. A disadvantage that has been mentioned, 
however, is the potential emergence of antibiotic resistance. In the study described in 
chapter 4 SDD was not used prophylactically but with the aim to eliminate the bacterial 
strain that was causing an outbreak of ESBL-producing Klebsiella pneumoniae (ESBL-Kp) 
bacteria. This aim was not achieved. Furthermore, the study shows that the prevalence 
of resistant bacteria, which were also resistant to SDD, increased and were even isolated 
from the blood of patients who had been treated with SDD. Upon discontinuation of SDD, 
restoration of the increased prevalence of multidrug-resistant bacteria was measured. 
This study shows that SDD should be used prudently and be applied judiciously, based 
on the results of the surveillance cultures. 

The follow-up studies described in chapter 5 refers to the observation that all stored 
ESBL-Kp isolates obtained prior to the administration of SDD and re-tested with the E 
test were colistin-susceptible, whereas a large portion of these isolates obtained after the 
administration of SDD were colistin-resistant. This turned out to be caused by hetero-resis-
tance: colistin-resistant variants of ESBL-Kp isolates may be present in such small amounts 
in the tested culture that they are not detected during routine antimicrobial susceptibility 
testing of colistin. This underlines the need to include a method for detection of colistin 
hetero-resistance in routine diagnostics. 

Chapter 6 describes a different mechanism of drug resistance, namely plasmidal 
AmpC beta-lactamase (pAmpC). pAmpC is relevant in the clinical setting for two reasons: 
1) it is present in the open population from where it can be introduced in clinical care; 2) it 
may be missed during routine diagnostic testing as no specific screening and confirmatory 
test methods are available. As a result, patients infected with pAmpC-carrying bacteria 
may not receive adequate antibiotic treatment. 

In chapter 7 the course of the spread of multidrug-resistant bacteria in an intensive 
care department is described, as well as the challenges this department and the hospital 
were consequently faced with, and the effective role of the single room design of the ICU 
in containing this spread.

This thesis concludes that from the ‘One Health’ policy perspective, coordinated care 
networks are required to adequately fight antibiotic resistance in clinical care.
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NEDERLANDSE SAMENVATTING

De introductie van antibiotica in de jaren 40 van de 20e eeuw heeft een enorme bijdrage 
geleverd aan de behandeling van infectieziekten. Echter, met het toenemend gebruik 
hiervan bij de mens, maar ook in de veehouderij (selectiedruk), is het aantal bacte-
riesoorten dat ongevoelig is voor deze middelen, multiresistente bacteriën genoemd, aan 
het stijgen. Daarnaast worden er steeds minder nieuwe antibiotica ontwikkeld. En wanneer 
multiresistente bacteriën eenmaal zijn ontstaan, kunnen zij zich verder gaan verspreiden. 
Verspreiding vindt bijvoorbeeld plaats door het mondiaal reizen, de voedselketen, of via 
de handen van de zorgverlener bij de verzorging van patiënten. De combinatie van het 
ontstaan en de verdere verspreiding van multiresistente bacteriën en de schaarste aan 
nieuwe antibiotica is inmiddels een grote bedreiging voor de volksgezondheid aan het 
vormen. In delen van de wereld waar de resistentieproblematiek al vergevorderd is, kan 
een infectieziekte zelfs tot het overlijden van de patiënt leiden omdat een effectief antibi-
oticum simpelweg ontbreekt.

Dit proefschrift omvat retrospectieve studies op het gebied van multiresistente 
bacteriën in de klinische setting. Deze studies illustreren een aantal facetten van de resist-
entieproblematiek waarmee wij vandaag de dag worden geconfronteerd.

Multiresistente bacteriesoorten waarvoor therapeutische opties sterk beperkt zijn, 
zoals New Delhi Metallo-beta-Lactamase 1 (NDM-1) en multidrug-resistant Acinetobacter 
baumannii (MDR-AB), komen in Nederland momenteel weinig voor vergeleken met het 
buitenland, waar de aanwezigheid van deze bacteriën soms endemisch is. Ook Nederland 
kan echter niet gespaard blijven van de dreiging van zulke bacteriën, zoals hoofdstukken 
2 en 3 laten zien.

In hoofdstuk 2 wordt een patiënt beschreven bij wie er tijdens opname in een Neder-
lands ziekenhuis in augustus 2008 een NDM-1-dragende bacterie is geïsoleerd. NDM-1 
is begin 2008 voor het eerst uit een Klebsiella pneumoniae bacterie geïdentificeerd in een 
Indiase patiënt (vandaar de naamgeving) die na terugkeer uit een ziekenhuis in India was 
opgenomen in een ziekenhuis in Zweden. Het Indiase continent bleek vervolgens een 
groot reservoir voor NDM-1 te vormen, vanwaaruit wereldwijde verspreiding zou gaan 
plaatsvinden. De in hoofdstuk 2 beschreven patiënt werd verwezen vanuit een intensive 
care afdeling van niet een Indiaas maar een Servisch ziekenhuis in Belgrado. Servië ligt 
in het Balkangebied dat, zoals inmiddels is gebleken, een tweede reservoir voor NDM-1 
vormt. Deze casus illustreert dat NDM-1 al in ongeveer deze zelfde periode door import 
vanuit een endemisch gebied in Nederland aanwezig was. Identificatie kon pas later 
worden vastgesteld in de ingevroren isolaat, toen de methodieken hiervoor beschikbaar 
kwamen.
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Een soortgelijk geval van import van een multiresistente bacterie uit een endemisch 
gebied via overplaatsing van een patiënt is beschreven in hoofdstuk 3. Hier betreft het 
een patiënt met MDR-AB die vanuit een Turks ziekenhuis werd gerepatrieerd naar een 
Nederlands ziekenhuis. Turkije is een van de landen waar MDR-AB endemisch voorkomt. 
Deze casus maakt eens te meer duidelijk dat MDR-AB door isolatiemaatregelen heen 
kan breken en zich verder kan verspreiden, hetgeen zelfs kan leiden tot sluiting van de 
getroffen afdeling.

Hoofdstuk 4 beschrijft resistentieproblematiek, ditmaal niet importgerelateerd maar 
ontstaan door de combinatie van selectiedruk van antibiotica en overdracht van resist-
ente bacteriën tussen opgenomen patiënten op een intensive care afdeling. Hier wordt 
de impact beschreven van Selectieve Darm Decontaminatie (SDD) op het voorkomen van 
multiresistente bacteriën. In haar klassikale vorm wordt SDD, met name in Nederland, 
toegepast als profylaxe tegen het ontstaan van beademingspneumonie bij beademde 
intensive care patiënten. De achterliggende gedachte hiervan is dat de potentieel 
pathogene micro-organismen uit het maag-darmstelsel door SDD (nagenoeg) worden 
geëlimineerd waardoor een infectie met deze micro-organismen kan worden voorkomen. 
Nederlandse studies laten zien dat dit gebruik van SDD in een setting met lage prevalentie 
van multiresistente bacteriën een gunstig effect heeft op de morbiditeit en de mortaliteit. 
Als nadeel wordt het potentieel ontstaan van antibioticaresistentie genoemd. In de studie 
beschreven in hoofdstuk 4 werd SDD niet als profylaxe gebruikt maar met het doel de bac-
teriestam te elimineren die een uitbraak met ESBL-producerende Klebsiella pneumoniae 
(ESBL-Kp) bacteriën veroorzaakte. Dit doel is niet bereikt. De studie laat tevens zien dat de 
prevalentie van bacteriën, die juist resistent waren voor SDD, toenam. Deze werden zelfs 
uit het bloed van de met SDD behandelde patiënten geïsoleerd. Na het staken van SDD 
werd herstel van de verhoogde prevalentie van de multiresistente bacteriën gemeten. 
Deze studie laat zien dat men terughoudend moet zijn met het gebruik van SDD in een 
uitbraaksituatie, en dat men SDD oordeelkundig moet toepassen, gebruikmakend van de 
uitslagen van de surveillancekweken.

Vervolgonderzoek, beschreven in hoofdstuk 5, betreft de waarneming dat alle opge-
slagen en met de E-test herteste ESBL-Kp-isolaten verkregen vóór de start van SDD 
gevoelig waren voor colistine, terwijl een groot deel van zulke isolaten verkregen na de 
start van SDD resistent waren voor colistine. Dit bleek veroorzaakt te worden door het-
eroresistentie: varianten van ESBL-Kp-isolaten die colistine-resistent zijn, maar die in 
zulke kleine hoeveelheden aanwezig kunnen zijn in de geteste kweek dat zij in de routine 
colistinegevoeligheidsbepaling niet worden opgemerkt. Dit onderstreept de noodzaak tot 
detectie van colistine-heteroresistentie in de routinediagnostiek. 

Hoofdstuk 6 beschrijft een ander resistentiemechanisme, namelijk plasmidaal AmpC 
beta-lactamase (pAmpC). pAmpC is om twee redenen relevant in de klinische setting: 1) 
het komt voor in de open populatie waarvanuit het geïntroduceerd kan worden in de 
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klinische zorg; 2) het kan worden gemist in de routinediagnostiek omdat hiervoor geen 
gerichte screenings- en confirmatiemethode beschikbaar zijn. Het gevolg kan zijn dat 
patiënten met infecties veroorzaakt door een pAmpC-dragende bacterie geen adequate 
antibiotische behandeling toegediend krijgen. 

In hoofdstuk 7 wordt het beloop van verspreiding van multiresistente bacteriën in een 
intensive care afdeling gevolgd, de uitdagingen waarmee de afdeling en het ziekenhuis 
hierdoor worden geconfronteerd, en de effectieve rol van het eenpersoonskamerontwerp 
van de afdeling in het remmen van deze verspreiding.

Dit proefschrift concludeert dat het ‘One Health’-strategiebeleid, gecoördineerd in het 
kader van de zorgnetwerken, nodig is voor het adequaat bestrijden van de resistentie-
problematiek in de klinische zorg.
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 جرثومةال بكتیریامن المخزنة السالالت المعزولة وجمیع  إلى مالحظة أنّ  الخامسالفصل تشیر دراسات المتابعة الموضحة في 
كانت حساسة للكولیستین، في  انھ��اوأعید اختبارھا إزالة التلوث الھضمي االنتقائي التي تم الحصول علیھا قبل الكلیبسیلة الرئویة 

 مقاومةكانت إزالة التلوث الھضمي االنتقائي تم الحصول علیھا بعد السالالت المعزولة التي نسبة كبیرة من ھذه  حین أنّ 
للسالالت المعزولة من ناجم عن مقاومة غیر متجانسة: قد تكون المتغیرات المقاومة للكولیستین ذلك  وقد اتضح أنّ للكولیستین. 

المختبرة والتي لم یتم اكتشافھا أثناء من الزراعة الصغیرة الكمیات موجودة في مثل ھذه الكلیبسیلة الرئویة  جرثومةال بكتیریا
 الحاجة إلى تضمین طریقة للكشف عن مقاومة غیر متجانسةذلك یؤكد واختبار الحساسیة للمضادات المیكروبیة الروتینیة. 

 .في التشخیص الروتینيللكولیستین 
. بالزمید )pAmpC( البیتا الكتامازبالزمید  وبالتحدید الحیوی���������ة للمضادات آلیة مختلفة من المقاومة السادسالفصل یصف 

قد یتم ) 2و ؛في الرعایة السریریةأن ینشأ یمكن إذ السكان بین موجود إنھ ) 1لسببین:  ةالسریریبالبیئة صلة ذو  البیتا الكتاماز
، قد ال ال تتوفر طرق فحص محددة وطرق اختبار تأكیدیة. نتیجة لذلكإذ االختبارات التشخیصیة الروتینیة في خالل تفویتھ 

ً عالج بالزمید البیتا الكتامازیتلقى المرضى المصابین بالبكتیریا الحاملة ل ً  ا   .بالمضادات الحیویةمالئما
المتعددة في قسم العنایة المركزة،  الحیوی���������ة  للمض�������ادات تم وصف مسار انتشار البكتیریا المقاومةی ،السابعالفصل في 

وحدة العنایة في واحدة الغرفة الوالدور الفعال لتصمیم نتیجة لذلك، والمستشفى القسم باإلضافة إلى التحدیات التي واجھھا 
  .ھذا االنتشارللحد من المركزة 

وتخلص ھذه األطروحة إلى أنھ من منظور سیاسة "الصحة الواحدة"، شبكات الرعایة المنسقة مطلوبة لمكافحة مقاومة 
 .المضادات الحیویة في الرعایة السریریة
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  العربی���������ة اللغة في  ملخص
مع لكن وإلى حّد كبیر.  الجرثومی���������ة ضاألمراساھم تقدیم المضادات الحیویة في أربعینات القرن الماضي في معالجة 

عدد األنواع البكتیریة التي أصبحت یتزاید ، على حّد سواءالبشر والثروة الحیوانیة (ضغط االنتقاء) المتزاید لعالج استخدامھ 
یتناقص ، عینھفي الوقت و. متعددةال  للمض�������ادات الحیوی���������ة المقاومة للمضادات الحیویة، أو ما یسمى بالبكتیریامقاومة 

 ً على االنتشار  متعددةال  للمض�������ادات الحیوی���������ة المقاومة البكتیریاتستطیع  وھكذا .تطویر المضادات الحیویة الجدیدة تدریجیا
السفر العالمي وسلسلة األغذیة وأیدي مقدمي  اھمھا أخرىأمور جملة ھذا االنتشار،  یس�����ھل  ومما.ھابمجرد ظھورنطاق أوسع 

ترافق مع ، والذي ی متعددةال  للمض�������ادات الحیوی���������ة المقاومةمزید من البكتیریا الظھور یشّكل عالج المرضى. عند الرعایة 
ً تھدید ،ندرة المضادات الحیویة الجدیدة ً خطیر ا بات إلى مرحلة  المش��������كلة ھذهبلغت العالم، مناطق في بعض وللصحة العامة.  ا

ً على أن یودي بحیاة  فیھاالج�������رثوميالمرض    الفعالة متوفرة.لمضادات الحیویة اأدویة لم تعد  بساطةكل ب،المریض قادرا
في البیئة السریریة.  متعددةال  للمض�������ادات الحیوی���������ة المقاومةمن دراسات استعادیة في مجال البكتریا األطروحة تتكون ھذه 

ً و  .التي نواجھھا الیوم الكب������������یرة المش��������كلة  ھذهمن جوانب توضح ھذه الدراسات عددا
إلى حد كبیر، مثل نیودلھي  المح���دودةعالجیة الخیارات ذات ال متعددةال  للمض�������ادات الحیوی���������ة المقاومةالبكتریا األنواع 

زالت ا م،  (MDR-Ab) المتعددة الحیوی���������ة  للمض�������اداتمقاومةالبومانیة البكتیریا الراكدة و) NDM-1(الكتاماز بیتا  میتالو
ن الفصال یظھرسنادرة في ھولندا مقارنة ببعض الدول األجنبیة حیث وجود ھذه البكتیریا مستوطن في بعض األحیان. ولكن كما 

  .أن تنجو من خطر ھذه البكتیریا ال یمكن ھولندا أن الثاني والثالث،
ً مریض الفصل الثانيیصف  سلسلة بكتیریا تم الحصول منھ على و 2008 /آبمستشفى ھولندي في أغسطسإلى تم إدخالھ  ا
الكتاماز بیتا  نیودلھي میتالوبكتیریا  تم التعرف ألول مرة علىلق������د  ).NDM-1(الكتاماز بیتا  نیودلھي میتالومنتجة ل

)NDM-1 (ومن ھنا جاء  2008عام الفي بدایة الكلیبسیلة الرئویة  من جرثومة) في مریض ھندي عاد من مستشفى في الھند
الكتاماز بیتا  نیودلھي میتالولبكتیریا  خزان كبیرإلى تحولت القارة الھندیة  ،مستشفى سویدي. بعد ذلكإلى االسم) ثم تم إدخالھ 

)NDM-1 تم تحویل مریض آخر تم وصفھ في الفصل الثاني من  اخرى حال��ة وف�����ي العالم.في مختلف أنحاء  تانتشر) ومنھا
ً ھندي. صربیا جزء من منطقة البلقان وتشّكل من مستشفى ولیس في بلغراد قسم العنایة المركزة في مستشفى صربي  ً  خزانا ثانیا

 نیودلھي میتالوأّن بكتیریا توضح ھذه الحالة والحین.  ذل���ك من��ذ اتضحكما ) NDM-1(الكتاماز بیتا  نیودلھي میتالولبكتیریا 
ً تقریبمماثل كانت موجودة بالفعل في ھولندا من خالل االستیراد من المناطق الموبوءة في وقت ) NDM-1(الكتاماز بیتا  . ومع ا

  ة.في وقت الحق بعد توافر المنھجیات الالزم أال لة المجمدةوعزمالمن سلسلة البكتیریا تحقق یكن من الممكن ال مذلك، ل
عندما تم  متعددةال  للمض�������ادات الحیوی���������ة المقاومةبكتیریا  عن الكش�������ففیھا حالة مشابھة تم تفصیل  الفصل الثالثیتم في 

 مقاومةیعاني من بكتیریا الراكدة البومانیة المریض بھذه الحالة وتختص نقل مریض من مستشفى في منطقة موبوءة. 
دي. بكتیریا الراكدة البومانیة من مستشفى تركي إلى مستشفى ھولن إعادتھتمت  (MDR-Ab) المتعددة الحیوی���������ة للمض�������ادات

ّن تظھر ھذه الحالة مرة أخرى أودول أخرى. وفي تركیا مستوطنة  (MDR-Ab) المتعددة الحیوی���������ة للمض�������ادات مقاومةال
احتیاطات العزل قادرة على اختراق  (MDR-Ab) المتعددةالحیوی���������ة   للمض�������ادات مقاومةبكتیریا الراكدة البومانیة ال

  . القس��������م الموب������وء قد یؤدي حتى إلى إغالقمما ، االنتشارو
ضغط انتقاء المضادات بل الناتجة عن غیر المرتبطة بالواردات   المض����ادات الحیوی���������ة مشاكل مقاومة الرابعالفصل یصف 

تم مناقشة تأثیر إزالة ت ف�����ي ھذا الفص����������ل .مقترن بنقل البكتیریا المقاومة بین المرضى في وحدة العنایة المركزةالالحیویة 
ً  متعددةال  للمض�������ادات الحیوی���������ة المقاومةالبكتیریا نشوء على  )SDD( االنتقائي التلوث الھضمي إزالة تستخدم ، . تقلیدیا

وحدة العنایة المركزة في مرضى عند الكوقایة لمنع االلتھاب الرئوي المرتب بالتھویة  )SDD( التلوث الھضمي االنتقائي
ً  المھواة ً) ستزیل ) SDD(إزالة التلوث الھضمي االنتقائي ّن خاصة في ھولندا. الفكرة ھي أب، ومیكانیكیا الكائنات الدقیقة (تقریبا

إزالة  استخدام ظھر عدد من الدراسات الھولندیة أنّ ویعدوى. بالألمراض لمنعھا من التسبب اسبب التي قد تفي الجھاز الھضمي 
 للمض�������اداتلوقایة من عدوى وحدة العنایة المركزة في بیئة ذات مقاومة منخفضةل) SDD(التلوث الھضمي االنتقائي 

الظھور أال وھو  ،عیبتم ذكر  ولكنوالوفیات. معدل اإلصابة باألمراض متعددة لھ تأثیر إیجابي على كل من ال الحیوی���������ة
إزالة التلوث الھضمي االنتقائي لم یتم استخدام الرابع، في الدراسة الموصوفة في الفصل والمحتمل لمقاومة المضادات الحیویة. 

 مقاومةال الكلیبسیلة الرئویة جرثومةال بھدف القضاء على الساللة البكتیریة التي تسببت في تفشي بكتیریا، بل بشكل وقائي
انتشار البكتیریا المقاومة،  عالوة على ذلك، أظھرت الدراسة أنّ ولم یتحقق ھذا الھدف. ولكن  .المتعددة الحیوی���������ة للمض�������ادات

ً عزلھا ازداد قد ، )SDD( زالة التلوث الھضمي االنتقائيإلالتي كانت أیًضا مقاومة و من دم المرضى الذین عولجوا وتم أیضا
البكتیریا انتشار زیادة ، تم قیاس استعادة إزالة التلوث الھضمي االنتقائي عند إیقافو .) SDD( إزالة التلوث الھضمي االنتقائيب

ُظھر ھذه الدراسة أنھ یجب استخداموالمتعددة.  الحیوی���������ة  للمض�������اداتالمقاومة بحكمة إزالة التلوث الھضمي االنتقائي  ت
  .تطبیقھا بحكمة بناًء على نتائج ثقافات المراقبةو
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במחלקת טיפול נמרץ המקבלים הנשמה מלאכותית, במיוחד בהולנד. הרעיון הוא כי SDD יעלים 
)למעשה( את המיקרו-אורגניזמים הפתוגניים פוטנציאלית במערכת העיכול ובכך ימנע מהם לגרום 

לזיהום. מספר מחקרים הולנדיים מראים כי השימוש ב-SDD במניעת זיהומים במחלקות טיפול 
נמרץ בתצורה בעלת שכיחות נמוכה של עמידות לתרופות מרובות הוא בעל השפעה חיובית גם על 

התחלואה וגם על התמותה. יחד עם זאת, חסרון אשר הוזכר, הוא התפתחות פוטנציאלית של עמידות 
לאנטיביוטיקה. במחקר המתואר בפרק 4, לא נעשה שימוש מניעתי ב- SDD, אלא במטרה להכחיד זן 

חיידקים שגרם להתפרצות של חיידקי קלבסיאלה פנאומוניה המייצרים ESBL-Kp( ESBL(. מטרה זו לא 
הושגה. יתר על כן, המחקר מראה כי השכיחות של חיידקים עמידים, שהיו עמידים גם ל- SDD, עלתה, 

והם אף בודדו מדמם של חולים אשר טופלו עם SDD. עם הפסקת ה-SDD, תוצאות הבדיקות הראו חזרה 
של השכיחות המוגברת של החיידקים העמידים לתרופות מרובות. מחקר זה מראה כי יש להשתמש 

ב-SDD בחכמה, ולהפעיל שיקול דעת בהפעלתו, בהתבסס על התוצאות של תרביות המעקב.

 ESBL-Kp מחקרי המעקב המתוארים בפרק 5 מתייחסים לתצפית על פיה כל התבדידים המאוחסנים של
שהתקבלו לפני מתן SDD ונבדקו שוב בבדיקת E-test היו רגישים לקוליסטין, וחלק נכבד מתבדידים אלו, 
אשר התקבלו לאחר מתן SDD, היו עמידים לקוליסטין. התברר כי התופעה נגרמה מעמידות הטרוגניות: 

וריאנטים עמידים לקוליסטין של תבדידי ESBL-Kp יכולים להיות נוכחים בכמויות כה קטנות בתרבית 
הנבדקת, כך שאינם מזוהים במהלך בדיקת רגישות אנטימיקרוביאלית שגרתית לקוליסטין. הדבר מדגיש 

את הצורך לכלול שיטה לזיהוי עמידות הטרוגנית לקוליסין באבחון שגרתי.

 AmpC- פרק 6 מתאר מנגנון שונה של עמידות לתרופה, הנקרא עמידות פלסמידית ל בטא-לקטאמאז
)pAmpC .(pAmpC רלוונטית בתצורה הקלינית משתי סיבות: 1( היא קיימת באוכלוסייה הנרחבת, ממנה 

היא יכולה להגיע למקומות הטיפול הקליני; 2( ניתן לפספס אותה במהלך בדיקת אבחון שגרתית, מאחר 
ושיטות סינון ספציפיות ושיטות בדיקה לאימות אינן זמינות. כתוצאה מכך, חולים אשר נדבקו בחיידקים 

הנושאים pAmpC עלולים שלא לקבל טיפול אנטיביוטי הולם.

בפרק 7 מתוארים מהלך ההתפשטות של חיידקים עמידים לתרופות מרובות במחלקת טיפול נמרץ, וכן 
האתגרים מולם עמדו המחלקה ובית החולים הללו כתוצאה מכך, והתפקיד היעיל של עיצוב חדרים ליחיד 

במחלקת טיפול נמרץ בהגבלת התפשטות זו.

עבודת גמר זו מסכמת, כי מנקודת המבט של מדיניות 'בריאות אחת', רשתות טיפול מתואמות חייבות 
להילחם באופן מספק בעמידות לאנטיביוטיקה במהלך הטיפול הקליני.
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הופעתה של האנטיביוטיקה בשנות ה-40 של המאה העשרים תרמה רבות לטיפול במחלות מדבקות. 
אולם, עקב השימוש הגובר בה בבני האדם ובחיות מקנה )לחץ ברירתי(, מספר זני החיידקים שהפך 
עמיד לאנטיביוטיקה, הנקרא גם חיידקים העמידים לתרופות מרובות, גדל. במקביל, התפתחותן של 

אנטיביוטיקות חדשות יורד בהדרגה. ברגע שמופיע חיידק העמיד לתרופות מרובות, הוא יכול להוסיף 
ולהתפשט. התפשטות זו מואצת, בין השאר, עקב נסיעות ברחבי העולם, שרשרת המזון, וידיהם של נותני 
הטיפול בחולים. הופעתם והתפשטותם הלאה של חיידקים עמידים לתרופות מרובות, בשילוב עם מיעוטן 

של אנטיביוטיקות חדשות, מציבים איום רציני על בריאות הציבור. בחלקים מסוימים של העולם, בעיות 
העמידות הוסיפו והחמירו עד לשלב בו מחלה מדבקת עלולה להוביל למות המטופל. תרופות אנטיביוטיות 

יעילות, פשוט, אינן זמינות עוד.

עבודת גמר זו מכילה מחקרים רטרוספקטיביים בשדה החיידקים העמידים לתרופות מרובות בתצורה 
הקלינית. מחקרים אלו מדגימים מספר היבטים של בעיות העמידות מולן אנו ניצבים כיום.

 זני חיידקים העמידים לתרופות מרובות, עם אפשרויות טיפוליות מצומצמות באופן משמעותי, כגון ניו 
דלהי מטאלו-בטא-לקטמז NDM-1( 1( ואצינטובקטר באומני העמיד לתרופות מרובות (MDR-AB), הם 
עדיין נדירים בהולנד ביחס למספר מדינות אחרות בהן נוכחות חיידקים אלו היא לעיתים אנדמית. אולם, 

כפי שניתן לראות בפרקים 2 ו-3, הולנד אינה יכולה להתחמק מן האיום של חיידקים אלו.

 .NDM-1 פרק 2 מתאר חולה שאושפז בבית חולים הולנדי באוגוסט 2008, ממנו נלקח תבדיד המייצר
NDM-1 זוהה לראשונה בחיידק קלבסיאלה פנאומוניה בראשית 2008 במטופל הודי אשר שב מבית 

החולים בהודו )ומכאן השם( ואושפז לאחר מכן בבית חולים שוודי. לאחר מכן התברר כי היבשת ההודית 
מהווה מאגר גדול של NDM-1, ממנו מתרחשת ההתפשטות הכלל-עולמית. חולה אחר המתואר בפרק 

2 הופנה מיחידת טיפול נמרץ בבית חולים סרבי, לא הודי, בבלגרד. סרביה היא חלק מאזור הבלקן, 
וככל הנראה הפכה להיות מאגר שני ל- NDM-1. מקרה זה מדגים כי NDM-1 היה נוכח כבר בהולנד 

באמצעות ייבוא ממקומות אנדמיים בערך באותו הזמן. הזיהוי מהתבדיד הקפוא יכול היה להיעשות רק 
בזמן מאוחר יותר, לאחר שהמתודולוגיות הדרושות הפכו זמינות.

מקרה דומה בו חיידק בעל עמידות לתרופות מרובות, יובא כאשר מטופל הועבר מבית חולים באזור 
אנדמי מתואר בפרק 3. מקרה זה מערב מטופל עם MDR-AB אשר הוחזר למולדתו מבית חולים טורקי 

לבית חולים הולנדי. MDR-AB הוא זן אנדמי בטורקיה, וכן במדינות אחרות. מקרה זה שוב מראה כי 
MDR-AB יכול לפרוץ את הבידוד המהווה אמצעי זהירות ולהיות מופץ, דבר שעלול אף לגרום לסגירתה 

של המחלקה המושפעת.

פרק 4 מתאר בעיות עמידות שאינן קשורות לייבוא, אלא נגרמות על ידי לחץ ברירתי לאנטיביוטיקה 
משולב עם מעבר של חיידקים עמידים בקרב חולים ביחידת טיפול נמרץ )ICU(. כאן, נידונה ההשפעה 

של טיהור סלקטיבי במערכת העיכול )SDD( על הופעתם של חיידקים עמידים לתרופות מרובות. באופן 
מסורתי, SDD משמש כהליך מניעתי למניעת דלקת ריאות המקושרת למכונת הנשמה, במטופלים 
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