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ENGLISH SUMMARY

Community-onset infections with extended-spectrum p-lactamase (ESBL)-producing
Escherichia coli and Klebsiella pneumoniae are increasing throughout the world,
including in our region where the prevalence of antimicrobial resistance is
traditionally low. Epidemiological data remain the backbone of monitoring temporal
disease dynamics, yet current knowledge on community-onset ESBL-producing
infections mainly arises from high-endemic countries with different antimicrobial
resistance patterns and healthcare settings, making interpretation and generalization
to our region difficult.

Therefore, to extend upon current knowledge, the aims of the present thesis were to
1) elucidate temporal changes in the incidence of community-onset ESBL-producing
E. coli and K. pneumoniae infections from 2007-2017 in the North Denmark Region,
2) assess risk factors associated with community-onset ESBL-producing bacteraemia,
3) examine the influence of the chosen methodology on its association with exposure
to antibiotics as a risk factor of ESBL-producing bacteraemia, and 4) to investigate
the impact of ESBL production on mortality and length of hospital stay (LOS).

The thesis is based on a descriptive cohort study, two case-control-control studies,
and a cohort study. Microbiological data was acquired from the laboratory
information system at the Department of Clinical Microbiology, Aalborg University
Hospital. Using the unique Danish civil registration number, we linked this data and
obtained information from the following population-based registries; the Danish Civil
Registration System (CRS), the North Denmark Bacteremia Research Database
(NDBRD), the Danish National Patient Registry (DNPR) and the Danish National
Prescription Registry (DNPR¥*).

Study I included 3,741 episodes of community-onset ESBL E. coli or K. pneumoniae.
In this study, we demonstrated an increase in community-onset ESBL-producing E.
coli and K. pneumoniae infections from 7.5 to 105 per 100,000 person years from
2007 to 2017. This increase was driven primarily by an increase in E. coli urinary tract
infection, of which a growing part became community-acquired rather than
healthcare-associated during the study period. In Study 11, including 223 patients with
community-onset ESBL E. coli or K. pneumoniae bacteraemia matched with 2,214
non-ESBL controls and 2,228 population controls, we found that recent and numerous
hospitalization and antibiotic exposure, especially use of fluoroguinolones (adjusted
odds ratio (aOR) 3.56 [95% confidence interval (Cl); 2.52-5.05]), inferred the highest
risk compared with non-ESBL controls, hereby confirming that traditional risk factors
also pertain to our region of low antimicrobial resistance. Several of the risk factors
were merely associated with bacteraemia. In Study 111, using the same cases as in
Study 11, we showed that the impact of the chosen methodology varied across special
antibiotics and antibiotic classes. We also demonstrated that the association between
non-B-lactam antibiotics (e.g. fluoroquinolone) and ESBL production was particularly
prone to confounding by indication, and that a shortening of antibiotic exposure
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generally increased the associated ORs. Finally, in Study IV, we were not able to
demonstrate an excessed mortality associated with ESBL production in first-time
community-onset E. coli or K. pneumonia bacteraemia or urinary tract infection. Thus,
the 30-day mortality was 15.8% (95% CI; 11.3-21.8) for ESBL E. coli bacteraemia
(n=190) and 14.0% (95% Cl; 12.9-15.2) for non-ESBL E. coli bacteraemia (n=3,641);
likewise, the 30-day mortality for E. coli urinary tract infection was 9.5% (95% ClI;
7.5-12.1) compared with 8.7% (95% ClI; 8.3-9.2) for ESBL (n=634) and non-ESBL
(n=16,517), respectively. Healthcare-associated infection, comorbidity, age,
polybacteraemia and a non-urinary tract focus of infection appeared to be predictors
of death. Still, ESBL E. coli bacteraemia seemed to be associated with an increased
LOS.

In conclusion, we confirmed an increasing incidence of community-onset ESBL E.
coli and K. pneumoniae incidence from 2007 to 2017, and temporal dynamics in risk
factors supported a dissemination of ESBL into the community. We confirmed that
traditional risk factors like numerous and recent hospitalization and exposure to
antibiotics characterized our low-ESBL-prevalence region and demonstrated the
impact of control group selection and certain in/exclusion criteria on the exposure to
antibiotics as a risk factor. Interestingly, mortality in first-time community-onset E.
coli or K. pneumoniae infections was virtually unaffected by ESBL production in our
cohort.



DANSK RESUME

Samfundserhvervet infektion med extended-spectrum pB-lactamase (ESBL)-
producerende Escherichia coli og Klebsiella pneumoniae er stigende i antal i hele
verden, og ogsa i vores omrade, hvor preevalensen af antibiotikaresistent traditionelt
er lav. Epidemiologiske data er en af hjgrnestenene i monitorering af
sygdomsudvikling i samfundet. Til trods herfor stammer vores viden om
samfundserhvervet ESBL-producerende infektion primaert fra hgj-endemiske
omrader med en anden antibiotika resistens profil og opbygning af sundhedsvasenet
end i Danmark, hvilket vanskeligger fortolkning og generalisering af disse studier til
vores omrade.

Formalet med denne afhandling er derfor at udvide vores viden pa omradet ved 1) at
belyse udviklingen i samfundserhvervede infektioner med ESBL E. coli og K.
pneumoniae fra 2007 til 2017 i Nordjylland, 2) at undersgge risikofaktorer for ESBL
E. coli bakterizemi, 3) at undersgge hvordan valget af analysemetode influerer pa
resultatet af antibiotikaforbrug som en risikofaktor for at udvikle ESBL infektioner,
0g 4) at undersgge betydningen af ESBL-produktion for dgdeligheden og lengden af
hospitalsindlaeggelse.

Denne afhandling bygger pa to kohortestudier og to case-control-studier. Det
mikrobiologiske laboratorie system pa Klinisk Mikrobiologisk Afdeling, Aalborg
Universitetshospital, dannede grundlag for vores kohorte, og ved hjelp af det unikke
cpr-nummer koblede vi disse data med date fra CPR-Registeret, den Nordjyske
Bakteriemidatabase, Landspatientregisteret og Laegemiddeldatabasen.

I studie I inkluderede vi 3,741 episoder af samfundserhvervet ESBL E. coli- eller K.
pneumoniae-infektion, og paviste en stigning i forekomsten heraf fra 7.5 til 105.0 per
100.000 person-ar, hvilket hovedsageligt var drevet af en gget forekomst af E. coli
urinvejsinfektioner, hvoraf de rent samfundserhvervede (dvs. community-acquired”)
infektioner blev mere hyppige end de sundhedsrelaterede (“healtcare-associated”)
infektioner op igennem studieperioden. | studie Il inkluderede vi 223 patienter med
en fgrstegangs-samfundserhvervet ESBL E. coli- eller K. pneumoniae-bakterizemi
matchet med 2.214 non-ESBL kontroller og 2.228 populationskontroller. Her fandt
vi, at hyppig og nylig hospitalskontakt og antibiotika forbrug, i serdeleshed brug af
fluorogquinolon (aOR 3.56 [95% CI; 2.52-5.05]), var risikofaktorer for ESBL
bakteriemi, nar man sammenlignede med non-ESBL-kontrollerne. Talrige
risikofaktorer var associeret til risikoen for blot bakteriemi sammenholdt med
populationskontrollerne. | studie 111 tog vi udgangspunkt i den samme population
som i studie 2 og viste, hvordan valget af analysemetode pavirkede estimaterne
forskelligt for de forskellige antibiotika og antibiotikaklasser. Herunder
demonstrerede vi, hvordan sammenhangen imellem brug af non-p-lactam antibiotika
(f.eks. fluoroquinolone) og udviklingen af ESBL-infektion var serligt sarbar over for
”confounding by indication”, og hvordan en forkortelse af perioden for antibiotika
forbrug generelt ggede associationen imellem antibiotika forbrug og risikoen for
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ESBL-infektion. Slutteligt kunne vi i studie IV ikke pavise en overdgdelighed ved
ESBL-produktion i samfundserhvervede E. coli eller K. pneumoniae bakterizemi eller
urinvejsinfektioner, idet vi fandt en 30-dagesmortalitet for ESBL E. coli-bakterizemi
(n=190) pa 15.8% (95% CI; 11.3.-21.8) sammenholdt med 14.0% (95% Cl; 12.9-15.2)
for non-ESBL E. coli bakterieemi (n=3,641), og ligeledes for E. coli-urinvejsinfektion,
dvs.. 9.5% (95% CI; 7.5-12.1) sammenholdt med 8.7% (95% CI; 8.3-9.2) for
henholdsvis ESBL (n=634) og non-ESBL (n=16,517). Sundhedsrelateret infektion,
komorbiditet, alder, polybakteriemi, og et ikke-urinvejsrelateret infektionsfokus
syntes at veere associeret med ded. ESBL E. coli-bakterieemi var dog associeret med
en leengere indleeggelse pa hospital.

Sammenfattende bekraftede vi en kraftig stigning i incidensen af samfundserhvervet
ESBL E. coli- og K. pneumoniae-infektion fra 2007 to 2017, og dette understgttes af
udviklingen i risikofaktorer, der ogsa viser en udbredelse af ESBL i samfundet. Vi
bekraftede, at traditionelle risikofaktorer som hyppig og nylig hospitalskontakt og
antibiotikaforbrug, ogsa var risikofaktorer i vores lavendemiske ESBL-region, og vi
demonstrerede hvordan valget af kontrol gruppe og specifikke in/exclusions kriterier
pavirkede resultatet af antibiotika forbrug som en risikofaktor for ESBL-bakterizemi.
Til vores undren var dgdeligheden af samfundserhvervet E. coli- og K. pneumoniae-
infektion i vores kohorte tilsyneladende uafhangig af, om bakterien producerede
ESBL.
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CHAPTER 1. THESIS OUTLINE

Concern over antibiatic resistance is growing, and the World Health Organization has
named antibiotic resistance as one of the biggest threats to global health. Bacteria
producing extended-spectrum B-lactamases (ESBLS) are becoming more prevalent in
Denmark, and Escherichia coli and Klebsiella pneumoniae account for most of the
isolates. Different risk factors have been associated with the current rise in ESBL-
producing infections, including an increasing elderly population with frequent
comorbidities, inappropriate prescribing practices and overuse of antibiotics,
international travelling and global distribution of contaminated foodstuffs. Infection
with ESBL-producing bacteria has been associated with a worse prognosis and places
a considerable financial burden on the health care system. Nevertheless, data
elucidating risk factors and prognosis of community-onset ESBL-producing E. coli
and K. pneumoniae infections from low-prevalence countries like Denmark is scarce.
This information is important to improve our knowledge on these resistant bacteria
and their relation to infections in humans. Moreover, such information contributes to
better interventions that may serve to prevent antibiotic resistance, improve empirical
antibiotic therapy and better the prognosis of patients suffering from these infections.
Therefore, by use of medical databases and population-based registries, we conducted
this PhD project to investigate the increase in community-onset ESBL E. coli and K.
pneumoniae infections, to elucidate risk factors of these infections and to investigate
how infections with ESBL-producing isolates influence the prognosis.

The thesis is based upon four papers, which are referred to in the text by their Roman
numerals (1-1V)¥*. The first paper is a descriptive study highlighting the increase in
community-onset ESBL E. coli and K. pneumoniae infections in the North Denmark
Region from 2007 to 2017.1 Study Il is an exploratory study investigating risk factors
of bacteraemia with ESBL E. coli and K. pneumoniae.? Study 111 is a methodological
study investigating the impact of the chosen methodology, when examining antibiotic
use as a risk factor of ESBL-producing E. coli and K. pneumoniae bacteraemia.’
Finally, Study 1V ascertains the prognostic impact of infections with these resistant
bacteria.*

The background material (Chapter 2) gives a short introduction into ESBLs and their
epidemiology, emphasizing the shift from nosocomial to community-onset infections
with a focus on E. coli and K. pneumoniae bacteraemia and urinary tract infections,
including a literature review in relation to the aims of the thesis. The following
chapters summarizes the methods used (Chapter 3) and the results obtained (Chapter
4), while Chapter 5 discusses the main findings in relation to the current knowledge,
methodological considerations and ends with a conclusion leading to clinical
implications and future perspectives (Chapter 6). References and appendices
including the full versions of the four studies conclude this thesis.

17
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BACKGROUND

CHAPTER 2. BACKGROUND

2.1. INTRODUCTION TO ANTIBIOTIC RESISTANCE

“The question arises. Where do these penicillin resistant strains come from? ...

... in any hospital using large quantities of penicillin (and what hospital is not
nowadays?) bacteria resistant to its action are probably increasing at the expense
of those that are sensitive, and it seems not impossible that in time the resistant
organisms will be the sole survivors”, Mary Barber, 1947.5

Antibiotic resistance is almost as old as the remarkable discovery of penicillin by sir
Alexander Fleming in 1929.% Thus, not long after the introduction of penicillin into
clinical care, Mary Barber® predicted a worrisome future for antimicrobial resistance,
which indeed turned out to be the Achilles heel of antibiotics in the years to come. In
fact, any introduction of new antibiotics has been followed by clinically significant
resistance to that antibiotic in a few years 7. And not only did the worrisome future
predicted by Mary Barber preclude to the hospitals; indeed, antibiotic resistance is
becoming of increasing concern in the community outside the hospitals as well. Thus,
in 2017, 3"-generation cephalosporin-resistant (GCR) Enterobacteriaceae were
ranked a “priority 1 critical pathogen” by the World Health Organization,® and it was
modelled that 3-GCR E. coli and K. pneumoniae attributed nearly 13,000 deaths in
the EU and the European Economic Area in 2015.° The vast majority of 3-GCR
pathogens are due to ESBL-producing E. coli and K. pneumoniae, of which an
increasing proportion is acquired in the community.*0

Finally, while the deployment of new antibiotics accelerated from the 40s to the 70s,
the development of new antibiotics has lagged far behind the evolution of resistance
in the recent decades...

“Given the current gap between our ability to develop novel antibiotics and the
real need for such drugs, the threat of a postantibiotic era is looming large on the
horizon”, Anne E. Clatworthy et al., 2007 7

2.2. E. COLI AND K. PNEUMONIAE

E. coli and K. pneumoniae might be harmless commensals of the human
gastrointestinal tract. Nevertheless, they are also the two major Gram-negative
bacteria, causing a broad range of clinical diseases from simple cystitis to life-
threatening sepsis. E. coli is by far the most frequent cause of urinary tract infections,**
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accounting for around 79% of cases of acute cystitis'? and 70-80% of cases of acute
pyelonephritis,®* while K. pneumoniae accounts for around 2-10% of urinary tract
infections depending on age and gender.'213 In addition, E. coli is the main aerobic
bacteria in intraabdominal infections.'? If a urinary tract infection is not contained, it
might progress to bacteraemia. E. coli is the leading cause of bloodstream infections
in the industrialized world,'* accounting for 22-25% of bloodstream infections.!>16
In population-based studies, E. coli bloodstream infections are reported at an
incidence of 42.2-47.7 per 100,000 person years.'>® Furthermore, in Europe the
reported frequency of E. coli bacteraemia increased annually by 8.1% from 2002 to
2008.Y7

The majority of E. coli bloodstream infections are community-onset infections,* i.e.
the infection is evident or incubating at the time of hospital admission, usually defined
by a positive blood culture obtained within the first 48 hours of admission.8
Population-based studies focusing explicitly on community-onset E. coli bloodstream
infections report incidence rates of 23-39 per 100,000 person years from the
industrialized world.’*-?* Klebsiella species are the fourth most frequent cause of
community-onset bloodstream infection with an community-onset incidence of K.
pneumoniae at 5.2-5.7 per 100,000 person years.* In Denmark, the overall incidence
of bacteraemia has risen from 114 to 166 per 100,000 person years from 1992 through
2006 with E. coli being the leading cause, accounting for roughly one-third of
community-onset bacteraemias.?

2.3. EXTENDED-SPECTRUM S-LACTAMASES
2.3.1. INTRODUCTION TO B-LACTAMASES

[B-lactamases are enzymes produced by diverse bacteria. They have the ability to
hydrolyse chemical compounds containing a p-lactam ring, e.g. the B-lactam-
containing antibacterial agents, including the penicillins, cephalosporins,
carbapenems and monobactam.?® Bacteria producing B-lactamases have existed for
millions of years and have evolved hand in hand under the selective pressure exerted
by the naturally occurring B-lactam biosynthesis of neighbouring bacteria.?® However,
the first B-lactamase was “discovered” in 1940 by Abraham and Chain, reporting an
enzyme capable of destroying penicillin.?* Since then, along with the evolving history
of antibiotics, dozens of new B-lactamases have been discovered.?®

2.3.2. DEFINITION OF EXTENDED-SPECTRUM B-LACTAMASES

Extended-spectrum B-lactamases are enzymes produced by certain Gram-negative
bacteria capable of hydrolysing the B-lactam ring of B-lactam-antibiotics, rendering
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the bacteria resistant to most p-lactam antibiotics.? In contrasts to broad-spectrum p-
lactamases, extended-spectrum p-lactamases also confer resistance to higher-
generation cephalosporins with an oxyimino sidechain (cefotaxime, ceftazidime,
ceftriaxone and cefepime); and hence ESBL-producing bacteria usually shows
resistance to penicillins, first-, second- and 3™-generation cephalosporins and the
oxyimino monobactam aztreonam. In addition, the genes transferring the resistance
often show considerable co-resistance. This limits the treatment options; however,
ESBLs are not able to break down the p-lactam-antibiotic cephamycins (cefoxitin) or
carbapenems (e.g. meropenem and ertapenem). ESBLs are inhibited by p-lactamases
inhibitors in vitro, e.g. clavulanate acid and tazobactam; however, the efficiency of
agents containing these substances in vivo (piperacillin-tazobactam or amoxicillin-
clavulanate) is controversial, and most guidelines therefore do not recommend these
substances in the treatment of severe infections.?6-%

2.3.3. CLASSIFICATION OF ESBL

Traditionally, the classification of B-lactamases has been based on the structure of p-
lactamases, i.e. amino acid sequences as proposed by Ambler et al. in 1980.%° The
Ambler classification scheme is useful for taxonomic grouping; however, it is based
upon amino acid similarity, and not on phenotypic characteristics, making it less
useful in the clinical setting.?® In 1995, a functional classification scheme of B-
lactamases was proposed by Bush, Jacoby and Medeiros.®® Rather than using the
amino acid sequence, they defined the enzymes by their substrate and inhibitory
profile. A rapid increase in the genes encoding p-lactamases has been observed since
these classification schemes were proposed, and in 2009 Giske et al. proposed a new
classification scheme (Figure 1).%6 The aim of this scheme was to redefine ESBLs
from a clinical perspective, acknowledging that the current definition of ESBLs was
narrow and excluded a wide range of bacteria that, indeed, were resistant to
cephalosporins, while reducing the taxonomic complexity. Giske et al. proposed a
classification of clinically important B-lactamases into the three categories; ESBLa,
ESBLwm and ESBLcarsa and subclasses. These main categories should be sufficient
for infection control and clinical use, while subclasses should allow for increased
precision among scientists. The ESBLa enzymes are characterized by non-
susceptibility to extended-spectrum cephalosporins and clavulanate synergy.?® Also,
it was recommend to use breakpoints according to the current European Committee
on Antimicrobial Susceptibility Testing (EUCAST) strategy, so that isolates were
categorized with clinically significant resistance rather than based on enzymatic
activity of the involved B-lactamases.?® In this thesis, we solely considered ESBLa,
hereby excluding a minor proportion (3.0%) of plasmid-mediated AmpC.
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Figure 1. Classification of ESBLa, ESBLwm, and ESBLcarea, as proposed by Giske et al., J.
Antimicrob. Chemother, 2009 2 (reproduced with permission from Oxford University Press).
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2.3.4. EPIDEMIOLOGY OF ESBL

The first extended-spectrum p-lactamases were detected in Germany in 1983
recovered from K. pneumonia isolates of patients.®* Soon after, other SHV- and TEM-
type ESBLs were reported, primarily from Klebsiella species in French hospitals, and
by 1989 ESBLs were reported from France, Argentina, Chile, China, Greece,
Switzerland, England, Tunisia and Japan, all found to be correlated with extensive use
of cefotaxime.®232 The majority of these ESBLs differed from their broad-spectrum
derivates by only few amino acid sequences, and the resistance was transmissible by
plasmid mediation.®* Meanwhile, in 1989, another ESBL family was discovered in
Germany (Munich) and Argentina, followed by Italy and France. This ESBL family
was characterized by mainly conferring resistance to cefotaxime rather than
ceftazidime, and hence it was named CTX-M type ESBL (for cefotaximase-
Munich).1? Since the millennium, the CTX-M type has become the most widespread
ESBL. CTX-M ESBL differed from previous ESBL types by mainly being found in
E. coli and by extending the spreading from primarily being within the hospitals into
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the community.3*-%° In contrast to TEM and SHV ESBL, where ESBL variants arose
by mutations of their broad-spectrum TEM and SHV predecessor, the genes encoding
the CTX-M family of enzymes likely originated from the chromosome of various
species of the genus Kluyvera. These genes have been captured by mobile genetic
elements and mobilized to E. coli plasmids, leading to their rapid dispersal among
Enterobacteriaceae.*® Also, CTX-M-encoding plasmids have been associated with
highly successful virulent clones of E. coli and K. pneumoniae, for example the
pandemic E. coli ST131 clone identified in 2008,%4? further contributing to the rapid
dissemination throughout the world.*

Currently, five major CTX-M gene families (group 1, 2, 8, 9 and 25) are circulating
worldwide, each with several subtypes. The groups differ by >10% amino acid
sequences.® Different gene families dominate in different places; thus, CTX-M-15
(group 1) is most prevalent in Europe, North America, India and the Middle East;
CTX-M-14 (group 9) in China, Southeast Asia and Spain; and CTX-M-2 (group 2) in
Israel, Japan and Argentina.* In 2017, According to Danish national surveillance
data,* the most prevalent ESBL enzymes in 3"-GCR E. coli bacteraemias (n=337)
were CTX-M-15 (49%), CTX-M-27 (15%) and CTX-M-14 (15%) *, while 77.4%
(48/62) of K. pneumoniae isolated from bacteraemias belonged to the blactx-m-15
genotype in 2018.%

Worldwide

Although great regional differences exist, Asia is the continent reporting the highest
prevalence of ESBL-producing bacteria. Recent studies from Cambodia and India
report approximately half of the bacteria isolated from blood cultures to be ESBL-
producing Enterobacteriaceae.*®*” A recent meta-analysis examining gut colonization
with ESBL-producing organisms among healthy individuals found a prevalence of
46% in the West Pacific, 22% in Southeast Asia, 22% in Africa, 15% in the Eastern
Mediterranean, 2% in America and 4% in Europe; and globally the trend was
characterized by a 5.4% annual increase.*

Europe

In Europe, the number of E. coli bacteraemias increased by 8.7% annually from 2002
to 2008, and this increase was mainly driven by antibiotic-resistant strains®’; however,
considerable geographical differences exist in European countries.?® The European
Antimicrobial Resistance Surveillance Network (EARS-Net) monitors resistance
among seven major pathogenic bacteria, including E. coli and K. pneumoniae. Isolates
are obtained from blood or cerebrospinal fluid, and the clinical relevance is
accordingly indisputable. In general a worrying trend of increasing resistance is
observed in Europe, with a north-to-south and west-to-east gradient; the lowest
resistance is seen in the northern and western parts of Europe.*® In 2015, overall 13.1%
of all E. coli isolates in Europe were resistant to 3-generation-cephalosporins. Most
of these isolates (88.6%) were ascertained as ESBL-positive. For K. pneumoniae,
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30.3% of the isolates were 3-GCR and 85.3% of these were ascertained as ESBL-
positive.*®

The Nordic countries

In Norway, the proportion of ESBL-producing E. coli and K. pneumoniae in isolates
of clinical relevance increased from 0.6% in 2006 to 4.3% in 2012/2013.%° In
Denmark, 3-GCR E. coli and K. pneumoniae blood isolates rose to a peak in 2009-
2011. Hereafter, E. coli resistance stagnated and in 2017, 6.7% of E. coli isolated from
blood was 3-GCR. Resistance among K. pneumoniae has levelled off since 2009;
and in 2017, 7% of the K. pneumoniae isolates obtained from blood were 3'9-GCR.*
These studies do not differentiate between community-onset or hospital-acquired
infections. However, an increasing proportion of ESBL-producing bacteria in the
community has been documented in a number of cross-sectional studies reporting
around 5% of healthy asymptomatic participants to be colonized with ESBL-
producing bacteria (Table 1).

Table 1. Colonization with ESBL-producing bacteria in aymptomatic participants.
Author Design Study population ESBL proportion, %
Year Setting Culture types Dominating genotypes (if
Period Number included reported)
NyS., etal. * - Cross-sectional - “Healthy” asymp tic volunteering - Sweden:
2018 multinational study recruited at primary health care - E. coli: 6.6%
- Sweden (Stockholm centres, among patients for elective - K. pneumoniae: 0.3%
Area) /Finland surgery, university students and by - Finland
(Turku and internet advertisement - E.coli: 4.7%
Helsinki Region) - Faecal samples - K. pneumoniae: 1.1%
- 2015-2017 - 287 (Sweden) / 172 (Finland)
Ny S., etal. % - Prospective - Faecal samples of asymptomatic - E.coli: 4.7%
2017 - Sweden community carriers
(nationwide) - Faeces samples - CTX-M-15: 45.3%;
- 2012-2013 - 2134 CTX-M-14: 20.0%;
CTX-M-27: 8.4%
Ulstad C., et al. - Cross-sectional - “Healthy” asymp tic volunteering - E. coli/ K. pneumoniae:
5 study recruited in general practices, 4.6% (14/284)
2016 - Norway universities and health institutions.
- 2014-2016 - Rectal swabs - CTX-M-15: 40.0%;
- 284 CTX-M-3: 13.3%;
CTX-M-27:13.3%
Strémdahl H., - Cross-sectional - “Healthy” asymp tic volunteering - E. coli:
etal. * study recruited from primary health care - 2008: 2.1% (2/96)
2011 - Sweden (Malmé units - 2010: 3.0% (3/100)
Area) - Rectal swabs
- 2008-2010 - 196
Hammerum - Cross-sectional - ”Healthy” asymp tic vol ing - E. coli; 3.6% (3/84)
AM. etal. *® study recruited among army recruits
2011 - Denmark - Faecal samples
- 2008 - 84

Likewise, a recent Danish cross-sectional study found that 4.5% (230/5,517) of
patients presenting to the emergency department in 2018 were carriers of ESBL-
producing bacteria (nose, throat and rectal swabs).
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2.4. INCIDENCE, RISK FACTORS AND PROGNOSIS

The risk factors and prognosis of ESBL-producing infections have been assessed in
several previous studies as reviewed by Trecarichi et al.5” However, there is less
evidence in terms of studies focusing exclusively on community-onset ESBL-
producing infections. To identify and summarize the current knowledge of
community-onset ESBL-producing infections, a literature review was conducted to 1)
assess the prevalence and incidence of community-onset ESBL-producing infections
within the Nordic countries (defined as Denmark, Norway, Sweden, Finland and
Iceland), 2) identify risk factors of community-onset ESBL-producing bacteraemia
and 3) assess the influence of ESBL-production on the outcome of community-onset
infections.

2.4.1. LITTERATURE REVIEW

We searched PubMed and Embase from inception to July 2020. A search strategy was
constructed in collaboration with an experienced medical librarian, individualized to
each database and including both Mesh terms and text words. The complete search
strategy is available in Appendix C. We restricted the search to English and
Scandinavian language (Danish, Norwegian and Swedish) and excluded conference
abstracts. We assessed the title and abstract of all relevant papers. All relevant studies
fulfilling the PICO criteria (population/patients, intervention, comparator, outcome)
were included.>® Finally, the reference lists of all relevant papers were reviewed and
additional relevant work identified. We excluded studies that did not provide
sufficient information of exposure/outcome variables with respect to community-
onset infections and studies that included children. For Study 11-1V, we also excluded
studies that did not include a comparison group. Predictions studies were included if
they provided sufficient information of risk factors in the derivation cohort. The
results of the literature review are shown in Table 2 (incidence), Table 3 (risk factors),
supplementary material Table S1 Study Il (methodological)® and Table 4 (outcome).
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2.4.2. RESULTS OF THE LITTERATURE REVIEW

Prevalence and incidence studies (Table 2)

Overall, we identified eight studies reporting on the prevalence of community-onset
ESBL-producing infections from the Nordic countries (Table 2). Seven studies
focused on urine cultures collected from primary healthcare centres, outpatients or
general practitioners, while one study included hospitalized patients with community-
onset bacteraemia.®® Among the seven studies focusing on urine cultures, two
prospective studies included clinical signs and symptoms into the definition of urinary
tract infection,.% and one study applied a simultaneously prescription of an antibiotic
for treatment of urinary tract infection to strengthen the likelihood of capturing a
“true” urinary tract infection.® The remaining four studies relied exclusively of
positive urinary samples collected by the referral laboratory.62-%5 Almost all studies
reported the prevalence as a proportion, while Isendahl et al.> reported an incidence
rate (i.e. person years). In general, an increasing proportion of ESBL-producing
isolates was observed from 2004 onwards, e.g. from 0.43% in 2007 to 4.5% in 2012
for E. coli urinary tract infections in Denmark.%? Likewise, in the one study reporting
an incidence rate, the overall incidence rate of ESBL-producing Enterobacteriaceae
bacteraemia in Sweden was 1.7 per 100,000 person years between 2007-2012, which
increased to 6.0 per 100,000 person years in 2016.5° This study, however, did not
report on specific incidence rates in different subpopulations. Thus, population-based
studies assessing the incidence rate as well as studies of patients admitted to hospital
with community-onset ESBL-producing infections are limited within the traditional
low antimicrobial resistance regions of the Nordic countries.

Risk factors studies (Table 3)

We identified 15 studies investigating risk factors of community-onset ESBL-
producing Enterobacteriaceae bacteraemia (Table 3). Eleven studies were from
traditionally “high-prevalence areas” (six from Korea, three from Taiwan, one from
China and one from lIsrael), while only two studies were from Scandinavian countries
(Sweden).5°%° Considerable heterogeneity with respect to study design and selected
risk factors existed. The retrospective case-control design was the most utilized design
and E. coli the most widely investigated bacteria. In general, the studies were small,
with only four studies including >100 ESBL cases;>*%76°7% and many of the studies
were single-centre studies. Following adjustment, the most common identified risk
factors were recent (usually within 3 months) use of antibiotics (reported in 11
studies), healthcare-associated (HCA) infection (four studies) or recent admission to
hospital (from 30 days to one year) (four studies), use of catheter (four studies) or
urological disorder (three studies) and healthcare facility or nursing home residency
(three studies) (Table 3). The risk factors that inferred the highest odds ratios (ORS)
included prior ESBL-positive culture (OR 7.8 to 19.1),57%° recent prostate biopsy <30
days (OR 22.2)% and nursing home residency (OR 27.8).7? The study by Isendahl et
al.® was by far the largest, including 945 ESBL cases, and it was also the only
population-based (nationwide) study. However, their inclusion of a background
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population as control group makes it difficult to disentangle specific risk factors of

“ESBL-production” from risk factors of “bacteraemia”.?

Antibiotics as a risk factor (Table S1 supplementary material, Study 111 %)

The methodological approach utilized by the risk factor studies when examining
antibiotic use as a risk factor of community-onset ESBL-producing bacteraemia was
the specific aim of Study Ill. Thus, a detailed discussion including a summarizing
table of the methodological approach applied in the different studies is available in
the supplementary material (Table S1 supplementary material) for Study I11.3

Outcome studies (Table 4)

Overall, 17 studies investigating outcomes (mortality and/or length of hospital stay
[LOS]) of community-onset ESBL infections were identified (Table 4). Nine of these
studies were also included in table 3. Thirteen studies focused exclusively on patients
with bacteraemia, two studies addressed patients with acute pyelonephritis,28 one
study concentrated on patients with intraabdominal infections® and one study
included all clinically relevant samples.®” Almost all of the studies used a non-ESBL
control group for comparison, while the only population-based study included a
control group of randomly selected population controls.>® Ten studies included all
Enterobacteriaceae, E. coli/K. pneumoniae or E. coli/K. pneumoniae/P. mirabilis,
while E. coli was the sole bacterium included in six studies™ 778818287 and K,
pneumoniae the sole bacterium in one study.’® Seven studies were prospective, and
the remaining were retrospective. Most studies were hospital based; six were multi-
centre studies, ten were single-centre studies, and one was population based.*
Mortality was assessed by varying time-intervals; 30-day/28 day mortality in seven
studies, 21-day mortality in one study,® 14-day mortality in two studies,”®” in-
hospital mortality®® in one study while the remaining studies did not provide a specific
period. Among patients with bacteraemia, with the exception of one minor study,®
mortality varied between 7.5-36% for ESBL producers compared with 2-15% for non-
ESBL producers. However, the differences only rarely reached statistical significance,
and generally any excess mortality in the ESBL group tended to be reduced following
adjustment. Moreover, adjustment procedures varied considerably, which might
impact the result (to be discussed in the methodological section). In patients with acute
pyelonephritis the mortality was much lower.8284 Eleven studies addressed LOS. The
mean LOS varied between 16-26.5 days for ESBL producers compared with 7.9-19.9
days for non-ESBL producers, and in 73% (8/11) of the studies ESBL production was
found to be statistically significant associated with an increased LOS in crude
analysis. None of these studies examined LOS between survivors or non-survivors
individually.
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2.4.3. LIMITATIONS OF THE EXISTING LITTERATURE

Population-based studies are generally considered the optimal means of defining the
epidemiology of community-onset infectious diseases and establishing the burden of
disease by providing complete numerator and denominator data to estimate age and
sex-standardized incidence rates.®° Despite this, in the Nordic countries, population-
based studies examining the incidence rate (e.g. as person years) of ESBL-producing
community-onset infections are almost absent. Indeed, no studies have addressed the
incidence rate within specific population groups (e.g. age, gender) in the Nordic
countries. Among the studies addressing risk factors of community-onset ESBL-
producing bacteraemia and the studies focusing on outcome following community-
onset ESBL-producing infection (mainly bacteraemia), most studies included a
limited number of ESBL cases, almost all studies were hospital-based, many of which
were single centre studies, and very few studies were from traditional low-prevalence
antimicrobial areas. Prior antibiotic exposure was consistently reported a risk factor;
however, different specific antibiotics and antibiotic classes were reported as risk
factors across the studies, and heterogeneity existed in the methodological approach
when examining antibiotic. Overall, it appeared that EBSL-producing infections were
associated with an increased crude mortality; however, significance was rarely
reached. Moreover, following adjustment, ESBL-production was rarely associated
with mortality. It is likely, though, that the small sample sizes precluded any
association. In conclusion, large population-based studies from low-prevalence
regions addressing risk factors and mortality are urgently needed, as are studies
addressing LOS that properly account for survivors and non-survivors, and studies
assessing outcomes of patients with urinary tract infection.
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2.5. AIMS OF THE THESIS

The aims of the PhD study were:

I.To estimate the incidence of community-onset ESBL E. coli and K. pneumoniae
bacteraemia and urinary tract infection in the North Denmark Region from 2007
onwards. We hypothesized that the increase in ESBL-producing isolates would
be driven mainly by an increase in strictly community-acquired ESBL-
producing E. coli.

I.To investigate risk factors associated with community-onset ESBL-producing E.
coli and K. pneumoniae bacteraemia in our region where the antimicrobial
resistance is traditionally low.

I.To examine the influence of methodology, including in/exclusion criteria of
antibiotic exposure, when investigating antibiotic exposure as a risk factor of
ESBL production in community-onset E. coli and K. pneumoniae bacteraemia.

IV.To examine the impact of ESBL production on outcome following E. coli and K.
pneumoniae bacteraemia and urinary tract infection. We hypothesized that
bacteraemia and urinary tract infection with ESBL-producing E. coli and K.
pneumoniae were associated with a worse clinical outcome than infection with
non-ESBL-producing isolates.
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CHAPTER 3. METHODS

3.1. SETTING

The four studies were conducted in the North Denmark Region during the period
2007-2017. The catchment population counted approximately 580,000 citizens in a
mixed rural and urban area. The region consisted of one 800-bed university hospital,
while the number of district hospital decreased from eight in 2007 to five in 2017. All
specialities are covered within the region; however, highly specialized treatment, e.g.
high-dose stem cell transplantation and solid organ transplantation are referred outside
the region.2® Denmark has a tax-supported public health care system, ensuring free
healthcare access (primary, secondary and tertiary) to care for every citizen.*

3.2. DATA SOURCES

The Danish Civil Registration System (CRS)

The CRS was established as an administrative tool in 1968, and since then every
citizen in Denmark has been assigned a unique 10-digit civil personal registration
(CPR) number upon birth or immigration.®* The CPR number is used in all Danish
administrative and medical registers and databases, and it is the unique key component
allowing for unambiguous linkage at the level of the individual citizen between
healthcare systems and other public registries. The CRS holds information on marital
status, place of birth, emigration and vital status updated at a daily level, allowing for
nationwide cohort studies with virtually complete long-term follow-up.®* Figure 2
shows the data sources utilized in the studies and the key role of the CRS in facilitating
linkage among these sources.

The Danish Civil
Registration System

The Department of
Clinical Microbiology,
Aalborg University
Hospital

The Danish National
Prescription Registry

he North Denmark
Bacteremia Research
Database

The Danish National
Patient Registry

Figure 2. Data sources used in the studies. The CPR number assigned in the Danish Civil
Registration System is the unique key allowing individual-level linking of the data sources.
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The Laboratory Information System

The laboratory information system (wwLab/ADBakt, Autonik, Sweden), hosted at the
Department of Clinical Microbiology, Aalborg University Hospital, Denmark, has
registered all diagnostic specimens (blood, urine, etc.) requested in the region. Data
obtained from this system included the name of the requestor, date of collection, and
data on bacteria and susceptibility testing. This database provided the basis for
identification of E. coli and K. pneumoniae from blood and urine cultures, including
phenotypic identification of ESBL.

The Department of Clinical Microbiology, Aalborg University Hospital, served as
referral laboratory for all hospitals and general practitioners in the North Denmark
Region from 2010 onwards. In 2006, a reform of local government merged the two
former counties into one health region; consequently, in a transition period from 2006
to the end of 2009, the Department of Clinical Microbiology did not serve a minor
part (catchment population ~ 57,000) of the current North Denmark Region
(Appendix A).

The North Denmark Bacteremia Research Database (NDBRD)

Since 1992, patients with bacteraemia have been registered prospectively in the
NDBRD.*® Data recorded include bacteria, focus of infection, empirical antibiotic
therapy and polymicrobial bacteraemia.®® The focus of infection was based on all
available evidence, e.g. clinical, microbiological and imaging studies. We defined
empirical antibiotic therapy as antibiotic therapy before first notification of a positive
blood culture, and it was considered as active if administered intravenous and if blood
isolates were susceptible in vitro to at least one of any given antibiotics.*

The Danish National Patient Registry (DNPR) - (“Landspatientregisteret”)

The DNPR contains data on all hospital admissions (since 1977) and outpatient
contacts (since 1995).%2 Data includes dates of admission and discharge, and up to 20
diagnosis or procedure codes classified according to the World Health Organisation’s
International Classification of Disease (ICD)-8 until 1993 and the ICD-10 thereafter.
By 2015, at least 114 studies had examined a wide range of codes; and in the majority
of studies, the positive predictive values was >80%, including codes used to estimate
the Charlson Comorbidity Index score.’? This data played a pivotal role in
categorizing our cohort into community-onset or hospital-acquired infection by
linking admission dates from the registry with the date the sample was obtained
(“index date™).
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The Danish National Prescription Registry (DNPR*) -
(“Leegemiddeldatabasen™)

The DNPR* is a sub-register of the Register of Medicinal Products Statistics,
maintained by the Danish Medicines Agency.®% The DNPR* is administered by
Statistics Denmark. Since 2003, information from the DNPR* has been available to
researchers. This information consists of individual-level information on all redeemed
prescriptions dispensed from Danish community pharmacies, including date, dosage
and Anatomical Therapeutic Classification (ATC) code. Of importance, the database
does not include in-hospital dispensed antibiotics. In Denmark, antibiotics are not
available over-the-counter.

3.3. DEFINITIONS

Place of acquisition

We adopted the probably most widely used classification scheme for acquisition of
bacteraemia as defined by Friedman et al. in 2002.*8 However, we modified the
definitions according to the epidemiology of E. coli and K. pneumoniae, the data
available in our registers and by reviewing the most widely used definitions in studies
of community-onset ESBL-producing Enterobacteriaceae bacteraemia (Appendix B).
For example, we were unable to reliably identify residents of nursing homes or long-
term care facilities from our registers; thus, this criterion was excluded from the
classification of HCA infection. Also, for sound reasons, some studies consider the
infection to be nosocomial if positive blood samples are obtained within a certain time
window of discharge from hospital, e.g. from <3 days®® and up to 1 month.”® However,
to compare our results with the results in the majority of studies within the field
(Appendix B), we decided not to include duration of time since discharge from
hospital in the definition of community-onset. Consequently, the following definitions
were applied:

Community-onset: Community-onset infection was defined as a positive blood
sample collected within two days of admission, while patients with a positive blood
sample obtained >2 days after admission were considered to have a nosocomial
infection. If a patient was transferred from another hospital or department, the LOS
was calculated from the date of admission to the first hospital.

Healthcare-associated: Community-onset infection was classified as a HCA
infection if prior to the index date the patient had (1) been admitted to the hospital
within 90 days for >2 days or (2) attended a hospital or outpatient clinic of
haematology, nephrology or oncology (e.g. for haemodialysis or chemotherapy)
within the past 30 days or (3) had undergone any surgical procedures related to the
genitourinary tract within the past 30 days.! Criterion 3) was included to take into
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account that the urinary tract is the most common source of E. coli and/or K.
pneumoniae infection. The coding of these specific variables is available in the
supplementary material commencing Study 1.}

Community-acquired: Patients with a community-onset infection who did not fulfil
the criteria for HCA infection were classified as having a community-acquired
infection.

Bacteraemia

Bacteraemia was defined as the presence of one or more positive blood cultures. Since
1996, blood culturing at the Department of Clinical Microbiology, Aalborg University
Hospital, has been performed using the automated BacT/Alert® system (bioMérieux,
Marcy I’Etoile, France). For adult patients, each blood culturing contains three bottles;
two aerobic and one anaerobic. Polybacteraemia was defined as two or more blood
culture isolates of different species or antibiogram obtained within 48 hours.®

Urinary tract infection

A urinary tract infection was defined as the presence of >104colony-forming units of
E. coli and K. pneumoniae. We decided to use a high cut-off of >10* colony-forming
units to reduce the likelinood of probable contamination.* Nonetheless, a “true”
diagnosis of urinary tract infection requires additional information on patient
symptoms. This information was not available but would have to be retrieved
individually from the medical records, which was not feasible due to the high number
of patients, and because of data legislation issues. Thus, it must be acknowledged that
some of these episodes might represent asymptomatic bacteriuria rather than urinary
tract infection.

Identification of ESBL

The identification of EBSL-producing E. coli and K. pneumoniae has changed during
the study period from 2007 to 2017. A detailed description of the identification of
ESBL during the study period is available in the supplementary material of Study 1.
Of importance to this thesis, the Department of Clinical Microbiology, Aalborg
University Hospital, initiated screening of ESBL-producing isolates in both blood and
urine specimen in 2006. Since 2011, the identification of ESBL-isolates has been in
accordance with the EUCAST. ldentification of ESBL was based on phenotypic
analysis during the whole study period, as no systematic genotypic identification has
been performed at the Department of Clinical Microbiology, Aalborg University
Hospital.

Registration of an isolate as an ESBL producer was manually conducted, and
hence prone to bias. If an ESBL-producing isolate had been identified, any subsequent
isolate of the same species with a similar antibiogram obtained from the same patient
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within 180 days was considered identical and no additional ESBL screening (or
confirmation testing) was performed. In this case, the biomedical laboratory
technician should remember to register the isolate as being an ESBL producer. This
procedure, we discovered, was especially prone to erroneous registration. To ensure
correct identification of ESBL production, we constructed algorithms in Stata 15.0
(Stata Corp, College Station, TX) based upon the susceptibility testing and the
screening and confirmation criteria of the ESBL identification, and compared our
findings with the ESBL status registered in the laboratory information system. We
systematically assessed disagreements; when necessary, we reviewed the complete
microbiological records, which included complete susceptibility testing, and any prior
samples collected within 180 days.

3.4. STUDY DESIGNS

The study designs in this thesis included two historical population-based open cohort
studies (Study I and IV) and two matched case-control-control studies (Study Il and
111). The study period was 1 January 2007 to 31 December 2017 for all four studies.
All studies were approved by the Danish Patient Safety Authority (reference no.: 3-
3013-2298/1). In Denmark, registry studies do not acquire approval by a science
ethics committee.

3.5. STUDY POPULATIONS

In all studies, the population of interest was adult patients (>15 years) with
community-onset E. coli or K. pneumoniae bacteraemia or urinary tract infection
according to the definition of community-onset, ESBL, bacteraemia and urinary tract
infection as described above. The study designs, including the number of cases and
controls included in the four studies, are shown in Figure 3.

In Study I, the same patient could contribute with several episodes
of both ESBL and non-ESBL-producing infections, and within different specimen
groups (i.e. blood, urine collected from hospital and urine collected from primary
care). However, episodes within the same group should be at least 30 days apart;
otherwise, they were considered part of the same unresolved infection.! Studies 11-1V
were restricted to incident episodes, i.e. only the first community-onset infection per
patient was included.
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Figure 3. Flow diagram of the study population included in the four studies.

The North Denmark Region, 2007-201
133,126 E. coli and K. pneumoniae
bacteraemia or UTI episodes (hospital
and outpatient)

57,180 unique patients

-
Excluding_

4| Recurrent infections within 30 days
“1- Nosocomial infections

- Infections in patients < 15 years

A 4

North Denmark Region, 2007-2017

STUDY | (Incidence)
106,153 community-onset E. coli and K.
pneumoniae bacteraemia or UTI |:> - Cohort study

episodes (hospital and outpatient ) - 3,741 ESBL bacteraemia or UTI

- 102,412 non-ESBL bacteraemia or UTI
52,987 unique patients

[Excluding_
- Patients not admitted to hospital
- Recurrent infections

h 4
he North Denmark Region, 2007-2017

24,518 community-onset incident E. STUDY IV (Qutcome)
coli and K. pneumoniae bacteraemia or
UTI episodes in patients admitted to |:> - Cohort study
hospital - 1,018 ESBL bacteraemia or UTI

- 23,500 non-ESBL bacteraemia or UTI
22,350 unique patients

- Fxrluqu
’LPatlents with UTI

/ \ STUDY Il (Risk factors)

- Case-control-control study

- 224 ESBL bacteraemia
:> - 2,214 non-ESBL bacteraemia controls, matched
10:1 on bacteria, time (within 91 days of index

The North Denmark Region, 2007-2017 case) _
- 2,228 population controls, matched 10:1 on age,
224 patients hospitalized gender and residence

with community-onset incident ESBL E.
coli and K. pneumoniae bacteraemia

matched with ”0""53:3'- and population STUDY Ill (Antibiotics as risk factor)**
controls

- Case-control-control study
- 223 ESBL bacteraemia

|:> - 2,204 non-ESBL bacteraemia controls, matched
10:1 on bacteria, gender and time (within 91 days
of index case)™*

K / - 2,227 population controls, matched 10:1 on age,
gender and residence

** Applying gender as an additional matching criterion slightly altered the study population between
Study Il and 111.
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In the risk factor studies (Study Il and I11), we restricted to include
patients hospitalised with E. coli or K. pneumoniae bacteraemia. Cases included every
patient with an ESBL-positive E. coli or K. pneumoniae bacteraemia. We used two
different control groups; 1) non-ESBL controls, consisting of patients with a
corresponding E. coli or K. pneumoniae bacteraemia but with a non-ESBL-producing
isolate; and 2) population controls, consisting of patients randomly selected from the
background population within the North Denmark Region. The cases and controls
were matched in a 1:10 ratio using the risk set sampling technique, i.e. each control
should be alive and at risk of an ESBL infection at the date of sampling. Non-ESBL
controls were matched according to bacteria and time, i.e. the bacteraemia should be
present within 91 days of the index date of the corresponding case. Population controls
were matched according to age, gender and residency within the North Denmark
Region, and they were assigned the same index date as the corresponding case.?
Because male sex was found to be a risk factor of ESBL-producing bacteraemia in
Study 11, and because antibiotic treatment regimens differ between genders (e.g.
treatment of urinary tract infection in males versus females), we decided also to match
on gender in Study 111 as well.?

In the assessment of outcome (Study V), we used a cohort design
including all patients with E. coli or K. pneumoniae bacteraemia or urinary tract
infection without performing any matching. Nor did we include population controls.
Patients who had both a positive blood and a urinary sample collected within +/- 2
days were included only in the bacteraemia cohort (Figure 4).

Population of North
Denmark Region

Urinary tract

Bacteraemiga.»
4 infection

’\._‘_‘_____

Y Y

Urinary tract infection
cohort

Bacteraemia
cohort

Figure 4. Base population of the study. Patients presenting with both bacteraemia and urinary
tract infection were included only in the bacteraemia cohort (dark grey colour), while patients
presenting solely with urinary tract infection constituted the urinary tract infection cohort (light
grey colour).
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3.6. OUTCOMES

The primary outcomes in the four studies were:

Study I: The incidence of community-onset ESBL-producing E. coli and K.
pneumoniae bacteraemia and urinary tract infection (both in hospital and in primary
care) in the North Denmark Region, 2007-2017.

Study II: Estimation of risk factors (expressed as ORs) of ESBL production in
community-onset E. coli and K. pneumoniae bacteraemia. Temporal dynamics in
selected risk factors between the time periods 2007-2011 and 2016-2017.

Study IlI: The influence of the chosen methodology on estimation of antibiotic
exposure as a risk factor of ESBL production in community-onset E. coli and K.
pneumoniae bacteraemia.

Study IV: Thirty-day and one-year mortality of community-onset ESBL-producing E.
coli and K. pneumoniae bacteraemia or urinary tract infection in hospitalised patients
compared with patients with non-ESBL-producing strains. LOS was considered a
secondary outcome.

3.7. STATISTICAL ANALYSIS

Study | (Incidence):

Due to the dynamic open cohort design chosen, we measured incidence density as
age- and gender-standardized incidence rates per 100,000 person years. ESBL-
positive cases constituted the numerator data, while the catchment population of the
North Denmark Region as per 1 July each year constituted the denominator data, i.e.
the population at risk.? Information on population size and distribution is freely
available at StatBank hosted by Statistics Denmark.*> The base population of the
North Denmark Region in 2007 was used in the direct standardization. The “overall”
incidence rate was calculated by summarizing infections within each of the six groups,
i.e. the same patient could contribute with several infections. We also restricted the
analysis to incident infections, i.e. a patient could contribute with only one (the
incident) infection in each group. The rationale behind this strategy is discussed in
Study I.! Theoretically, in the analysis of incident infections where the “event” could
not recur, the time contribution of an individual to the denominator of the incidence
rate, i.e. the “time at risk”, should end once the event occurred.®® However, due to the
relatively low number of ESBL cases compared with the general population,
subtracting these cases from the total population at risk would only marginally
influence the results and this approach was therefore ignored.® The study was solely
descriptive, and no confidence intervals (Cls) were calculated.
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Study 11 (Risk factors):

Due to the matched design chosen, we used conditional logistic regression to calculate
crude and adjusted ORs with 95% Cls. To disentangle risk factors associated with
bacteraemia from risk factors of “ESBL-producing bacteraemia”, we included two
separate control groups. When examining exposure to antibiotics as a risk factor of
antimicrobial resistance (e.g. ESBL-producing bacteria), the traditional case-control
design will generally tend to overestimate associated ORs." In addition, other
challenges exist that might influence the results when evaluating antibiotic exposure
as a risk factor of antimicrobial resistance.® Thus inspired, we conducted an additional
study (Study I11) to explore in detail how the methodology might affect the results
obtained.

Study 111 (Methodology):

We employed the same analytic approach as described in Study Il. We graphically
displayed ORs and Cls associated with the different criteria to allow for visual
qualitative interpretation of the results.

Study 1V (Outcome):

Mortality was assessed using time-to-event data. The index date was defined as the
day of admission. The patients were followed until death, emigration or end of study
(31 December 2017), whichever occurred first. To account for patients who died on
the day of admission, these patients were arbitrarily assigned 0.5 days of survival. We
graphically displayed 1-year mortality using the Kaplan-Meier methods. We
estimated crude and adjusted mortality rate ratios (MRR) between patients with and
without ESBL-producing isolates using Cox proportional hazard regression analyses.
We a priory decided to adjust for well-known risk factors of mortality; age, gender
and comorbidity. Sensitivity analyses with additional adjustments were performed.
The proportional hazard assumption was assessed graphically with log-log plots and
Schoenfeld residuals and found to be appropriate. Finally, risk factors of 30-day
mortality were assessed by conventional logistic regression.*
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CHAPTER 4. RESULTS

4.1. STUDY | (INCIDENCE)

During 2007 to 2017, we identified 106,153 community-onset E. coli and K.
pneumoniae infectious episodes, whereof 3,741 (3.5%) were with an ESBL-producing
strain.! The 106,153 infectious episodes occurred among 57,180 unique patients (2.0
episodes per patient). 32,094 (60.6%) of the patients had only one infectious episode;
hence, 74,059 infectious episodes occurred among the remaining 25,086 patients
(Figure 5). E. coli urinary tract infections (in-hospital and outpatient) accounted for
89,442 (84.3%) of the infectious episodes (Figure 6). During 2007 to 2017, we
identified 3,741 community-onset ESBL E. coli or K. pneumoniae infectious episodes
among 2,170 unique patients (1.7 episodes per patient). The number of ESBL-
producing infectious episodes increased from <33 in 2007 to 553 in 2017,
corresponding to an increase in the standardized incidence rate from <7.5 to 105 per
100,000 person years.! Obviously, this was not explained by an increasing trend of
specimens tested, which is emphasized by the fact that the proportion of ESBL-
producing isolates rose from 0.5% to 4.0% during the study period.® Even more
important than the overall rate of ESBL are the rates within specific populations
groups;! e.g., being elderly (>80 years) and having a community-acquired infection
increased the incidence rate of ESBL-producing E. coli urinary tract infection in
primary care in 2017 by a factor four compared with patients who were 60-79 years
old and patients with a HCA infection, respectively.! Co-resistance among ESBL
isolates was high; thus, in 2017 64.3% and 42.9% of community-onset ESBL-
producing E. coli isolates from bloodstream infections were resistant to ciprofloxacin
and gentamicin, respectively.?
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Figure 6. Proportion of infectious
episodes according to bacteria and
specimen. E. coli urinary tract infection
accounted for the vast majority of
infectious episodes.

Figure 5. Proportion of the number of
infectious episodes per patient.
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4.2. STUDY Il (RISK FACTORS)

We matched 224 ESBL cases to 2,214 non-ESBL controls and 2,228 population
controls, respectively. Comparison with population controls revealed that most of the
risk factors were associated with the risk of ESBL-producing bacteraemia. Compared
with non-ESBL controls and following adjustment, the risk factors producing the
highest ORs were in a decreasing order; exposure to fluoroquinolones (aOR 3.56
[95% CI; 2.52-5.05]), >3 antibiotic prescriptions within 15-365 days, >3 hospital
admission within 1-365 days, male sex, hospital admission within 1-91 days and
antibiotics within 15-91 days (aOR 1.82 [95% CI; 1.37-2.42]).2 Only 14 (6.3%) of
patients with ESBL-producing bacteraemia had all of the five most pronounced risk
factors, while 49 (22.0%) had none of the risk factors (Figure 7). No specific
comorbidity nor genitourinary surgery were statistically associated with ESBL
production compared with non-ESBL controls; still, a high CCI score (>3) was a risk
factor (aOR 1.55 [95% ClI; 1.08-2.24]).
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Figure 7. The proportion of the cumulative number of risk factors in patients with community-
onset E. coli/K. pneumoniae bacteraemia with an ESBL-producing strain (dark grey) or non-
ESBL-producing strain (light grey).

All antibiotics and antibiotic classes were associated with ESBL production compared
with population controls; aORs ranging from 2.28 [95% CI; 1.57-3.31] for broad-
spectrum penicillin to 9.96 [95% CI; 6.23-15.95] for fluoroquinolones. The aORs
were reduced considerably compared with non-ESBL controls where the drug classes
broad/narrow-spectrum antibiotics/penicillins remained associated with ESBL
production, in addition to trimethoprim and fluoroquinolones, the latter conferring the
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highest aOR of 3.56 [95% CI; 2.52-5.05]).2 The association between the use of
antibiotics and the risk of ESBL-producing infections is examined in dept in Study
"n.s

Neither proton-pump inhibitors (aOR 1.23 [95% CI; 0.92-1.62]) nor nitrofurantoin
(aOR 1.32 [95% CI; 0.69-2.53]) was statistically significantly associated with ESBL
production when compared with non-ESBL controls, though these have previously
been shown to be associated with ESBL-producing E. coli urinary tract infection
within our community of the North Denmark Region.5?

4.3. STUDY Ill (METHODOLOGY)

Applying the different in/exclusion criteria notably reduced the overall amount of
antibiotic exposure in the study population. Hence, when applying the least restrictive
criteria (criteria 1) 74.7% of ESBL cases, 68.1% of non-ESBL controls and 33.1% of
population controls had been exposed to antibiotics within the past year. This was
reduced to 44.1%, 35.2% and 10.7% for ESBL cases, non-ESBL controls and
population controls, respectively, when applying the most restrictive criteria (criteria
4). As expected, control group selection had a major impact of the estimated OR. Odds
ratios of antibiotic exposure as a risk factor of ESBL-producing bacteraemia increased
by almost a factor 4 or 5 compared with the population controls instead of non-ESBL
controls, e.g. from an OR of 1.70 [95% CI; 1.29-2.25] for “any antibiotics” (criteria
4) compared with non-ESBL controls to an OR of 6.86 [95% ClI; 4.80-9.82] compared
with population controls . Additionally, excluding patients with a prior ESBL-positive
urine culture considerably reduced ORs of non-B-lactam antibiotics, especially
fluoroquinolones.®

4.4. STUDY IV (OUTCOME)

1,018 patients hospitalised with community-onset ESBL-producing infectious
episodes (224 with bacteraemia and 749 with urinary tract infection) were accessible
for follow-up and compared with 23,500 infectious episodes (4,341 with bacteraemia
and 19,159 with urinary tract infection) in non-ESBL controls. The crude mortality
appeared to be slightly higher among patients with ESBL-producing infections than
among non-ESBL controls (Table 5). The exception was K. pneumoniae bacteraemia
where none of 34 patients with ESBL-producing isolates experienced neither in-
hospital or 30-day mortality. Of importance (and to our surprise), patients with
community-onset ESBL-producing K. pneumoniae (n=34) bacteraemia differed on
important predictors of mortality compared with the corresponding non-ESBL cohort
(n=700); they were younger (median age 68 years [IQR; 59-84] versus 73 years [IQR,
63-82]), more often the focus of infection was the urinary tract (58.8% versus 42.6%),
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and they less often had polybacteraemia (18.2% versus 26.3%).* Nonetheless,
associations were attenuated following adjustment (Table 5). Neither ESBL
production nor inappropriate empirical antibiotic treatment was associated with death.
Independent predictors of death included polybacteraemia, non-urinary tract infection
focus, high comorbidity and HCA infections.*

Table 5. Crude and adjusted 30-day mortality in patients hospitalised with first-
time community-onset ESBL — and non-ESBL-producing Escherichia coli or
Klebsiella pneumoniae bacteraemia and urinary tract infection (modified from
Richelsen et al., J. Antimicrob. Chemother, 2020).4

ESBL, %
(95% CI)

Non-ESBL, %
(95% CI)

cMRR!
(95% CI)

aMRR?
(95% CI)

E. coli

Bacteraemia

15.8 (11.3.-21.8)

14.0 (12.9-15.2)

1.13(0.78-1.63)

1.01 (0.70-1.45)

uTI 9.5 (7.5-12.1) 8.7 (8.3-9.2) 1.10(0.85-1.42) | 0.97 (0.75-1.26)
K. pneumoniae
Bacteraemia 0(0-10.2)3 17.2 (14.6-20.2)

UTI

13.8 (9.3-20.2)

10.7 (9.6-12.0)

1.33 (0.86-2.06)

1.13(0.73-1.75)

Abbreviations: MRR, Mortality rate ratios; UTI, Urinary tract infection.

! Crude MRR: Estimated as hazard ratios using a Cox proportional hazards model (non-ESBL as
reference).

2 Adjusted MRR: Adjusted for age, sex and modified Charlson Comorbidity Index score.

3 Estimated on basis of only 34 patients of whom no one experienced death within 30-days using the
Wilson score.*

LOS appeared to be slightly longer among patients with community-onset ESBL-
producing E. coli bacteremia, who had an adjusted hazard ratio of being discharged
of 0.79 (95% ClI; 0.68-0.93) compared with patients with non-ESBL-producing E. coli
bacteraemia. The difference in LOS is visible from the cumulative incidence function
(Figure 7). For example, after 10 days, only 51% of the patients hospitalised with
ESBL-producing E. coli bacteraemia were discharged alive compared with 64% of
patients with non-ESBL-producing isolates (Figure 7).
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Figure 7. Cumulative incidence function of length of hospital stay (up to 30 days) following
hospitalization with community-onset Escherichia coli and Klebsiella pneumoniae bacteraemia
and urinary tract infection with ESBL — and non-ESBL-producing isolates. Death was

considered a competing risk of being discharged alive.
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CHAPTER 5. DISCUSSION

5.1. COMPARISON WITH OTHER STUDIES

Study |

The increasing incidence observed in our study were comparable with the incidence
reported by Isendahl et al.>® Thus, we reported an incidence of first-time community-
onset ESBL E. coli and K. pneumoniae bacteraemias of 6.3 per 100,000 person years
in 2017, which was almost identical to the nationwide incidence of 6.0 per 100,000
person years in 2016-2017 in Sweden (i.e. Enterobacteriaceae bacteraemias whereof
E. coli and K. pneumoniae accounted for the vast majority).>® Few other studies have
addressed temporal changes in the incidence rate of ESBL-producing bacteria in the
community.%%1%% In Thailand, the incidence of community-onset ESBL-producing E.
coli bacteraemia increased from 5.4 in 2008 to 12.8 per 100,000 person years in
2014, twice the rate as in our population in 2017. In Minnesota (US), the incidence
of extended-spectrum cephalosporin resistance E. coli bacteriuria increased from
2005-2009. As in our population, this increase was mainly observed in the elderly and
in the community, e.g. the incidence of community-associated bacteriuria (excluding
HCA\) increased from 6 per 100,000 person years in 2005 to 14 per 100,000 person
years in 2009.1% The overall proportion of ESBL production in community-onset E.
coli and K. pneumoniae infections was 4.9% in the North Denmark Region in 2017,
which roughly corresponds to the results obtained from national Danish data,** and
the increasing proportion is quite similar to that reported in studies from Norway®*
and the other Nordic countries as outlined in Table 1 and Table 2. In addition to
reflecting the close proximity to these countries, the similarities probably also reflect
similarities in healthcare systems, infection control and conservative antibiotic
policies, i.e. antibiotics use requires a prescription. We were not able to report the
genotypic characteristics of the ESBLs found in our study; however, national data
from 2017 show that among 3-GCR E coli blood isolates, CTX-M-15 was the most
prevalent (49%) enzyme followed by CTX-M-14 and CTX-M-27 (15% each).* These
proportions are comparable with the distribution reported in Norway, whereas Sweden
has a slightly higher proportion of CTX-M-15 (60%).1%

Study 11

We confirmed that many of the traditional risk factors of community-onset ESBL-
producing infections (Table 3) were characteristic of our low-prevalence region,
including recent and numerous healthcare contacts and use of antibiotics, especially
fluoroquinolones.? Nonetheless, as illustrated in Figure 7, 22.0% of patients with
ESBL-producing bacteraemia had none of the five most common risk factors, while
almost two thirds of the patients with non-ESBL-producing bacteraemia had >1 risk
factor; hence, identifying these patients by their risk factors might prove difficult. A
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number of studies have aimed to predict the risk of ESBL-producing/3"-GCR
infections. Thus, prior resistant infection within recent years has repeatedly been
found to be one of the strongest predictors.67:6972103-108 A |arge international
prospective study®®® recently validated a community-onset prediction rule (“the
Utrecht score”) of 3-GCR Enterobacterales bacteraemia including six variables
developed by Rottier et al.1®” Model calibration was good and the prediction rule could
improve empirical antibiotic use in community-onset infections.’®® Froding et al.®
applied the same prediction rule and compared it with their own “Stockholm score”,
which consisted of only three variables (prior ESBL-producing Enterobacterales
infection, prior healthcare abroad, prior prostate biopsy) and demonstrated a
comparable sensitivity but a higher specificity, emphasizing the need for using local
data when implementing prediction models.®® Likewise, the three variables; hospital
care abroad, previous ESBL-positive urine and/or blood culture and ESBL-positive
rectal swabs were found significant associated with 3“-GCR Enterobacterales
bacteraemia in another recent prediction study from Sweden.5! In our study, previous
genitourinary surgery was not associated with ESBL production compared with non-
ESBL controls. Nor were prior ESBL-positive cultures nor healthcare abroad included
as data on these variables was not readily available. A recent Danish study showed a
4.9% prevalence of ESBL colonization (rectum, nose or throat ) in patients acutely
admitted to the emergency department, and identified antibiotic consumption and
travel activity to Asia/Oceania as main risk factors.>® Prior studies should incorporate
these variables.

This is the first study in Denmark to examine risk factors of community-onset ESBL-
producing bacteraemia. A previous study from within our region investigated risk
factors of EBSL-producing ESBL E. coli urinary tract infection in primary care.
Recent and humerous hospitalizations and exposure to antibiotics as well as male sex
and a high Charlson Comorbidity Index score were common risk factors. However,
use of nitrofurantoin, cancer, chronic pulmonary disease and renal disease were
associated with ESBL-producing E. coli urinary tract infection in primary care, none
of which were found to be risk factors in our study.? Also, using a triple-case-control
design, Hertz et al. only identified hospital admission and fluoroquinolone use as risk
factors of ESBL E. coli urinary tract infection in primary care in Denmark.'? We
inferred that many of the risk factors of ESBL-producing bacteraemia would probably
be common to patients with urinary tract infections, as E. coli and K. pneumoniae are
primarily uropathogens. However, this inference should be drawn with caution.

From a clinical perspective when deciding upon empirical antibiotic therapy, it is not
possible to distinguish between an E. coli or K. pneumoniae. This should be reflected
in the ascertained risk factors. Therefore, in line with several studies (Table 3), we
decided to combine the two bacteria. However, we acknowledge that these two
bacteria represents different epidemiological entities.m''*1** Thus, for infection
control practices, tailoring of infection control measures to the specific bacteria should
be considered.'?
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Study 111

To our knowledge, this is the first study of community-onset ESBL bacteraemia
specifically to examine the influence of different methodologies on the risk factor
estimates. However, as mentioned above, several methodological studies have
examined the association between antibiotic exposure and antimicrobial resistance.
Harris et al. examined the importance of control group selection across three different
bacteria, and found that, e.g., imipenem use was strongly associated with imipenem-
resistant Pseudomonas aeruginosa compared with susceptible strains (OR 27.1 [95%
Cl; 13.9-52.9]); this resistance decreased compared with control patients in whom
clinical cultures did not yield imipenem-resistant P. aeruginosa during their hospital
stay (OR 6.3 [95% CI; 3.7-11.0]).1** The crude OR of ESBL-producing bacteremia in
patients exposed to fluoroquinolones was 17.25 [95% CI; 7.58-39.26] compared with
population controls, when applying criteria 4. This was remarkably similar to the
unadjusted OR of 15.95 [95% CI; 9.18-27.7] reported by Isendahl et al. when applying
similar criteria (i.e. an antibiotic exposure duration of 8-91 days and excluding
patients with a prior ESBL-positive culture).>® This mutually strengthen our findings
of fluoroquinolones as a risk factor of ESBL-producing bacteraemia. Nonetheless,
when compared with non-ESBL controls the corresponding OR reduced to 2.89 [95%
Cl; 1.63-5.12], suggesting that much of this excess risk was merely mediated by the
risk of bacteraemia rather than ESBL production. This, once again, highlights the
impact of control group selection and the need of interpreting results carefully with
respect to the selected control group(s). Isendahl et al. was one of only two studies®®5°
identified that excluded patients with prior ESBL-positive culture (supplementary
material Table S1, Study I11°) to avoid confounding by indication. However, this
confounding is probably less pronounced in countries with a high ESBL prevalence
and with a less restrictive use of fluoroguinolones. Also, only Isendahl et al.>®
examined and supported our finding that a shortening of the period of exposure to
antibiotics increased the associated OR. However, this finding supports the proper
choice of a 3-month exposure period utilized by almost all of the other studies in Table
S1, Study 111.3 Nonetheless, in a recent Danish study previous use of antibiotics,
especially fluoroquinolones, was associated with an increased risk of colonization for
at least 2 years after treatment.!

Study 1V

The 30-day mortality of 15.8% following community-onset ESBL E. coli bacteraemia
found in our study falls within the range of 7.6-36% reported in other studies (Table
4), but it is higher than the 11.3% reported in the Swedish study by Isendahl et al.%°
Of notice, we included polybacteraemias, which might explain some of the excess
mortality. Almost all studies reporting mortality following ESBL-producing
infections focus on bacteraemia; yet in our cohort, ESBL E. coli urinary tract infection
was associated with a 9.5% 30-day mortality. This is notably higher than the mortality
of 1.33% (mortality period not specified) in patients with community-associated
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(excluding HCA) ESBL-producing E. coli pyelonephritis.®2 While we cannot
completely rule out that some of the patients in our cohort might actually have had a
bacteremia that was never captured, the surprisingly high mortality probably mainly
reflects the comorbid conditions of patients acquiring these infections.*

Our finding of an absence of excess mortality in the ESBL group is somewhat
surprising as inappropriate empirical antibiotic treatment or/and delay in effective
antibiotic treatment has repeatedly been shown to be associated with increased
mortality;*¢ a concept that fits well with our understanding of antibiotic treatment. In
fact, why should we bother that much about community-onset ESBL-producing
infections if they are no more dangerous than non-ESBL-producing infections?
Nonetheless, our findings are far from unique, and several observational studies have
been unable to demonstrate an excess mortality associated with ESBL-production
(Table 4) or 3"“-GCR infections (most of which were ESBL producers).t?
Nonetheless, most of these studies adopted a statistical interpretation of results, while
in the majority of studies ESBL production was associated with increased mortality,
though not reaching significance. Thus, it is likely that many of the studies were
underpowered to detect a “true” difference. Furthermore, in observational studies the
outcome following ESBL-producing infections probably reflects a complex
interaction of various variables that might be considered both intermediates and
confounders, hereby complicating the interpretation of results even after adjustment
(to be discussed below).>7118

Still, the results might likely be explained in other ways.
Interestingly, a Swedish study demonstrated that community carriage of ESBL-
producing E. coli was associated with low pathogenicity compared with ESBL-
producing isolates causing invasive infections.>? It might be speculated that invasive
ESBL-producing infections too are associated with less virulent strains than non-
ESBL-producing infections; a hypothesis that has been suggested in other studies.*®
Unfortunately, we were not able to support our findings with analysis of virulence
genes. Another hypothesis is that empirical antibiotic treatment towards ESBL-
producing infections may actually conserve some activity in vivo, though deemed
“resistant” in vitro.!!® In our region, piperacillin/tazobactam with/without gentamicin
is quite frequently used for empirical treatment of “severe sepsis of unknown origin”.
Piperacillin/tazobactam has been shown to retain some activity against ESBL
infections, especially if used in high doses at concentrations above minimal inhibitory
concentration for >55% of treatment time.2?° Our data did not allow us to account for
the individual antibiotics dispensed in our study, but we assume that many of the
patients with ESBL-producing bacteraemia would have been administered
piperacillin/tazobactam upon admission. If reported as tested according to EUCAST
clinical breakpoints piperacillin/tazobactam was susceptible in 85.3% of ESBL-
producing E. coli blood isolates in 2017.1 Furthermore, in observational studies
comparing beta-lactam/beta-lactamase inhibitors (primarily piperacillin/tazobactam)
with carbapenems in the treatment of ESBL-producing infections, no difference in
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mortality was observed.*?! Despite these findings, in the MERINO trial, the only
randomized controlled trial to date, piperacillin/tazobactam was found to be inferior
to carbapenems in the definitive treatment of ceftriaxone-nonsusceptible E. coli and
Klebsiella spp that tested susceptible to piperacillin/tazobactam.'?> Despite
randomization, controversies about the MERINO trial exist, and it may be questioned
whether these results are generalizable to our region.'?32* A major issue with respect
to the MERINO trial was that many of the isolates that tested susceptible to
piperacillin/tazobactam at the participating sites were actually resistant by subsequent
broth microdilution reference testing.'?® Lastly, despite all our efforts, we may
speculate that our results as well as the results of other observational studies
comparing mortality in patients with/-without ESBL-producing infections are
hampered by some unmeasured variables or residual confounding as discussed below.

5.2. METHODOLOGICAL CONSIDERATIONS

“The purpose of clinical epidemiology is to develop and apply methods of clinical
observations that will lead to a valid conclusion by avoiding being misled by
systematic errvor and the play of chance”, Robert H. Fletcher et al. 1?6

Systematic and random error (“the play of chance”) must be considered when
evaluating the internal validity of observational studies. Systematic error is often
categorized into selection bias, information bias or confounding, while random error
refers to the statistical estimate of the precision. Random error, i.e. precision, will
often be reduced if the sample size is increased, whereas systematic error will not.%

5.2.1. SELECTION BIAS

Selection bias is a systematic error arising from the procedures used to select study
participants and from factors that influence participation into the study.'?’
Consequently, the relation between exposure and outcome differs between those
included (participants) and those excluded (non-participant) in the study, and the
associations observed represents a mix of forces that determine participation and
forces that determine disease occurrence.’®” The association between the exposure
status and the outcome status in non-participants are rarely known; hence, selection
bias must usually be inferred rather than observed.*

The population-based design and the setting of the Danish healthcare where
unrestricted all members of the population receive tax-funded healthcare collectively
ensured that we were able to capture most of the infectious episodes, hereby
considerably limiting selection bias. Furthermore, the use of population-based (e.g.
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NDRDB) and nationwide medical databases (e.g. the DNPR and DNPR*) with
routinely collected data from the entire population considerably limits (to some extent
exclude) selection bias.1?

In Study I, we took account of the varying population at risk (“denominator”) when
estimating the incidence (Appendix A). As outlined in the supplementary material of
Study I* and described above, the identification of ESBL (“the numerator”) varied
during the study period. Though a tremendous effort was put into correct identification
of ESBL, differences in identification of ESBL are important when comparing with
other studies as such differences may affect trends in incidence over time. Indeed,
changes in culture methodology should also be considered when assessing time trends
of bacteraemia.'?® Furthermore, the inclusion criteria by definition required that a
blood or urine culture be performed. However, the thresholds and practices for blood
and urine culturing might differ over time and across hospitals and specialities, among
clinicians, and according to disease severity and comorbidity of the patient, etc.
Especially with respect to urine specimens submitted by general practitioners, it is
likely that samples from uncomplicated urinary tract infections are underrepresented;
hence, a potential overestimation of resistance rates, e.g. ESBL-producing isolates, is
possible.** In addition, even if a sample was collected, appropriate antibiotics
administered before collection might prevent growth of susceptible bacteria and hence
obscure microbiological detection. It should also be mentioned that some general
practitioners do basic testing of specimen samples themselves, without involving the
regional laboratory. Importantly, the definition of urinary tract infection was based
solely on the presence of bacteria; and although we excluded urine samples with <10*
colony forming units, we acknowledge that a proportion of these samples might
represent colonization rather than infection. Therefore, the incidence of bacteraemia
probably reflects the most precise incidence estimate, while the incidence rate of
patients with urinary tract infections was less precise and probably overestimated due
to inclusion of patients with asymptomatic bacteriuria.

In Study 11 and 111, we utilized a case-control-control design which has previously
been used in similar studies.®>7>7" We chose a control group of population controls
because our focus was on community-onset infections, and a control group with
susceptible infections to disentangle risk factors from infection with risk factors that
the strain was an ESBL-producing strain. As discussed in Study 113, it is notoriously
difficult to ensure proper selection of control group(s) in these case-control
“antimicrobial resistance studies” trying to isolate unique risk factors of ESBL
production;® 14 it is likely that using a control group with a susceptible strain has
overestimated the associated risk of specific antibiotics as a risk factor as patients
treated with an effective antibiotic are prevented from entering the non-ESBL control
group.®” %114 Kaye et al.'3! developed the case-case-control study design, where two
case groups (e.g. ESBL - and non-ESBL-producing E. coli) are compared with the
same control group, and argue that this design is less flawed than the standard case-
control design.!3! This design has subsequently been adopted and used in risk factor
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studies of ESBL-producing infections, even in an extended version with a triple-case-
control design.1%©

In Study 1V, loss to follow-up might pose a problem of selection bias. However, the
population-based design and the use of the CRS providing almost complete follow-
up mitigate this problem in our cohort. Selection bias is of concern if the association
between the exposure (ESBL-positive infections) and the outcome (mortality and
LOS) differed between patients included and patients excluded in our study. The
recommended treatment of patients with ESBL infections is carbapenems, which are
only available at hospitals. Consequently, patients with ESBL-producing urinary tract
infections might be admitted to the hospital for treatment, even though their clinical
condition does not require hospitalization. This bias potentially reduced mortality in
the ESBL group among patients with urinary tract infections. In addition, as
mentioned above, patients with ESBL-producing K. pneumoniae bacteraemia
experienced no 30-day mortality and differed on several important parameters from
the non-ESBL cohort; thus, despite investigating and rethinking design meticulously,
we speculate that some form of selection bias might have been introduced into this
subgroup.

5.2.2. INFORMATION BIAS

Information bias might be introduced through collection of data if the
exposed/diseased participants are classified as non-exposed/non-diseased
participants. If measurement errors of exposure or outcome are randomly distributed
among exposed and non-exposed participants, non-differential misclassification is
introduced. This misclassification will most often (but not always) bias the estimate
toward the null hypothesis. Differential misclassification occurs if a measurement
error is unevenly distributed among exposed or unexposed participants, and this
misclassification is directional, i.e. the misclassification might either increase or
decrease any true association between exposure or outcome, and the direction might
be difficult to predict.*?’

Study I. The selection bias described above in terms of “identification of ESBL”
might also be considered a form of information bias, most of which would probably
tend to be non-differential.

Studies I1-1V. Misclassification of exposure, outcome and confounders might have
been introduced in the register-based studies. However, all information on cases and
controls was collected in the same way using nationwide registers with a high validity
of data concerning admission and a high positive predictive value of discharged
diagnoses (DNPR).?? For hospitalised patients, we obtained data on comorbidity from
one day prior to admission (and ten years back) to avoid including a diagnosis

61



COMMUNITY-ONSET ESBL-PRODUCING INFECTIONS

recorded on the day of admission, which would not be available for the population
controls, as this would potentially could lead to an overestimation of associated ORs.
In Denmark, no antibiotics are available over the counter, and the data completeness
in the DNPR* is generally considered to be very high. The DNPR*% measures
redeemed prescriptions, which eliminates “primary non-compliance” (i.e. the
prescription is not redeemed), and the natural motivation to get rid of infections makes
us believe that redeemed antibiotics is a good surrogate marker for actual ingestion.
A considerable limitation of antibiotic consumption in our study is the lack of data on
antibiotics dispensed at the hospitals, resulting in a reduced exposure, which might
hamper the results of the risk factor studies (Study Il and 111).2 The virtually complete
follow-up and recording of vital status on a daily basis in the CRS® ensures that
misclassification of mortality in Study IV seems very unlikely. Finally, all data was
collected irrespective of our study purposes, and data was retrieved in the same way
for cases and controls; thus, any information bias is most likely non-differential
leading to an underestimation of our results. However, some differential
misclassification might have been introduced. For example, it is likely that physicians
might be more attentive to patients with ESBL-producing infections. This might result
in more “control” urinary samples and possibly the launch of a new treatment cause
of antibiotics, or increased attention might result in more diagnoses being recorded
among patients with exposure (ESBL-producing infections), i.e. surveillance bias.

5.2.3. CONFOUNDING

Confounding might be considered a distortion of effect, and arises if a variable
associated with both exposure and outcome is imbalanced across exposure categories
%, Confounding might be controlled for in several ways in both design
(randomization, restriction, matching) and in analysis (stratification, adjustment, etc.).
It is possible to adjust for measured confounders in the analyses. However, it is not
possible to adjust for unmeasured and especially unknown confounders, i.e. residual
confounding.® A variable on the causal pathway from exposure to outcome, i.e. an
intermediate variable, is not a confounder. Consequently, intermediate variables
should not be adjusted for.1?”

Study | was purely descriptive, with no exposure-outcome associations; hence, any
confounding is highly unlikely.

In Study 11 and 111, cases were matched by index date, age and gender to population
controls; and by index date, specimen and bacteria (and gender — only Study I11) to
non-ESBL controls in order to eliminate confounding by these variables. Nonetheless,
matching in case-control studies might introduce selection bias itself.*?” This selection
bias behaves like a confounder; hence, of importance, the matching factor should be
adjusted for in the analysis.*?” In Study 1V, we a priori decided to adjust for age,

62



DISCUSSION

gender and comorbidity as these variables are well-established predictors of mortality.
However, we were unable to adjust for unmeasured confounders, e.g. socioeconomic
status®? or history of travelling, which might be associated with both exposure and
outcome. As discussed above, travelling to high-endemic ESBL regions is a risk factor
of colonization. Yet, travelling generally “requires” a good health, and it is likely that
patients who travels much are healthier than patients who do not travel, hereby
reducing mortality in the travelling ESBL-exposed patients. Nonetheless, this
healthier-bias effect might partly be “offset” by adjusting for comorbidities and age.
A subtle question arises in outcome studies of antimicrobial resistance as discussed in
Study 1V;* how to properly take account of “inappropriate empirical antibiotic
therapy” and “severity of infection” - intermediates variables or confounders? 133135
This issue is reflected and described in Appendix D. In Study IV, we provided
sensitivity analyses by subsequently adjusting for focus of infection, inappropriate
antibiotic therapy and polybacteraemia. We lacked data on severity of illness and were
hence unable to include this variable into the sensitivity analysis.*

5.2.4. PRECISION

We expressed statistical precision by 95% Cls, thereby providing information of both
the magnitude and the degree of precision (size of 95% CI) instead of using
significance tests and associated p-values.'® Moreover, we tried to avoid the common
misconception of treating the Cl as a significance test anyway, i.e. whether it contains
the null value or not, and we aimed at reporting our results as associations rather than
“true” casuals relationship as determined by a “significance test”.%%3" However,
significant tests as well as Cls depends on denominator data and are meant to guard
against sampling error and might perform poorly when the whole population is
included.® In addition, a high precision cannot correct any systematic error
introduced by study design.

5.3. MAIN CONCLUSIONS

Based on the results and the outlined methodological considerations, the main
conclusions in the four studies were:

Study |
We demonstrated a marked increase in the incidence of community-onset ESBL-
positive E. coli or K. pneumoniae infections during the study period. This increase

was driven mainly by E. coli urinary tract infections. A shift in place of acquisition
was observed throughout the study, with strictly community-associated infections
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becoming more prevalent than HCA infections by the end of the study period. In 2017,
5.6% of E. coli and 13% of K. pneumoniae bloodstream isolates were ESBL
producers, and co-resistance in ESBL-producing isolates was considerably.*

Study 11

We confirmed established risk factors of ESBL-producing infections in our region
where the prevalence of ESBL infections is traditionally low, and empirical antibiotic
therapy covering ESBL-producing infections should be considered especially in
patients with recent and numerous hospital admissions and antibiotic exposure,
especially fluoroguinolones. A prior ESBL-positive culture and recent travel abroad
to countries with a high prevalence of ESBL are well-established risk factors in other
similar studies and should also be taken into account, though we did not address these
exposures in Study I1.

Study 11

Control group selection highly influences the associated ORs; however, controversies
as to which is the appropriate control group remains and this depends on the specific
question addressed. Shortening the antibiotic exposure duration from 1 year to 3
months increases the associated ORs, and choosing an exposure duration of 3 months
seems appropriate. Antimicrobial resistance studies are prone to confounding by
indication, and sensitivity analysis in/excluding patients with a prior ESBL-positive
culture may provide information as to if such confounding is present. Reverse
causation, i.e. including antibiotics given in response to the present infection seemed
to be of minor concern.

Study IV

Somewhat surprisingly, we found that patients with ESBL-producing isolates did not
experience an increased mortality compared with patients with ESBL-negative
isolates. The results were robust when adjusting for focus of infection, inappropriate
empirical antibiotic therapy and polybacteraemia. Methodological challenges of
observational outcome studies might influence our results. Nonetheless, the similarity
of mortality proportions may be explained by a possible in vivo effect of
piperacillin/tazobactam treatment in patients with ESBL-producing isolates, an
immediate resuscitation of septic shock patients by supportive treatment rather than
empirical antibiotics'®, and the fact that virtually all patients (if surviving initially)
were treated definitively with appropriate antibiotics'*® (as carbapenem resistance in
E. coli and K. pneumoniae is almost non-existent in our region). These results favour
a conservative empirical antibiotic approach, i.e. piperacillin/tazobactam seems a
reasonable choice in most circumstances. Nonetheless, critically ill patients, patients
with high-inoculum infections, and patients with a priori high risk of ESBL-
producing invasive infections should preferable be treated with carbapenems.'#!
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CHAPTER 6. CLINICAL IMPLICATIONS
AND PERSPECTIVES

This thesis extends our knowledge of the incidence, risk factors and prognosis of
ESBL-producing infections within our region where the prevalence of antimicrobial
resistance is low, and elaborates upon some of the methodological challenges in
studies of antimicrobial resistance.

We confirmed an increasing incidence of community-onset E. coli and K. pneumoniae
infections, consistent with the successful dissemination of ESBL-producing E. coli
strains into the community since the millennium.

In the absence of a rapid point-of-care test of antimicrobial resistance, identification
of patients at risk remains important when opting for empirical antibiotic therapy °°.
We confirmed the presence of common risk factors of ESBL-producing bacteraemia.
These risk factors include exposure to antibiotics, especially fluoroquinolones, >3
antibiotics prescriptions within the past year, admission within 92 days, >3 admissions
within past year, and male sex; these risk factors should raise awareness of the
possible presence of ESBL-producing infections in these patients. Thus, when opting
for empirical antibiotic therapy, clinicians should pay attention to these specific risk
factors. However, many of these risk factors are common to patients admitted to
hospital with suspected infection, and indiscriminate use of carbapenems would result
in overuse. Prospective prediction studies including these risk factors and also data on
prior ESBL-positive cultures (of any origin), prostate biopsy and recent travelling to
high-endemic ESBL regions are warranted. However, these studies are very expensive
and time consuming; in lack of such studies, guidance from this study as well as other
studies with a similar prevalence, ESBL epidemiology and healthcare setting might
prove useful.

We were not able to demonstrate any excess mortality in patients infected with an
ESBL-producing strain. Lack of information on “severity of illness” and lack of
information on specific empirical and definitive antibiotic treatment makes it difficult
to draw firm conclusions. Still, from current evidence, it seems reasonable to conclude
that empirical carbapenems should be restricted to severely ill patients or to patients
with a high a priori risk of ESBL-infection, while awaiting further results of treatment
recommendations in specific subpopulations.*? A proportion of ESBL-producing E.
coli or K. pneumoniae blood isolates around 6.0% in 2017 further justifies a restrictive
use of broad-spectrum antibiotics. Nevertheless, data from the only randomized trial
to date did not support the use of piperacillin/tazobactam compared with carbapenems
in the treatment of ceftriaxone-resistant E. coli or K. pneumoniae.?? Whether these
results are applicable to our region remains questionable, and an RCT assessing this
outcome in our population would be highly appreciated. However, this would be very
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expensive; and in light of results of the previous RCT, it is unlikely to be conducted
in the near future.

Nationwide and population-based healthcare registries provide researchers with a
unique, inexpensive and time-sparing opportunity to conduct research studies.
Nonetheless, a major drawback of such research is the lack of information that cannot
be accessed through registries, e.g. information of important risk factors and “severity
of illness” at admission. Also, “excessive” use of registries iS prone to spurious
findings with vague biological associations, and the databases should be used with
caution, 128138

Finally, methodological heterogeneity among previous studies, e.g. the chosen design
in risk factors studies, including the diversity of criteria for assessing antibiotic
exposure and adjustment for confounders in outcome studies, might influence the
estimated results and any conclusions drawn, emphasizing the challenges and
difficulties in interpretation of these studies. In line with this, it would be interesting
to conduct a case-case-control study of risk factors using the same base population as
in our case-control-control risk factor study to reveal discrepancies in associated risk
factors by these designs.

Whether we are approaching a post-hoc antibiotic era remains a question unanswered.
Development of new effective antibiotics is indeed warranted; however, even new
antibiotics will merely provide a much-needed breathing space, as almost 80 years of
antibiotic use has demonstrated that so far resistance has developed towards all
deployed antibiotics. Thus, restrictive use of antibiotics and proper infection control
remain cornerstones in the fight against antibiotic resistance, and antibiotic
stewardship should remain a focus of high priority.
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APPENDICES

APPENDICES

The appendices contain the

Appendix A: Catchment population of the North Denmark Region from 2007 to
2017.

A reform of local government in 2006 merged two former counties into one health
region. Consequently, in a transition period up to end 2009, the Department of Clinical
Microbiology, Aalborg University Hospital, did not serve as referral laboratory for
the former Thisted and Morsg county, as evidenced by the low number of urine and
blood cultures handed in to the Department of Microbiology from these to former
counties in 2007 to 2009 (Table Al). Therefore, the catchment population increased
during the study period (Table A2 - data freely available from Statistics Denmark).
The reference population was used as denominator when calculating the annual
incidence rates. From 2010 and onwards, the reference population corresponded to
the North Denmark Region (Table A2).

Table Al. Number of patients from Thisted and Morsg county with
urine and blood cultures delivered to the Department of Clinical
Microbiology, Aalborg University Hospital in the transitional period.

Specimen 2007 2008 2009 2010
Urine <10 <10 ~150 1765
Blood 0 0 171 1859
Table A2. Catchment population >15 years during the study period 2007-
2017. The reference population is used as denominator when calculating
incidence rates.
Year The North Thisted county Morsg county Reference
Denmark Region population
2007 465317 36314 17882 411121
2008 467965 36444 17916 413605
2009 469503 36648 17951 414904
2010 470539 - - 470539
2011 472570 - - 472570
2012 473936 - - 473936
2013 476116 - - 476116
2014 479044 - - 479044
2015 482252 - - 482252
2016 485098 - - 485098
2017 487148 - - 487148
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APPENDICES

Appendix D. A subtle question. Inappropriate empirical antibiotic therapy and
“severity of illness” - confounder or intermediate variable?

Additional factors
Immunosuppression,
prior antimicrobial
resistance, AB therapy
at admission, etc.

Confounder ?
IEAT

Confounder ?
"Severity of illness"
(e.g. Pitt, SOFA,
Septic shock)

Confounders
- Age, gender, comorbidity

Exposure w O
(Infection) i (Mortality)

Abbreviations: IEAT, Inappropriate empirical antibiotic therapy.

Control for confounding is crucial in outcome studies. Solid arrows represent correctly identified pathways,
while dotted arrows represent falsely identified pathways. Age, gender and comorbidity are classic
confounders associated with both exposure and outcome and precede infection onset (green boxes); hence,
these variables should be adjusted for in the analysis. “Severity of illness” and IEAT are both associated
with the outcome (red boxes); however, they are both caused by the exposure (solid arrows), i.e. they are
intermediate variables that should not be adjusted for. Accounting for “Severity of illness” or/and IEAT as
confounders (dotted lines) might provide false results. This is particularly the case when including only one
of the intermediate variables; e.g., adjusting for IEAT without adjusting for “Severity of illness” might
falsely lead to the conclusion that appropriate empirical antibiotic treatment is associated with increased
mortality. However, this is itself, confounded by the fact that severely ill patients are more likely to receive
broad-spectrum antibiotics. In addition, several additional factors might influence the choice of empirical
antibiotics, further complicating this analysis (white box). Nonetheless, including “Severity of illness” and
IEAT in sensitivity analyses might provide additional information in order to accurately determine true
independent predictors of outcome 11813,
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Appendix E. Full versions of studies I-1V including supplementary material.
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