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Objectives: Antibiotic resistance in Gram-negative bacteria has been associated with increased mortality.
This was demonstrated mostly for third-generation cephalosporin-resistant (3GC-R) Enterobacterales
bacteraemia in international studies. Yet, the burden of resistance specifically in the Netherlands and
created by all types of Gram-negative infection has not been quantified. We therefore investigated the
attributable mortality of antibiotic resistance in Gram-negative infections in the Netherlands.
Methods: In eight hospitals, a sample of Gram-negative infections was identified between 2013 and 2016,
and separated into resistant and susceptible infection cohorts. Both cohorts were matched 1:1 to non-
infected control patients on hospital, length of stay at infection onset, and age. In this parallel
matched cohort set-up, 30-day mortality was compared between infected and non-infected patients. The
impact of resistance was then assessed by dividing the two separate risk ratios (RRs) for mortality
attributable to Gram-negative infection.
Results: We identified 1954 Gram-negative infections, of which 1190 (61%) involved Escherichia coli, 210
(11%) Pseudomonas aeruginosa, and 758 (39%) bacteraemia. Resistant Gram-negatives caused 243 in-
fections (12%; 189 (78%) 3GC-R Enterobacterales, nine (4%) multidrug-resistant P. aeruginosa, no
carbapenemase-producing Enterobacterales). Subsequently, we matched 1941 non-infected controls.
After adjustment, point estimates for RRs comparing mortality between infections and controls were
similarly higher than 1 in case of resistant infections and susceptible infections (1.42 (95% confidence
interval 0.66e3.09) and 1.32 (1.06e1.65), respectively). By dividing these, the RR reflecting attributable
mortality of resistance was calculated as 1.08 (0.48e2.41).
Conclusions: In the Netherlands, antibiotic resistance did not increase 30-day mortality in Gram-negative
infections. Wouter C. Rottier, Clin Microbiol Infect 2021;27:742
© 2020 The Authors. Published by Elsevier Ltd on behalf of European Society of Clinical Microbiology and
Infectious Diseases. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).
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Introduction included weekly, over the course of approximately 1 year between
June 2013 and February 2016.We defined Gram-negative infections
The dissemination of resistant Gram-negative bacteria has
become a major public health concern over the last decades. In the
Netherlands, the most prevalent problem is third-generation
cephalosporin (3GC) resistance among Enterobacterales, generally
resulting from extended-spectrum b-lactamase (ESBL) production
[1,2]. Outbreaks of carbapenemase-producing bacteria occur
sporadically, mostly in hospitals after unnoticed introduction from
abroad [3]. Dutch infection prevention guidelines define several
Gram-negative highly resistant micro-organisms (HRMOs), for
which targeted control measures are recommended to limit spread
in healthcare settings (Table 1) [4].

This policy poses a large burden on resources, personnel and
patients [5]. It is justified by the perceived additional disease
burden of infections caused by resistant Gram-negatives, often
narrowed down to the increase in mortality that can be causally
related to antibiotic resistance, i.e. the attributable mortality.
Quantifications thereof naturally stem from observational
studies, which are hampered by confounding bias. To reduce
residual confounding, De Kraker et al. proposed the parallel
matched cohort design, in which both patients infected with
resistant pathogens and patients infected with susceptible
pathogens are compared with their own non-infected controls
[6,7]. Their study, performed in 13 European countries but not in
the Netherlands, yielded an odds ratio (OR) of 2.5 (95% confi-
dence interval (CI) 0.9e6.8) when comparing 30-day mortality
between bacteraemia caused by 3GC-resistant and -susceptible
Escherichia coli [7].

Yet, as only patients with bacteraemia were studied, it remained
unknown how resistance impacts non-bacteraemic infections,
reflecting the majority of infections, and to what extent these
findings reflected the situation in the Netherlands. Therefore, we
studied the attributable mortality of HRMO Gram-negative in-
fections in a parallel matched cohort in Dutch hospitals.

Methods

Study design, setting and participants

We aimed to enrol a representative sample of 2000 patients
with Gram-negative (specified in Table 1) infection from eight
Dutch hospitals, including one university hospital (Supplementary
Table S1). At each participating site, five infection episodes were
Table 1
Definition of Gram-negative highly resistant micro-organisms (HRMO)

Organism group

Enterobacteralesa

Pseudomonas aeruginosa

Acinetobacter spp.

Stenotrophomonas maltophilia

Resistance (R) is defined by applying to European Committee on Antimicrobial Susceptibi
obtained through automated systems (Vitek 2 (bioM�erieux SA, Marcy l’Etoile, France) o
mediate to the antibiotic.

a In this study, Enterobacterales included Citrobacter spp., Enterobacter spp. (including
Cronobacter sakazakii), Escherichia spp., Hafnia spp., Klebsiella spp. (including Klebsiella
Pantoea spp., Proteus spp., Providencia spp., and Serratia spp.

b Dutch HRMO guideline uses extended-spectrum beta-lactamase (ESBL) positive for
c Dutch HRMO guideline uses carbapenemase-positive for this criterion.
d Dutch HRMO guideline uses piperacillin-resistant for this criterion.
based on microbiological and clinical criteria as described by Horan
et al. [8]. Enrolled patients had to be at least 18 years of age,
infection episodes had to be associated with admission to a clinical
acute care ward, and patients had to be treated with oral or intra-
venous antibiotics. An individual patient could be included with
several infection episodes.

For each infection episode, a control patient from the same
hospital with no evidence of Gram-negative infectionwas matched
based on a similar length of stay in the same hospital on the day of
infection onset, and similar age. For community-onset infections,
only emergency admissions were eligible for matching. A single
patient could serve as the control patient for several infection
episodes.

Considerations for the sample size, the weekly screening pro-
cedure, definitions of infection entities and index cultures, and the
procedure for matching control patients are described in detail in
the Supporting Information.

The institutional review board of the University Medical Centre
Utrecht judged that the Dutch Medical Research Involving Human
Subjects Act did not apply to this study, and a waiver for informed
consent with regard to the information presented in this manu-
script was obtained in all participating hospitals. This study formed
part of a more extensive project named GRAND-ABC, of which the
protocol is available as Supporting Information (registered at
clinicaltrials.gov under number NCT02007343).
Data collection for exposure, outcomes and confounders

Infection onset was defined at the moment at which the first
index culture was obtained. All pathogens obtained from index
cultures (defined in the Supporting Information) were considered
causative pathogens of the infection episodes, including, e.g.,
Gram-positive bacteria and yeasts. Based on antibiotic suscepti-
bility testing [9], the Gram-negative isolates were categorized as
HRMO or non-HRMO (Table 1). If at least one Gram-negative isolate
constituted an HRMO, the infection was considered an HRMO
infection. All others were categorized as non-HRMO infections.
Intravenous and oral antibiotic therapy provided on the day of
infection onset was categorized as appropriate or inappropriate
based on the susceptibility of only the Gram-negative isolates in
index cultures.
HRMO definition based on Dutch HRMO guidelines [4]

(Ceftazidime R OR cefotaxime/ceftriaxone R)b

OR meropenem Rc

OR (ciprofloxacin R AND (gentamicin R OR tobramycin R))
3/5 from:
Piperacillin þ tazobactamd R, ceftazidime R, meropenem Rc,
(gentamicin R OR tobramycin R), ciprofloxacin R
Meropenem Rc

OR (ciprofloxacin R AND (gentamicin R OR tobramycin R))
Co-trimoxazole R

lity Testing (EUCAST) clinical breakpoints [9] to minimum inhibitory concentrations
r Phoenix (BD, Franklin Lakes, NJ, USA)), and includes isolates categorized as inter-

Enterobacter/Klebsiella aerogenes, Enterobacter/Kluyvera intermedia and Enterobacter/
/Calymmatobacterium granulomatis and Klebsiella/Raoultella spp.), Morganella spp.,

this criterion.

http://clinicaltrials.gov


Fig. 1. Flow diagram of the screening process. During weekly screening sessions in
eight Dutch hospitals, Gram-negative isolates newly reported by the local microbi-
ology laboratory were consecutively reviewed until five Gram-negative infection epi-
sodes were identified for inclusion in the study. Screening took place between June
2013 and February 2016, during the course of approximately 1 year in each hospital
(Supplementary Table S1). More details of the screening process are provided in the
Supporting Information.
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The primary outcome was all-cause mortality within 30 days
after infection onset or day of matching, based on the nationwide
Personal Record Database. Secondary outcomes were length of
hospital stay (prespecified) and intensive care unit (ICU) stay after
infection onset, discharge destination and infection resolution at
14 days after infection onset. Detailed definitions of all collected
variables, including confounders, are provided in the Supporting
Information.

Statistical analysis

All statistical analyses were performed in R (version 3.6.3) [10],
with the use of packages Hmisc [11], rms [12], mice [13] and xtable
[14]. Missing data was dealt with through multiple imputation (see
Supporting Information).

Statistical modelling was performed with regard to 30-day
mortality only. The primary analysis, the parallel-cohorts analysis,
started with the creation of two separate models: one comparing
non-HRMO infections and one comparing HRMO infections to their
respective non-infected controls. Then, a risk ratio (RR) for HRMO
status was calculated by dividing the HRMO cohort-specific RR by
the non-HRMO cohort-specific RR. This procedure was performed
with and without adjustment for patient-related confounders. A
secondary analysis, the infection-cohort analysis, was performed
without reference to the matched non-infected patients. Again,
models were created with and without adjustment for patient-
related confounders, but additionally, infection-related variables
(such as infection type, pathogen and sepsis severity) were added
to evaluate their mediation of any relation between HRMO status
and mortality. Furthermore, models were created to analyse the
attributable 30-day mortality of (a) inappropriate antibiotic ther-
apy provided on the day of infection onset, and (b) acquisition of a
hospital-onset Gram-negative infection (HRMO or non-HRMO).
The Supporting Information provides a description of all model-
ling details and post hoc subgroup analyses, involving restrictions
to subgroups of infections and alternative definitions of resistance.

Results

Study patients

The sampling process resulted in inclusion of 1954 Gram-
negative infection episodes (Fig. 1, Table 2). Most infections
involved E. coli (n ¼ 1190, 61%), whereas Pseudomonas aeruginosa
was cultured in 210 episodes (11%), and 292 episodes (15%)
involved more than one Gram-negative species (Table 3). At least
one HRMO was identified in 243 (12%) infections, mostly 3GC-
resistant Enterobacterales (n ¼ 189, 78%). In six instances,
carbapenem-resistant Gram-negatives were involved, none of
which were carbapenemase-producing Enterobacterales. Bacter-
aemia was present in 758 (39%) infections. Most infections had the
urinary tract as source (n ¼ 1001, 52%), and 72 (4%) infections were
complicated by haematogenous spread, infection of prosthetic
material, osteomyelitis, and/or endocarditis.

Patients with HRMO infections had more prior healthcare
exposure (Table 4), and these infections less frequently involved
bacteraemia (Table 3). Thirty-day mortality was 10% (n ¼ 25) for
HRMO and 11% (n ¼ 190) for non-HRMO infections (Table 5). Pro-
portions of patients receiving oral or intravenous therapy on the
day of infection onset, and the day before, were comparable for
HRMO and non-HRMO infections (Table 3). However, antibiotic
therapy on the day of infection onset was inappropriate in 68%
(n ¼ 142) and 39% (n ¼ 567) of HRMO and non-HRMO infections,
respectively. Inappropriate antibiotic therapy on the day of infec-
tion onset was not associated with higher 30-day mortality
(unadjusted RR 0.83, 95% CI 0.62e1.12; adjusted RR 0.79, 95% CI
0.58e1.07; Supplementary Table S6).

Matched non-infected control patients (n ¼ 1941) had similar
age and prior length of stay, but were admitted to different wards,
had less comorbidity, and in general had less prior healthcare
exposure than infected patients (Table 4). After the day of match-
ing, their hospital staywas shorter (median 5 vs 8 days), and 30-day
mortality was lower (8% (n ¼ 160) vs 11% (n ¼ 215); Table 5).
Attributable mortality

After full adjustment for confounding variables, the relative
risks for 30-day mortality were 1.42 (95% CI 0.66e3.09) for HRMO
infections and their non-infected controls, and 1.32 (95% CI
1.06e1.65) for non-HRMO infections and their non-infected con-
trols (Fig. 2). Based on both RRs, the overall RR for 30-day mortality
associated with HRMO status was 1.08 (95% CI 0.48e2.41).

When analysing infected patients only (i.e. without controls) the
RR for 30-day mortality for HRMO infections was 0.78 (95% CI
0.50e1.21; Fig. 2) after adjustment for patient-related confounders,
and 0.94 (95% CI 0.60e1.47) after further inclusion of infection-
related mediators in the adjustment procedure (Supplementary
Table S6). Hospital-onset Gram-negative infections (both HRMO
and non-HRMO; n ¼ 554) were, compared with their non-infected
controls, associated with increased 30-day mortality (adjusted RR
1.58 with 95% CI 1.12e2.22; Supplementary Table S6). Sensitivity
analyses all showed point estimates indicating a protective effect of
HRMO infection on mortality (Supplementary Table S7).



Table 2
Distribution of characteristics among all cultures, screened cultures and index cultures

All relevant isolates
during study perioda, n (%)

Bacterial isolates
from screened
cultures, n (%)

Bacterial isolates
from index
cultures, n (%)

Material
Blood culture 4008 (8.38) 1519 (10.31) 1155 (32.59)
Urine 24,323 (50.83) 6845 (46.47) 1160 (32.73)
Lower respiratory tract 8079 (16.88) 2637 (17.90) 251 (7.08)
Fluid, pus, tissue (biopsy) 5505 (11.50) 1962 (13.32) 718 (20.26)
Swab 5186 (10.84) 1549 (10.52) 243 (6.86)
Other 754 (1.58) 219 (1.49) 17 (0.48)
Bacterial isolate
Escherichia coli 22,145 (46.28) 6705 (45.52) 1904 (53.72)
Pseudomonas aeruginosa 5835 (12.19) 1916 (13.01) 337 (9.51)
Klebsiella pneumoniae 4426 (9.25) 1389 (9.43) 346 (9.76)
Proteus mirabilis 3609 (7.54) 1079 (7.32) 232 (6.55)
Enterobacter cloacae cx. 2587 (5.41) 801 (5.44) 177 (4.99)
Acinetobacter spp. 713 (1.49) 223 (1.51) 45 (1.27)
Stenotrophomonas maltophilia 647 (1.35) 189 (1.28) 20 (0.56)
Other 7893 (16.49) 2429 (16.49) 483 (13.63)
HRMO isolate 6323 (13.21) 1972 (13.39) 390 (11.00)
Enterobacterales: carbapenem

resistant (±AG þ FQ
resistant)

90 (0.19) 26 (0.18) 2 (0.06)

Enterobacterales: 3GC resistant
(±AG þ FQ resistant)

4545 (9.50) 1435 (9.74) 300 (8.47)

Enterobacterales: AG þ FQ
resistant

1130 (2.36) 333 (2.26) 69 (1.95)

Pseudomonas aeruginosa:
multidrug resistant

492 (1.03) 165 (1.12) 18 (0.51)

Acinetobacter spp.:
carbapenem or AG þ FQ
resistant

41 (0.09) 12 (0.08) 1 (0.03)

Stenotrophomonas
maltophilia: cotrimoxazole
resistant

37 (0.08) 9 (0.06) 0 (0.00)

Total number of isolates 47,855 (100.00) 14,731 (100.00) 3544 (100.00)

Abbreviations: 3GC, third-generation cephalosporin; AG, aminoglycoside; FQ, fluoroquinolone; HRMO, highly resistant micro-organism.
a All Gram-negative isolates (listed in Table 1) with an antibiogram, from patients �18 years of age, from culture potentially indicating infection.
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Discussion

In this study, we aimed to derive a cohort of patients with Gram-
negative infections accurately reflecting patients with Gram-
negative infections admitted in Dutch hospitals, as well as a
matched cohort of non-infected control patients. Based on different
methods for quantifying the association between antibiotic resis-
tance and patient outcome we estimate that the attributable mor-
tality of antibiotic resistance in this setting is close to zero, despite a
53% lower proportion of patients with infections caused by HRMOs
receiving appropriate antibiotic therapy at the time of infection
onset.

These findings are at odds with much of the prior literature on
the attributable mortality of antibiotic resistance in Gram-negative
infections. Importantly, in this study, highly effective definitive
treatment remained available for infections caused by antibiotic-
resistant bacteria, as only two infections were caused by strains
combining carbapenem and fluoroquinolone resistance. As a result,
antibiotic resistance reduces appropriateness of empiric therapy
[15]. In settings with higher prevalence of infections caused by
pathogens with complete b-lactam resistance in combination with
fluoroquinolone resistance, both empiric and definitive therapy is
less efficacious, whichmay differently impact patient outcome [16].

Our estimate mainly reflects the attributable mortality of ESBL-
producing bacteria. Even in countries with more resistant bacteria,
this estimate bears relevance for public health, as community-
onset ESBL-producing E. coli infections greatly outnumber in-
fections caused by carbapenem-resistant strains, which are mainly
observed in hospital-acquired infections [17]. However, most esti-
mates of attributable mortality due to multidrug-resistant, yet still
treatable micro-organisms, differ from ours. For instance, two
meta-analyses and two large European multicentre studies re-
ported markedly increased mortality associated with ESBL-
producing or 3GC-resistant Enterobacterales [7,18e20]. Our find-
ings are more in line with other recent findings from a large mul-
ticentre study on Gram-negative bacteraemia, also reporting no
impact of inappropriate initial therapy on outcome [21]. Others
have also questioned the dogma of irreparable damage in case of
inappropriate initial antibiotics in infections presenting without
septic shock [22].

In theory, our finding of absence of attributable mortality due to
infections caused by ESBL-producing Enterobacterales might be the
result of local circumstances. Yet, we consider it unlikely that local
bacterial epidemiology explains heterogeneity of attributable
mortality as, to the best of our knowledge, the relevance of clones
combining increased virulence and resistance to mortality rates in
Gram-negative infection has not been convincingly demonstrated.
Factors more likely to be implicated are local case-mix and prac-
tices of treating hospitalized patients, such as differences in turn-
around times for antibiotic susceptibility results and the
subsequent adaptation of inappropriate antibiotic therapy. The
relevance of such heterogeneity should also be considered in
country-specific calculations of annual numbers of deaths due to
antibiotic resistance, as presented in a recent European study [17].
For the Netherlands, the estimate amounted to 206 deaths per year,
of which 187 reportedly occurred in patients contracting Gram-



Table 3
Characteristics of Gram-negative infection episodes

Patients with non-
HRMO infection, n/N
with data (%)

Patients with
HRMO
infection, n/N
with data (%)

Type of infection
-Bacteraemia 680/1711 (40) 78/243 (32)
-Urinary tract infection 884/1696 (52) 117/240 (49)
-Respiratory tract infection 139/1696 (8) 19/240 (8)
-Intra-abdominal infection (excl. biliary tract) 199/1696 (12) 32/240 (13)
-Biliary tract infection 130/1696 (8) 18/240 (8)
-Skin/soft tissue/wound infection (incl. mediastinitis) 196/1696 (12) 38/240 (16)
-Other infection source 80/1696 (5) 11/240 (5)
-Postoperative infection 141/1711 (8) 28/243 (12)

Causative pathogens: Gram-negativesa,b

-Escherichia coli 881/1711 (51) 116/243 (48)
-Klebsiella pneumoniae 132/1711 (8) 12/243 (5)
-Enterobacter cloacae cx. 49/1711 (3) 27/243 (11)
-Proteus mirabilis 96/1711 (6) 3/243 (1)
-Pseudomonas aeruginosa 135/1711 (8) 9/243 (4)
-Other Gram-negativeb species 181/1711 (11) 21/243 (9)
-Multiple Gram-negativeb species 237/1711 (14) 55/243 (23)

HRMO phenotype
-Enterobacterales: carbapenem resistant (±AG þ FQ
resistant)

2/243 (1)c

-Enterobacterales: 3GC resistant (±AG þ FQ resistant) 189/243 (78)
-Enterobacterales: AG þ FQ resistant 47/243 (19)
-Pseudomonas aeruginosa: multidrug resistant 9/243 (4)d

-Acinetobacter spp.: carbapenem or AG þ FQ resistant 1/243 (0)e

-Stenotrophomonas maltophilia: cotrimoxazole resistant 0/243 (0)
Causative pathogens: involvement of bacteria other than

Gram-negativesb, or yeast
456/1708 (27) 72/243 (30)

Sepsis severityf at infection onseta

-No sepsis 512/1710 (30) 74/243 (30)
-Sepsis 963/1710 (56) 133/243 (55)
-Severe sepsis 115/1710 (7) 21/243 (9)
-Septic shock 120/1710 (7) 15/243 (6)

Antibiotic treatment during the infection episode
-Receipt of antibiotic therapy prior to hospital admission 167/1710 (10) 30/243 (12)
-Receipt of antibiotic therapyg on the day prior to
infection onset

249/1466h (17) 46/210h (22)

-Receipt of antibiotic therapyg on the day of infection
onset

1176/1466h (80) 164/210h (78)

-Receipt of inappropriate antibiotic therapyi on the day of
infection onset for Gram-negative causative pathogens

567/1466h (39) 142/210h (68)

Source control performed during the admission after
infection onset

570/1711 (33) 94/243 (39)

Status of the infection episode at 14 days after infection onseta

-Patient admitted e infection resolved 183/1711 (11) 38/243 (16)
-Patient admitted e mere completion of antibiotic course 60/1711 (4) 10/243 (4)
-Patient admitted e infection ongoing 150/1711 (9) 30/243 (12)
-Patient discharged e infection resolved at discharge 290/1711 (17) 55/243 (23)
-Patient discharged e mere completion of antibiotic
course after discharge

810/1711 (47) 77/243 (32)

-Patient discharged e infection ongoing at discharge 103/1711 (6) 17/243 (7)
-Patient deceased 115/1711 (7) 16/243 (7)

3GC, third-generation cephalosporin; AG, aminoglycoside; FQ, fluoroquinolone; HRMO, highly resistant micro-organism.
a Mutually exclusive categories.
b Restricted to species listed in Table 1.
c One E. coli, and one E. cloacae cx. isolate without non-wild-type resistance to other beta-lactams or co-resistance, hence unlikely to represent true carbapenemase

producers.
d Of which four carbapenem-resistant.
e Of which none carbapenem-resistant.
f According to Sepsis-2 criteria (see Supplementary Table S4).
g In-hospital prescriptions only.
h Available for seven of eight hospitals.
i In-hospital and post-discharge prescriptions. Includes receipt of no oral/intravenous antibiotic therapy.
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Table 4
Characteristics and outcomes of patients with Gram-negative infections and non-infected control patients

Non-HRMO cohort HRMO cohort

Non-infected
control
patients, n/N
with data (%)

Patients with
Gram-negative
infection, n/N
with data (%)

Non-infected
control
patients, n/N
with data (%)

Patients with
Gram-
negative
infection, n/N
with data (%)

Patient-related confounders
Female 845/1700 (50) 825/1711 (48) 116/241 (48) 90/243 (37)
Age, median (IQR) 72 (6281) 71 (61e80) 70 (60e77) 68 (60e77)
Other bacterial infection at infection onset 361/1700 (21) 137/1446 (9) 57/241 (24) 12/204 (6)
Known colonization with an HRMO 35/1700 (2) 74/1711 (4) 10/241 (4) 68/243 (28)
Gramenegative bacteraemia during the year prior

to infection onset
14/1700 (1) 77/1711 (5) 6/241 (2) 22/243 (9)

Preceding hospital admission within 3 months
prior to infection onset

373/1695 (22) 553/1710 (32) 55/241 (23) 90/243 (37)

Admission from longeterm care facility 61/1699 (4) 90/1710 (5) 7/241 (3) 23/243 (9)
Admission type
-Via emergency ward 1364/1700 (80) 1345/1711 (79) 185/241 (77) 178/243 (73)
-Other form of emergency admission 151/1700 (9) 159/1711 (9) 19/241 (8) 20/243 (8)
-Elective admission 131/1700 (8) 176/1711 (10) 27/241 (11) 36/243 (15)
-Transfer from other hospital 54/1700 (3) 31/1711 (2) 10/241 (4) 9/243 (4)

Origin of infection
-Communityeonset, not healthcareeassociated 891/1687 (53) 660/1705 (39) 112/240 (47) 62/242 (26)
-Communityeonset, possibly healthcare
eassociated

14/1687 (1) 59/1705 (3) 0/240 (0) 6/242 (2)

-Communityeonset, healthcareeassociated 319/1687 (19) 522/1705 (31) 36/240 (15) 84/242 (35)
-Hospitaleonset 463/1687 (27) 464/1705 (27) 92/240 (38) 90/242 (37)

Length of hospital stay prior to infection onset in
case of hospitaleonset infection, median (IQR)

8 (5e14) 8 (5e14) 12 (6e21) 12 (7e26)

Hospital ward at infection onset
-Emergency ward 793/1700 (47) 733/1711 (43) 100/241 (41) 83/243 (34)
-Internal medicine 197/1700 (12) 217/1711 (13) 32/241 (13) 35/243 (14)
-Surgery or gastroeenterology 280/1700 (16) 390/1711 (23) 46/241 (19) 79/243 (33)
-Urology 33/1700 (2) 91/1711 (5) 5/241 (2) 19/243 (8)
-Pulmonary medicine 92/1700 (5) 83/1711 (5) 10/241 (4) 11/243 (5)
-ICU 43/1700 (3) 67/1711 (4) 8/241 (3) 7/243 (3)
-Other ward 262/1700 (15) 130/1711 (8) 40/241 (17) 9/243 (4)

Charlson comorbidity index, median (IQR) 1 (0e3) 2 (0e3) 1 (0e3) 2 (1e4)
Immunodeficiency 145/1700 (9) 206/1710 (12) 23/241 (10) 31/243 (13)
Solid malignancy 335/1700 (20) 507/1711 (30) 44/241 (18) 75/243 (31)
Treatment restriction in place prior to infection

onset
438/1699 (26) 423/1711 (25) 57/241 (24) 79/243 (33)

Surgical procedure during the 30 days prior to
infection onset

251/1700 (15) 325/1486 (22) 36/241 (15) 57/218 (26)

ICU stay during the 30 days prior to infection
onset

113/1700 (7) 133/1452 (9) 22/241 (9) 33/209 (16)

Receipt of prophylactic antibiotic therapy at
hospital admission

44/1699 (3) 50/1711 (3) 5/240 (2) 16/243 (7)

Outcomes
ICU stay during the admission from infection onset onwards
-No 1580/1700 (93) 1476/1711 (86) 227/241 (94) 207/243 (85)
-Already in ICU for >12 h at infection onset 33/1700 (2) 42/1711 (2) 5/241 (2) 7/243 (3)
-Already in ICU for 0e12 h at infection onset 18/1700 (1) 36/1711 (2) 2/241 (1) 2/243 (1)
-Admission to ICU within 0e12 h after infection
onset

26/1700 (2) 90/1711 (5) 4/241 (2) 18/243 (7)

-Admission to ICU >12 h after infection onset 43/1700 (3) 67/1711 (4) 3/241 (1) 9/243 (4)
-Length of hospital stay after infection onset,
median (IQR)

5 (3e9) 8 (5e14) 6 (3e12) 9 (6e16)

Discharge destination
-Home 1156/1700 (68) 993/1711 (58) 152/241 (63) 116/243 (48)
-Home with home healthcare 115/1700 (7) 255/1711 (15) 22/241 (9) 45/243 (19)
-Long-term care facility 259/1700 (15) 263/1711 (15) 46/241 (19) 50/243 (21)
-Terminal care 25/1700 (1) 36/1711 (2) 5/241 (2) 5/243 (2)
-Deceased during admission 81/1700 (5) 138/1711 (8) 6/241 (2) 21/243 (9)
-Other hospital 64/1700 (4) 26/1711 (2) 10/241 (4) 6/243 (2)

Gram-negative bacteraemia within 7e90 days
after infection onset

20/1700 (1) 54/1711 (3) 3/241 (1) 10/243 (4)

All-cause mortality within 30 days after infection
onset

145/1695 (9) 190/1709 (11) 15/241 (6) 25/243 (10)

In case of non-infected control patients, infection onset refers to the moment at which the matched infected patient has their infection onset. This point in time was also used
to categorize the (fictitious) ‘origin of infection’ for control patients. HRMO, highly resistant micro-organism; ICU, intensive care unit; IQR, interquartile range.
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Table 5
All-cause 30-day mortality

Non-HRMO cohort,
n/N within stratum
(%)

HRMO
cohort, n/N
within
stratum (%)

All episodes, n/N
within stratum (%)

Patients with Gram-negative infection
Community-onset episode 116/1239 (9.4) 17/152 (11.2) 133/1391 (9.6)
Hospital-onset episode 73/464 (15.7) 8/90 (8.9) 81/554 (14.6)
All episodes 190/1709 (11.1) 25/243 (10.3) 215/1952 (11.0)
Non-infected control patients
Community-onset episode 95/1220 (7.8) 8/148 (5.4) 103/1368 (7.5)
Hospital-onset episode 50/462 (10.8) 7/92 (7.6) 57/554 (10.3)
All episodes 145/1695 (8.6) 15/241 (6.2) 160/1936 (8.3)

In case of non-infected control patients, the distinction community-onset vs hospital-onset episode is based on the moment at which the matched infected patient has their
infection onset. HRMO, highly resistant micro-organism.

Fig. 2. Structure of the parallel matched cohort. This figure depicts the two methods
applied to derive risk ratios (RRs) comparing highly resistant micro-organism (HRMO)
to non-HRMO infections with regard to 30-day mortality. The elements of the parallel-
cohorts analysis are shown in black, and the infection-cohort analysis is shown in grey.
RRs are presented in their raw (unadjusted) form and after adjustment for patient-
related confounders (listed in Supplementary Table S6). Derivation of the models is
described in the Supporting Information. Adj, adjusted; G-, Gram-negative.
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negative infections. These numbers resulted from using an attrib-
utable mortality factor derived from studies performed in settings
not comparable to our country.

The absence of a discernible attributable mortality of resistant
pathogens does not imply that there is no burden of disease
imposed by these pathogens. Antibiotic-resistant pathogens may
not just replace their antibiotic-susceptible counterparts, but their
dissemination may in fact inflate the total number of infections
[23,24]. Furthermore, this study aimed to estimate the contribution
of resistance to mortality in the complete spectrum of Gram-
negative infections encountered in Dutch hospitals, including
mild infections. In fact, 61% of infections were non-bacteraemic,
and 20% of patients did not receive antibiotic therapy on the day
of infection onset. Our findings do therefore not exclude the pos-
sibility of attributable mortality due to resistance in subgroups of
patients. Post hoc subgroup analyses did, however, not provide
such indications for bacteraemic infections and patients with se-
vere sepsis (Supplementary Table S7). Moreover, antibiotic resis-
tance may also increase morbidity and costs. Indeed, we observed
more healthcare exposure after infections caused by resistant
bacteria (Table 4), but this may have been confounded by a pre-
existing higher demand for healthcare in this group, and may not
be attributable to antibiotic resistance.

The use of the parallel matched cohort design arguably reduces
confounding in observational studies on the impact of antimicro-
bial resistance [6,7]. Interestingly, point estimates reflecting the
attributable mortality of resistant bacteria differed considerably
between the parallel-cohorts and infection-cohort analysis,
although with largely overlapping confidence intervals (Fig. 2).
More obviously, the design allows contrasting of the impact of
resistance with the impact of infection. This is only possible for
hospital-onset infections, as for community-onset infections (72%
in this study), the most appropriate controls would be subjects
from the open population instead of hospital controls. As such, we
quantified that contracting a hospital-onset infection increases 30-
day mortality by 58%, but that antibiotic resistance does not lead to
a further increase (Supplementary Table S6).

A potential study limitation is that the cohort of infected pa-
tients was not a true random sample, as we included systematically
five infected patients per week, whereas we generalized our find-
ings to all Gram-negative infections occurring in Dutch hospitals.
Furthermore, ICU-acquired pneumonia episodes may have been
underrepresented, as sputum or tracheal aspirate from ICU patients
were not considered as proof of infection. This was also motivated
because of the current practice of routine use of Selective Digestive
Decontamination in Dutch ICUs, which hampers the distinction
between respiratory tract samples for surveillance or for clinical
reasons.

A second potential limitation is that screening and selection of
episodes may have been amenable to interobserver variability [25],
and selective inclusion conditional on HRMO status may have
occurred. For example, adjustment of antibiotic therapy to the
susceptibility results was a prerequisite for some infections. Also,
HRMO infections might represent selection of resistant flora in case
of late diagnostic culturing, or patients under increased surveil-
lance for the occurrence of infection could be overrepresented
among HRMO infections. However, bacteraemia episodes would
not be affected by these sampling issues and findings for this
subgroup were very similar.

In conclusion, we find that antibiotic-resistant Gram-negatives
for which effective second-line antibiotics are readily available do
not increase 30-day mortality, which suggests that a delay in
appropriate antibiotic therapy can be mitigated during the course
of most infections. In the context of a high-income country with
sporadically occurring carbapenem resistance, the total attribut-
able mortality due to antibiotic resistance in Gram-negatives may
be very low. Our findings emphasize the need for obtaining more
refined estimates of attributable mortality, stratified on setting and
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treatment impact of resistance, in order to quantify the national
and international burden of antibiotic resistance.
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