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CHAPTER 1

GENERAL INTRODUCTION

PART I: ANTIMICROBIAL STEWARDSHIP

Over the past decades, antimicrobial resistance has been steadily increasing. As
a consequence, the number of antimicrobials to which bacteria are susceptible
is diminishing and the demand for new antimicrobials grows. Unfortunately, the
development of new antimicrobials is stagnating, with a 90% decrease in newly approved
antibiotics over the last 30 years!. In addition, many of the new antimicrobials that have
been approved over the past years share similar targets and no new antibiotic classes
have been discovered?. One of the driving forces in the emergence and the selection of
antimicrobial resistance is antibiotic use®. Therefore, an obvious way to counteract, or at
least slow down, the rise of antimicrobial resistance is by using available antimicrobials
optimally. This effort of optimizing antimicrobial use is called antimicrobial stewardship.
The primary goal of antimicrobial stewardship is to optimize clinical outcomes while
minimizing unintended consequences of antimicrobial use, including toxicity, the
selection of pathogenic organisms, and the emergence of resistance®*. A comprehensive
systematic review and meta-analysis about the effectiveness of antimicrobial
stewardship interventions identified many different kind of interventions: audit and
feedback, education, reminders, structural changes in the working environment,
and antibiotic restriction®. Interventions that included enablement (reminders, audit
and feedback, review and recommend change) and restriction were associated with
a stronger intervention effect. On average, antimicrobial stewardship interventions
reduced unnecessary prescribing by 15% (95% confidence interval 14%-16%) and the
duration by 1.95 days (95% confidence interval 2.22-1.67)°. Importantly, this reduction
was not associated with an increase in mortality. Even though many antimicrobial
stewardship intervention studies have been published, the evidence base for which
stewardship interventions are most effective and their effect on clinical outcomes is still
weak®. Many stewardship studies are of low methodological quality, with uncontrolled
before-after studies being the most prevalent study design®. Therefore, there is a great
need to improve the methodological quality of antimicrobial stewardship studies and
for antimicrobial stewardship studies using appropriate research designs’.

PART II: COMMUNITY-ACQUIRED PNEUMONIA

Of all the antibiotics that are prescribed in hospitals, the majority is for pneumonia
(19.2%), followed by urinary tract infections (10.7%), and skin and soft tissue infections
(9%)8. Consequently, pneumonia is an appealing target for antimicrobial stewardship
interventions. Pneumonia can be classified according to where it was acquired, either
in the community (community-acquired pneumonia, CAP) or in the hospital (hospital-
acquired pneumonia, HAP). This classification is important for clinical practice because
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their aetiology and management differ. Community-acquired pneumonia (CAP) is a
lower respiratory tract infection with high morbidity and mortality, which predominately
affects elderly patients®. The most common pathogens causing CAP are Streptococcus
pneumoniae (15.9%) and Haemophilus influenzae (6.8%), but in the majority of patients
no pathogen is identified (63,4%)°. Besides bacterial pathogens, viral pathogens may
be identified in up to 23% of patients with CAP. It is difficult to reliably determine the
causative pathogen of CAP at the time of presentation. Therefore, empirical treatment
is based on the concept that the most severely ill patients require immediate broad-
spectrum treatment covering the great majority of possible pathogens while in non-
severe patients there is room to start with narrow-spectrum antibiotics and wait for
clinical response and or diagnostic test results. Hence, CAP is classified into mild,
moderate-severe, and severe CAP based on one of the available scoring systems: the
CURB-65 score, the pneumonia severity index (PSI) or the pragmatic classification®. For
patients with moderate-severe CAP (admitted to a non-1CU ward; CURB-65 score of 2; or
PSl-score 3-4) different empirical treatment options are recommended by international
guidelines. The American and British guidelines recommend beta-lactam macrolide
combination therapy or fluoroquinolone monotherapy'®, while Swedish, Danish
and Dutch guidelines recommend narrow-spectrum beta-lactam monotherapy**“.
The rationale to recommend narrow-spectrum beta-lactam monotherapy is based
on Streptococcus pneumoniae being the most common causative pathogen in CAP
and the disease severity of moderate-severe CAP patients is low enough for a “wait-
and-see” policy. Thus far, two randomised controlled trials (RCTs) have investigated
whether empirical coverage for atypical pathogens (atypical because they can not be
treated with the typical beta-lactam antibiotics: Mycoplasma pneumoniae, Chlamydia
pneumoniae, and Legionella pneumophila) improves clinical outcomes®!®>. One was
a multicenter non-inferiority RCT comparing beta-lactam monotherapy with beta-
lactam macrolide combination therapy which failed to demonstrate non-inferiority
regarding the primary outcome of clinical stability (risk difference of 7,6%, 1 sided 90%
Cl of 13% overlapping the non-inferiority margin of 8%). The other was a multicenter
cluster randomised cross-over trial comparing a strategy with preferred empirical
treatment of beta-lactam monotherapy with beta-lactam macrolide combination
therapy and fluoroquinolone monotherapy. In this study, beta-lactam monotherapy was
non-inferior to the broader regimens regarding 90-day mortality (2 sided 90% CI not
overlapping the non-inferiority margin of 3%). In addition, two randomised controlled
trials have evaluated the efficacy of narrow-spectrum beta-lactams in moderate-severe
CAP patients?®”. One RCT compared moxifloxacin to amoxicillin in patients with mild-
to-moderate suspected pneumococcal CAP*. The clinical success rate was similar in
the moxifloxacin group (173/200, 86.5%) compared to the amoxicillin group (171/208,
82.2%). The other RCT showed no difference in success rate for sparfloxacin (133/159,
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83.6%) compared to amoxicillin (144/170, 84.7%) in patients with moderate-severe
CAPY. Yet, in clinical practice the adherence to antibiotic recommendations in the CAP
guideline are low (range 30.5%-62.9%, depending on severity classification used)®.
Therefore, antimicrobial stewardship to improve the adherence to CAP treatment
guidelines is urgently needed. In addition, it is currently unknown which moderate-
severe CAP patients can be treated with narrow-spectrum antibiotics and which patients
might benefit from broader treatment.

AIMS OF THIS THESIS

The aims of this thesis are to explore the methodology of studies evaluating antimicrobial
stewardship interventions. In addition, we aim to investigate whether antimicrobial
stewardship is effective in reducing broad-spectrum antibiotic use in patient with
moderate-severe CAP without compromising patient outcomes. Lastly, we aim to explore

optimal antibiotic treatment strategies in adult patients with moderate-severe CAP.

THESIS OUTLINE

In the first part of this thesis the focus will be on the methodology of antimicrobial
stewardship. We start by describing the methodology that is currently used in
antimicrobial stewardship in a comprehensive systematic literature review (chapter 2).
In this chapter we describe various design quality features of antimicrobial stewardship
studies with the goal to identify features which limit validity and translation of research
findings into clinical practice. In addition, we identify factors associated with certain
quality features. In chapter 3 the results of the systematic review are used as a basis
for a consensus document with recommendations for the optimal study design
of antimicrobial stewardship intervention studies. This consensus document was
developed by a multidisciplinary and multinational working group using a consensus
procedure and consisted of a theoretical framework and specific recommendations to
improve study design. In chapter 4 a novel methodology called the Response Adjusted
for Days of Antibiotic Risk (RADAR) is evaluated. RADAR was proposed as a possible
new and more efficient outcome measure for antimicrobial stewardship non-inferiority
trials. We investigated the efficiency and possible disadvantages of RADAR in a post-hoc
analysis of a hon-inferiority trial in which different antibiotic strategies were compared
in moderate-severe CAP patients.
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In the second part of this thesis the focus will be on implementing an antimicrobial
stewardship intervention and the optimal antibiotic treatment of moderate-severe
community-acquired pneumonia. First, in chapter 5, we evaluate the possible influence
of confounding by indication in observational studies investigating the safety of de-
escalating antibiotic therapy. We investigated the impact of confounding by indication
by performing a simulation study embedded in a prospective cohort of CAP patients. In
chapter 6 we explore whether patients with Healthcare-associated pneumonia (HCAP),
a specific subset of CAP patients that were in recent contact with healthcare, should be
treated as CAP patients with narrow-spectrum beta-lactam monotherapy (amoxicillin)
or with broader spectrum antibiotics. In chapter 7 we investigate whether we can
identify clinical variables that can predict increased treatment efficacy of either beta-
lactam monotherapy, beta-lactam macrolide combination therapy, or fluoroquinolone
based strategies. In chapter 8 we present a narrative review on inappropriate antibiotic
therapy for lower respiratory tract infections in elderly patients. We discuss possible
antimicrobial stewardship interventions and novel rapid diagnostic techniques that
may optimize antimicrobial use in these patients. Lastly, in chapter 9 we present the
results of a multicentre stepped-wedge cluster randomised antimicrobial stewardship
intervention trial. In this trial we implement an evidence-based multifaceted intervention
bundle based on education and audit and feedback with the goal of reducing broad-
spectrum use and demonstrate that the reduction is safe for patients.
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ABSTRACT

BACKGROUND
Antimicrobial stewardship aims to optimise antibiotic use and minimise selection of
antimicrobial resistance. The methodological quality of published studies in this field is

unknown.

OBJECTIVES

Our objective was to perform a comprehensive systematic review of antimicrobial
stewardship research design and identify features which limit validity and translation of
research findings into clinical practice.

DATA SOURCES
The following online database was searched: PubMed.

STUDY ELIGIBILITY CRITERIA

Studies published between January 1950 and January 2017, evaluating any antimicrobial
stewardship intervention in the community or hospital setting, without restriction on
study design or outcome.

METHODS

We extracted data on pre-specified design quality features and factors that may
influence design choices including: (1) clinical setting, (2) age group studied, (3) when
the study was conducted, (4) geographical region and (5) financial support received.

RESULTS

The initial search yielded 17,382 articles; 1,008 were selected for full-text screening, of
which 825 were included. Most studies (675/825, 82%) were non-experimental and 104
(15%) used interrupted time series analysis, 41 (6%) used external controls and 19 (3%)
used both. Studies in the community setting fulfilled a median of 5/10 quality features
(IQR 3-7) and 3 (IQR 2-4) in the hospital setting. Community setting studies (25%,
205/825) were significantly more likely to use randomisation (OR 5.9 (95%Cl 3.8-9.2)),
external controls (OR 5.6 (95%Cl 3.6-8.5)) and multiple centres (OR 10.5 (95%ClI 7.1-
15.7)). From all studies, only 48% (398/825) reported clinical and 23% (190/825) reported
microbiological outcomes. Quality did not improve over time.

CONCLUSIONS
Overall quality of antimicrobial stewardship studies is low and has not improved over

time. Most studies do not report clinical and microbiological outcome data. Studies
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conducted in the community setting were associated with better quality. These
limitations should inform the design of future stewardship evaluations so that a robust
evidence base can be built to guide clinical practice.

INTRODUCTION

Antimicrobial resistance (AMR) is increasing globally and is a substantial threat to
human health®™. There is a clear relationship between antibiotic exposure and AMR both
in populations® and individual patients®. An estimated 30% of human antibiotic use
may be unnecessary and healthcare systems around the world are aiming to achieve
substantial reductions in unnecessary antibiotic prescribing. The term ‘antimicrobial
stewardship’ is used to describe use of antibiotics which balances the need for effective
individual treatment against the longer-term, societal impact of antibiotic use on
antibiotic resistance®. Interventions to improve antimicrobial stewardship are usually
multifaceted and include periodic or individual patient audit and feedback, decision
support, education (educational meetings, educational materials), and antimicrobial

formulary restriction®.

Recognition of the threat posed by AMR and the need to optimise antibiotic prescribing
has driven an exponential increase in the publication of studies evaluating antimicrobial
stewardship interventions over the last 20 years'®. Previous systematic reviews have
synthesised this evidence with the aim of making recommendations for practice®”-12.
These have, appropriately, considered studies with the lowest possible risk of bias but
have excluded >50% of published studies in which methodological quality falls below
Effective Practice and Organisation of Care (EPOC) criteria™®. Because the minority of
studies are of sufficient quality, many areas of practice rely on a weak evidence base!®;
conducting studies which do not inform practice is a waste of time and valuable

resources>?.

Journals are beginning to report the minimum standards for antimicrobial stewardship
studies to be published"¥; however, there remains a need for consensus on how to design,
analyse and report studies evaluating interventions to improve antibiotic prescribing. This
would optimise use of valuable resources and strengthen the evidence base in this field.
Currently, no overview exists of how antimicrobial stewardship evaluations are designed.
We conducted a systematic review of antimicrobial stewardship evaluations with the aim
of identifying areas in stewardship evaluation most in need of improvement, to increase

validity and translation of research findings into clinical practice.
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METHODS

SEARCH STRATEGY

We searched PubMed for studies evaluating antimicrobial stewardship interventions
between January 1950 and January 2017. The search strategy (appendix 1) was designed
to be as broad as possible. Inclusion criteria were: any study evaluating an antimicrobial
stewardship intervention, without restriction on the type of intervention studied and
what outcomes were evaluated. Studies were excluded if they were (1) not in English,
(2) case-reports, (3) focused mainly on HIV or (4) narrative or systematic reviews. All
studies were screened by one author (VAS, CHvW, JI, KH or IvH). In case of duplicate
publications, only the original article was included. A random selection of 700 (~4% of
total) studies were assessed by a second author (VAS, CHvW, JI, KH or IvH). Uncertainties
about the inclusion of studies was resolved by discussion.

DATA EXTRACTION

Studies fulfilling the inclusion criteria were identified by screening on title and abstract.
All selected studies then underwent full-text evaluation by one author (VAS, CHvW,
JI, KH or IvH) against the inclusion and exclusion criteria and data was subsequently
extracted using a standard data extraction template (appendix 2). Data were extracted
on study characteristics (i.e. title, authors, year of publication), design quality features,
and factors possibly associated with methodological quality. If no funding was reported
it was assumed that studies received no financial support. Authors were not contacted
in case data were missing or incomplete. A random selection of 10% of the studies were
extracted by a second author. We followed the PRISMA criteria for the reporting of
systematic reviews (appendix 3)%.

SELECTION OF QUALITY FEATURES, AND FACTORS ASSOCIATED WITH QUALITY

In February 2017 we established an international Consensus Working Group funded
by the Joint Programming Initiative on Antimicrobial Resistance (JPIAMRWG-010)
to develop recommendations on the design, analysis and reporting of antimicrobial
stewardship evaluations. The working group coordinators (VAS, CHvW, ML, ASW, MB)
invited members to the consensus group based on their expertise on antimicrobial
stewardship and/or trial methodology, ensuring that all key clinical areas (primary
care, secondary care, intensive care medicine and paediatrics) were represented.
The consensus group agreed that a review to identify areas in stewardship evaluation
most in need of improvement to increase validity and translation of research findings
into clinical practice was required. For this purpose, existing quality scores were not
applicable because these focus solely on methodological quality. The group selected

quality features and factors likely to underlie design quality and features based on plenary
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group discussion during the consensus meeting. Ten quality features were selected for
assessment: (1) randomized research design used, (2) external control group assessed,
(3) multiple centres used, (4) sustainability of the intervention sufficiently assessed
(>12 months), (5) sample size calculation reported, (6) prospective data collection,
(7) correction for confounding factors, (8) primary outcome defined and reported,
(9) clinical outcome reported, and (10) microbiological outcome reported.. Selected
factors likely to underlie design quality features were (a) the clinical setting (community
versus hospital), (b) age group studied (studies including children versus adults, or
both), (c) year when study was conducted (newer versus older studies, categorised at
approximate quintiles: 1977-2004, 2005-2010, 2011-2013, 2014-2015, 2016-2017) (d)
geographical region, and (e) financial support. The quality features and corresponding
categorizations are shown in table S1.

STATISTICAL ANALYSIS

Descriptive statistics were used to describe the quality features of included studies.
Differences stratified by subgroup were displayed using spider graphs (Microsoft Excel,
version 2010). To assess the independent relationship between factors and quality
features we performed multivariable logistic regression models with backward stepwise
selection (exit p-value >0.10), presenting odds ratios and 95% confidence intervals in
a heat map displaying the strength of the association (Microsoft Excel, version 2010).
Analyses were performed using the Statistical Package for the Social Sciences for
Windows (Version SPSS 21.0.0.0).

RESULTS

The initial search yielded 17,382 articles. After title and abstract screening, 1,008
articles were selected for full-text screening (Figure 1). Of these, 183 were excluded
leaving 825 articles for full assessment (appendix 4). Among 700 randomly selected
articles that were screened by a second author, 640/700 (91%) were excluded by both
authors, 23/700 (3.3%) were selected for inclusion by both authors, 13/700 (1.8%) were
selected for inclusion by only the first author, and 24/700 (3.4%) were selected for
inclusion by only the second author, resulting in a percentage agreement after title/
abstract screening of 95%, with a moderate interobserver agreement (Cohen’s kappa:
0.53). After discussion of the full text articles, consensus about inclusion was reached
in 99.5% (696/700) of the selected articles. From the 3.4% (24/700) studies that were
newly identified by a second author, 7/700 (1.0%) were considered correct inclusions
after discussion. Therefore, the low proportion of missed papers justified not screening

in duplicate. Among the 83 articles selected for double data-extraction by a second
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author, the percentage agreement per variable ranged from 91%-100%, with all the
quality features showing an agreement of >95%.

17382 articles screened based on
title/abstract

Excluded after title/abstract screening: 16374

1008 articles included for full-text
evaluation

Excluded after full-text evaluation: 183
No stewardship intervention (n=121)
No full-text available (n=50)

Not English (n=11)
Review article (n=1)

825 articles included for
assessment of methodological
quality

Figure 1. Flowchart of the studies included in the systematic literature review

CHARACTERISTICS OF INCLUDED STUDIES

A total of 825 studies were included, In the community setting, most studies were
multicentre (72%, 148/205) and the commonest study designs were before-after studies
without an interrupted time-series (ITS) analysis (23%, 48/205), randomised controlled
trials (14%, 28/205), and parallel cluster randomised trials (15%, 30/205)(Table 1). Among
the included studies in the hospital setting, most were single centre (84%, 519/620) and
the commonest study designs were before-after studies without an ITS analysis (59%,
365/620), before-after studies with an ITS analysis (13%, 82/620), and cohort studies
without a control group (12%, 75/620). Among the before-after studies without an ITS
analysis, the majority were single centre (86%, 352/411), and retrospective (58%, 239/411).
In the 86 (10%) cluster randomised studies a median of 28 clusters were randomised,
with 57% (49/86) randomising >20 clusters, 28% (24/86) randomising <15 clusters, 21%
(18/86) randomising <10 clusters, and 9% (8/86) randomising <5 clusters. In the hospital
setting, 13% (2/13) randomised >20 clusters, while in the community setting 65% (64/71)
randomised >20 clusters. A minority of studies were conducted in children (12%,
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101/825). Both in the community and the hospital setting, most studies did not target
a specific disease or syndrome (31%, 63/205, 55% 324/620, respectively) or specific
antibiotic class (86%, 177/205, 69% 427/620, respectively). The majority of interventions
were bundles (57%, 470/825). Commonest interventions in the community setting
included education (73%, 149/205), audit with periodic feedback (29%, 59/205), and
clinical decision support 15% (31/205). In the hospital setting, commonest interventions
included education 42% (260/620), audit and feedback on an individual patient level
(40%, 245/620), restriction (18%, 113/620), and clinical decision support (18%, 112/620).
Both in the community and hospital setting, virtually all included studies reported
process measure outcomes (99%, 818/825) (Table 2). Both in the community setting and
the hospital the most commonly reported process measures included the proportion of
patients treated with antibiotics (59%, 121/205, 21%, 131/620), costs/cost-effectiveness
(18%, 36/205, 32%, 200/620, respectively), appropriateness (17%, 34/205, 29%, 178/620,
respectively), and defined daily doses (17%, 34/205, 25%, 156/620, respectively). In the
community setting, commonest reported clinical outcomes were revisits (11%, 22/205),
clinical cure (6%,12/205), and infection (5%, 10/205), while in the hospital setting these
were mortality (32%, 302/620), length of stay (32%, 201/620), and hospital readmissions
(12%, 76/620).

Table 1. Characteristics of included studies stratified by studies performed in the community and

the hospital setting

Community (n=205) Hospital (n=620)

Study characteristics n (%) n (%)
Number of patients included (median, IQR) 1255 (278-11230) 423 (186-1398)
Number of centres involved (median, IQR) 27 (8-90) 1(1-1)
Age
Adults 64 (31) 285 (46)
Children 33(16) 68 (11)
Both 108 (53) 267 (43)
Specific disease targeted
No specific disease targeted 63 (31) 342 (55)
Upper respiratory tract infections 106 (52) 25 (4)
Lower respiratory tract infections 57 (28) 70 (11)
Bacteraemia 0(0) 42 (7)
Urinary tract infections 18 (9) 27 (4)
Prophylaxis 2(1) 39 (6)
Sepsis 0(0) 17 (3)
Skin and soft tissue infections 1(1) 8 (1)
Abdominal infections 3 10 (2)
Other 16 (8) 62 (10)
Antibiotic class targeted
No specific antibiotic class targeted 177 (86) 427 (69)
Cephalosporins 4(2) 66 (11)
Fluoroguinolones 10 (5) 54 (9)
Carbapenems 0(0) 48 (8)
Vancomycin 0(0) 31(5)
Aminoglycosides 0(0) 28 (5)
Penicillins 1005) . 1502
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Table 1 continued.

Community (n=205) Hospital (n=620)

Study characteristics n (%) n (%)
Antibiotic class targeted
Macrolides 8 (4) 5(1)
Other 17 (8) 89 (14)
Antimicrobial stewardship interventions
Education 149 (73) 260 (42)
Audit and feedback — individual patient 12 (6) 245 (40)
Audit and feedback — periodic 59 (29) 82 (13)
Restriction 13 (6) 113 (18)
Clinical decision support 31(15) 112 (18)
Rapid diagnostic testing 24 (12) 68 (11)
Therapeutic drug monitoring 0(0) 15 (2)
Guideline implementation 20 (10) 95 (15)
Delayed prescribing 9(4) 0(0)
Other 42 (20) 78 (13)
Research designs
Before-after study 48 (23) 365 (59)
Before-after study (ITS*) 22 (1) 82 (13)
Cohort without control group 6 (3) 75 (12)
Controlled before-after study 22 (11) 19 (3)
Randomised controlled trial (RCT) 28 (14) 40 (6)
Parallel cluster randomised trial 30 (15) 6 (1)
Parallel cluster randomised trial with baseline period 26 (13) 2(1)
Controlled before-after study (ITS) 7(3) 12 (2)
Non-randomised parallel cluster study 5(2) 8(1)
Factorial cluster randomised trial 7(3) 0(0)
Cluster randomised cross-over trial 2(1) 3(1)
Stepped wedge cluster randomised trial 0 (0) 1(1)
Non-randomised cluster cross-over study 0(0) 3(1)
Factorial randomised controlled trial (RCT) (1) 2(1)
Non-randomised stepped wedge study 0(0) 2(1)
Adaptive RCT 1) 0(0)

IQR: interquartile range, *ITS: interrupted time series

QUALITY FEATURES

The percentage of studies including each quality feature is shown in Table 3. Studies in
the community setting fulfilled a median of 5 quality features (IQR 3-7), while studies
in the hospital setting fulfilled 3 (IQR 2-4). None fulfilled all 10 quality features. In the
community setting 2% (4/205) fulfilled 9, 16% (33/205) fulfilled at least 8, and 35%
(72/205) fulfilled at least 7 quality indicators. In the hospital setting 1% (4/620) fulfilled 9,
3% (19/620) fulfilled 8, and 6% (37/620) fulfilled 7 quality indicators. Of note, there were
substantial differences between studies which did and did not use randomised designs
to the extent to which other quality features were present. Among the 150 randomised
studies, all used an external control group, 71% (107/150) included multiple centres,
64% (97/150) reported a sample size calculation and 96% (144/150) collected data
prospectively. In contrast, among the non-randomised studies, 12% (78/675) used an
external control group, 21% (142/675) included multiple centres, 11% (76/675) reported
a sample size calculation and 43% (288/675) collected data prospectively.
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Table 2. Outcomes reported in the included antimicrobial stewardship studies stratified by studies

performed in the community and the hospital setting

Process measure outcomes Community (n=205) Hospital (n=620)
n (%) n (%)

Costs/cost-effectiveness 36 (18) 200 (32)
Appropriateness 34(17) 178 (29)
Defined daily doses (DDD) 34 (17) 156 (25)
Proportion treated with antibiotics 121 (59) 131 (21)
Recommendation acceptance 6(3) 114 (18)
Guideline adherence 27 (13) 100 (16)
Duration of treatment 5(2) 93 (15)
Days on therapy (DOT) 6(3) 62 (10)
Time to appropriate therapy 3(1) 71 (11)
Antibiotic knowledge 17 (8) 14 (2)
None 2 5(1)
Other 58 (28) 166 (27)

Clinical outcome measures
None 144 (70) 283 (46)
Mortality 9 (4) 203 (33)
Length of stay 5(2) 201 (32)
Infection 10 (5) 75 (12)
Hospital readmission 0(0) 76 (12)
Adverse effects 5(2) 52 (8)
Revisits 22 (11) 0(0)
Clinical cure 12 (6) 27 (4)
Intensive care unit admission 0(0) 24 (4)
Hospital admission 9 (4) 0(0)
Time to clinical stability 3(1) 6 (1)
Other 16 (8) 49 (8)

Microbiological outcome measures
None 188 (92) 447 (72)
Colonization/infection resistant pathogens 17 (8) 146 (24)
Clostridium difficile infections 5(2) 62 (10)
Other 2(1) 12 (2)

Table 3. Design quality features of the included studies stratified by studies performed in the

community and the hospital setting

Quality feature Community (n=205) Hospital (n=620)
n (%) n (%)
Randomised research design 95 (46) 55(9)
External control group 129 (63) 99 (16)
Multicentre 148 (72) 101 (16)
Sample size calculation reported 77 (38) 96 (15)
Prospective data collection 144 (70) 288 (46)
Correction for confounding factors 113 (55) 157 (25)
Primary outcome defined 116 (57) 272 (44)
Clinical outcome reported 61 (30) 337 (54)
Microbiological outcome reported 17 (8) 173 (28)
Sustainability assessed (>12 months) 115 (56) 347 (56)

FACTORS ASSOCIATED WITH DESIGN QUALITY
Design quality was considerably better in almost all quality aspects of community versus
hospital setting studies (Figure S1A), with more use of randomised designs (46% vs. 9%),
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external controls (63% vs. 16%), sample size calculations (38% vs. 15%), prospective data
collection (70% vs. 46%), correction for confounding (55% vs. 25%), use of a defined
primary outcome (57% vs. 44%), and involvement of multiple centres (72% vs. 16%).
However, community setting studies less often reported clinical (30% vs. 54%) and
microbiological (8% vs. 28%) outcomes. Community setting remained significantly
associated with all these factors in multivariable models (Table 4).

Table 4. Results of stepwise backward selection of multivariable model containing all the factors
with the different design quality indicators as outcome. The colours indicate either a strong
negative association (OR<1.0) in red, or a strong positive association (OR>1.0) in green. Numbers

indicate odds ratio’s with 95% confidence intervals

Design quality indicators

Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 Model 8 Model 9 Model 10
Randomised | £t conror | SEMPIESIZe | oo e ata|  COMoUNding Primary | o o come| Microbiological | | Sustainability
design calculation correction outcome outcome assessed
Factors
Clinical setting ‘Community (n=205) 29(1.9-45) | 1.7(1.2-26) | 3.0(21-43) | 1.4(1.0-2.0)

Financial support Yes (n=385) 47(29-75) | 41(26-63) | 31(21-47) | 2.2(16-3.0) | 25(1.8-34) | 18(14-25) | 1.9(14-26) 3.0(20-43)
Age group studied** Children (n=101) 1.1(0.6-2.2) | 0.8(04-16) | 0.8(0.5-14) | 1.1(0.7-19) 10(0.6-1.6) | 0.6(0.4-1.0) 1.4(09-2.2)
Both (n=375) 06(0.4-1.0) | 06(0.4-0.9) 05(0.4-0.7) 05(0.4-0.7) 16(1.2-22)
Year study conducted*** 2005-2010 (n=160) 1.0(0.5-1.9) [ 1.1(0.6-1.9) | 25(1.3-4.8) 0.6(0.4-1.0) 09(06-15) | 21(12-37) 11(0.7-18)
2011-2013 (n=156) 05(0.3-1.1) [ 05(02-09) | 1.8(09-35) 07(0.4-1.2) 10(06-16) | 1.7(10-3.0) 16(1.0-25)
20142015 (n=173) 04(0.2-0.8) | 05(02-09) | 25(13-49) 1.1(0.7-1.8) 13(0.8-21) [ 1.2(0.7-2.2) 18(11-28)
2016-2017 (n=176) 08(0.4-15) [ 09(05-17) | 25(13-49) 1.2(0.7-19) 17(10-27) | 1.4(08-2.4) 12(0.8-18)
Geographical region**** Europe (n=260) 25(15-42) | 22(1.4-35) | 16(11-25) | 2.8(19-4.1) 11(08-15) | 1.1(0.8-16) | 09(0.6-14) | 2.0(13-3.1)
Asia (n=128) 26(1.3-50) | 24(13-44) | 11(06-20) | 17(11-2.7) 04(03-0.7) | 18(1.1-28) | 12(0.8-2.0) | 1.0(06-18)
Oceania (n=36) 16(0.6-4.2) [ 15(0.6-3.7) [ 05(0.1-14) | 1.8(0.8-3.9) 0.5(0.2-1.0) | 0.5(0.2-1.0) 09(0.4-22)
Afiica (n=29) 40(11-145) | 33(0.9-11.8) | 1.8(0.5-58) | 2.0(0.6-6.2) 09(03-2.5) | 18(0.6-53)
South America (n=17) 18(04-74) | 23(0.6-84) | 2.0(06-65) | 2.2(0.8-6.4) 1.1(0.4-29) | 11(0.4-3.0) | 1.3(04-38)

*Reference category: studies performed in the hospital setting (n=620), **Reference category: studies performed in adults (n=349), **‘Reference category: studies performed before 2005 (n=160),

***Reference category: studies performed in North America (n=368)

Strong negative association Weak association Strong positive association

From the studies that reported financial support, 20% (53/264) were industry funded,
and 84% (221/264) were publicly funded. Studies with financial support were of higher
methodological quality than studies without (Figure S1B), as they more frequently used
randomised designs (31% vs. 7%), external controls (34% vs. 8%), sample size calculations
(33% vs. 11%), prospective data collection (63% vs 43%), correction for confounding
(46% vs. 21%), a defined primary outcome (56% vs. 39%), and involved multiple centres
(46% vs. 16%). Financial support remained significantly associated with these factors in
multivariable models (Table 4). In addition, financial support increased the frequency of
reporting clinical outcomes in multivariable models. There was little change in design
quality over time, other than a decrease in the proportion of studies with prospective
data collection (77% in 1977-2004, 67% in 2005-2010, 42% in 2011-2013, 40% in 2014-
2015, 39% in 2016-2017) and an increase in studies reporting a clinical outcome (39%
in 1977-2004, 44% in 2005-2010, 44% in 2011-2013, 53% in 2014-2015, 59% in 2016-
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2017) (Figure S1D). These outcomes were significantly associated with calendar time in
multivariable models (Table 4), and sample size calculations were independently reported
more in later studies. The decrease in studies with prospective data collection is most
prominent in studies in the hospital setting (Table S2). There were no large differences
between studies performed in children versus adults (Figure S1C). Geographical region
was independently associated with randomised designs, using an external control,
prospective data collection, performing sample size calculations, reporting a primary,
clinical or microbiological outcome, and being multicentre (Table 4).

DISCUSSION

In previous systematic reviews of antimicrobial stewardship evaluations, many studies
have been excluded due to not fulfilling minimal methodological quality criteria. We
have undertaken the first comprehensive systematic review focusing on describing
quality, rather than excluding studies based on quality, to facilitate formulating
recommendations for improvement. In addition, we evaluated quality features required
for validity and translation into practice instead of focusing solely on methodological
quality. Our systematic review revealed that the design quality of antimicrobial
stewardship evaluations is low, with only a minority of studies reporting clinical and
microbiological outcome data. Design quality is considerably better in studies performed

in the community setting.

We find published evaluations provide a striking lack of evidence for the clinical and
microbiological impacts of antimicrobial stewardship interventions. The majority of
studies focus exclusively on process measures. While it is clearly essential to establish
whether an intervention is effective in changing antibiotic use, reporting clinical
outcomes is crucial to assess the safety of antimicrobial stewardship interventions
16171 The clinical outcomes reported often utilise routinely collected data, which may
explain the differences between the community and hospital setting. In particular, in the
hospital setting, commonly used clinical outcomes are mortality and length of hospital
stay®®¥! As indicated by the observed time trends, these outcomes are being used with
increasing frequency, probably because extraction of relevant data from electronic
health records is becoming more feasible. Such routinely available data are not the
most sensitive and patient-relevant outcomes. In the hospital setting, markers of early
treatment response such as clinical stability may be preferable. In the community
setting, repeat consultations, relapse of infection, and hospital admissions may be more
relevant; yet data on these outcomes are not routinely collected°-22,



PART | | CHAPTER 2

Very few stewardship studies report microbiological outcomes. This is surprising given
that reducing antimicrobial resistance is the ultimate goal of antimicrobial stewardship.
However, thisis consistent with a meta-analysis on the effect of stewardship interventions
on infection and colonisation with antibiotic-resistant bacteria and Clostridium difficile
infections that showed the literature on this topic is sparse and dominated by low quality
research’®!. Some authorities have called for stewardship evaluations to routinely include
consideration of the impact of stewardship on resistance®® but studies generally lack
power to determine this. Relationships between antimicrobial exposure and resistance
may be more efficiently established through specific mechanistic studies rather than

within stewardship evaluations.

Our analysis demonstrates that factors that would be expected to effect study design
do, whiles others do not. The contrast between the community and hospital setting is
striking in terms of the greater use of multicentre, randomised controlled designs. One
explanation could be that clusters required for cluster randomisation are more readily
available in the community setting. In contrast, clinical outcomes and microbiological
data are less readily available in the community setting. Retrospective study designs are
therefore less feasible in the community setting.

Financial support was associated with better design quality. In addition to the costs
inherent to conducting multicentre, prospective studies with longer follow-up, the
process of securing funding may drives careful consideration of study validity. Less than
half of the stewardship studies reviewed reported external funding. However, our finding
of an association between external funding and improved design quality underscore
the necessity of external funding to support appropriate implementation and robust

evaluation of antimicrobial stewardship programmes.

Our results show that there is no improvement of design quality over time, which is in
contrast to previous reports>?3. This may be explained by our evaluation and inclusion
of all studies without a pre-selection on study design, while previous reviews only
included adequate studies with interpretable data®.

In keeping with previous reports we find that the majority of antimicrobial stewardship
studies used non-randomised research designs, with before-after studies being the
most prevalent. This quasi-experimental research design is commonly used for quality
improvement projects. However, such studies are at risk from multiple forms of
biastte242¢l and the Effective Practice and Organisation of Care (EPOC) criteria strongly
discourages the inclusion of before-after studies without an ITS analysis in systematic
reviews!™®. Incorporation of properly conducted ITS analysis into before-after studies
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has the potential to robustly control for time-dependent bias®?”’ but only 20% (104/515)
of before-after studies we identified used ITS analysis. Moreover, it has been shown that
contemporary ITS analyses are often performed with an insufficient number of data

pointst.

This systematic review has several strengths. First, our comprehensive search strategy
gives a unique overview of the quality of studies evaluating antimicrobials stewardship
interventions. Second, we used the PRISMA reporting guide for systematic reviews®.
Third, the quality indicators and candidate factors were selected in a consensus
procedure as part of a Joint Programming Initiative on Antimicrobial Resistance (JPIAMR)
funded consensus group, which was selected to both include experts on the field of
antimicrobial stewardship and trial methodology. Finally, this is the first comprehensive
systematic review to determine the extent to which published antimicrobial stewardship
evaluations include quality features required for validity and translation into practice .

The limitations of our review were firstly, we only searched PubMed and excluded non-
English studies, which makes it possible that antimicrobial stewardship studies indexed
elsewhere and non-English studies were missed. However, if we compare the studies
identified by our searching strategy with the largest community and hospital stewardship
systematic reviews, only 6 studies were missed due to being indexed elsewhere and
11 due to being non-English. Therefore, this is likely to have had a minimal impact
on the total results®*?. Secondly, the screening, inclusion, and data extraction was
performed by only one investigator that could have resulted in studies being missed,
wrongly included or misclassification of the extracted data. To estimate the amount of
studies that might be missed, a proportion of the studies were screened and data was
extracted by a second author. In this second round, we showed that the percentage of
agreement was high, with a moderate interobserver agreement. Assuming that every
disagreement in included studies would have inadvertently excluded a study (1% of 700
studies reviewed twice), we may have missed a maximum of 104 inclusions in the other
studies not screened twice. In a systematic review with meta-analysis the consequence
of missing or wrongly including a single study could have a large impact on the pooled
effect estimate. However, as we did not focus on the outcome of individual studies but
rather on the design quality of many studies, given the large number of studies included,
itis unlikely that the missed studies would have changed the conclusions. And lastly, the
quality indicator definition of a primary outcome was only based on what was described
in the manuscript. It is possible that a primary outcome was defined retrospectively
based on the observed data in a proportion of the studies.
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Concerns about the methodological quality of antimicrobial stewardship studies have
been raised before, with several publications making recommendations to improve
their scientific methods®?426 However, have found no improvement in methodological
quality over time except for more frequent inclusion of sample size calculation and
clinical outcomes. Therefore, there is still a need for clear recommendations to improve
antimicrobial stewardship design quality. Recommendations for improvement should
especially consider: (1) emphasizing the importance of choosing appropriate clinical
and microbiological outcomes, (2) focusing on robust methods to evaluate stewardship
interventions in the hospital setting. Implementing these recommendations in future
antimicrobial stewardship studies will help in the optimal use of resources to determine
which stewardship interventions are most effective to change clinical practice. Building
on the work from the systematic review we established a working group of expert
investigators in this field. This systematic review identifies the limitations in design
features that are most important for validity and translation into clinical practice. The
results will be used to formulate recommendations in a white paper that will support
investigators with key design decisions, support funders assessing proposals for
stewardship studies and enhance the quality and impact of research in this crucial area.

SUPPORT STATEMENT
The presented work was supported by a grant (JPIAMRWG-010) from the Joint

Programming Initiative on Antimicrobial Resistance.

ACKNOWLEDGMENTS
Other members of the Consensus on Antimicrobial Stewardship Evaluations (CASE)
study group: S.Harbarth, B. Huttner, P. Little, J. Rodriguez-Bafio, A. Savoldi, M. van

Smeden, E. Tacconelli, J.F. Timsit, M. Wolkewitz.

Part of these data were presented at the 28th ECCMID 2018 in Madrid, Spain, 21-24 of
April 2018 (#00530).

CONFLICT OF INTEREST
The authors declare no conflict of interest.

THE QUALITY OF STUDIES EVALUATING ANTIMICROBIAL STEWARDSHIP INTERVENTIONS: A SYSTEMATIC REVIEW

REFERENCES

1. O’'Neill J. Review on Antimicrobial Resistance. Tackling Drug-Resistant Infect Glob Final Rep Recomm 2016.
https://amr-review.org/sites/default/files/160518_Final paper_with cover.pdf.

2. Goossens H, Ferech M, Vander Stichele R, Elseviers M, ESAC Project Group H, Sprenger M, et al. Outpatient
antibiotic use in Europe and association with resistance: a cross-national database study. Lancet (London,
England) 1998;365:579-87. doi:10.1016/50140-6736(05)17907-0.

3. Costelloe C, Metcalfe C, Lovering A, Mant D, Hay AD. Effect of antibiotic prescribing in primary care on
antimicrobial resistance in individual patients: systematic review and meta-analysis. Bmj 2010;340:c2096.
doi:10.1136/bmj.c2096.

4. Dyar OJ, Huttner B, Schouten J, Pulcini C, ESGAP (ESCMID Study Group for Antimicrobial stewardshiP).
What is antimicrobial stewardship? Clin Microbiol Infect 2017;0. doi:10.1016/j.cmi.2017.08.026.

5. Davey P, Marwick CA, Scott CL, Charani E, Mcneil K, Brown E, et al. Interventions to improve antibiotic
prescribing practices for hospital inpatients. Cochrane Database Syst Rev 2017;2017. doi:10.1002/14651858.
CD003543.pub4.

6. Molina J, Cisneros JM. A chance to change the paradigm of outcome assessment of antimicrobial
stewardship programs. Clin Infect Dis 2015;61:807-8. doi:10.1093/cid/civ496.

7. Wagner B, Filice GA, Drekonja D, Greer N, MacDonald R, Rutks I, et al. Antimicrobial stewardship programs
in inpatient hospital settings: a systematic review. Infect Control Hosp Epidemiol 2014;35:1209-28.
doi:10.1086/678057.

8.  Schuts EC, Hulscher MEJL, Mouton JW, Verduin CM, Stuart JWTC, Overdiek HWPM, et al. Current evidence
on hospital antimicrobial stewardship objectives: A systematic review and meta-analysis. Lancet Infect Dis
2016;16:847-56. doi:10.1016/S1473-3099(16)00065-7.

9. Ivers N, Jamtvedt G, Flottorp S, Young JM, Odgaard-Jensen J, French SD, et al. Audit and feedback :
effects on professional practice and healthcare outcomes. Cochrane Database Syst Rev 2012;6:Art. No.:
CD000259. DOI: 10.1002/14651858.CD000259. doi:10.1002/14651858.CD000259.pub3.

10. Charani E, Edwards R, Sevdalis N, Alexandrou B, Sibley E, Mullett D, et al. Behavior change strategies to
influence antimicrobial prescribing in acute care: A systematic review. Clin Infect Dis 2011;53:651-62.
doi:10.1093/cid/cir445.

11.  Ramsay C, Brown E, Hartman G, Davey P. Room for improvement: A systematic review of the quality
of evaluations of interventions to improve hospital antibiotic prescribing. J Antimicrob Chemother
2003;52:764-71. doi:10.1093/jac/dkg460.

12.  Drekonja DM, Filice GA, Greer N, Olson A, MacDonald R, Rutks |, et al. Antimicrobial stewardship in outpatient
settings: A systematic review. Infect Control Hosp Epidemiol 2015;36:142-52. doi:10.1017/ice.2014.41.

13.  Effective Practice and Organisation of Care. No Title. EPOC Resour Rev Authors 2015:http://epoc.cochrane.
org/resources/epoc-resources-.

14.  Pulcini C, Huttner A. CMI policy on antimicrobial stewardship research. Clin Microbiol Infect 2017.
doi:10.1016/j.cmi.2017.11.006.

15.  Moher D, Liberati A, Tetzlaff J ADPG. Preferred reporting items for systematic reviews and meta-analyses:



PART | | CHAPTER 2

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

the PRISMA statement. Bmj 2009.

McGowan JE. Antimicrobial Stewardship—the State of the Art in 2011 Focus on Outcome and Methods.
Infect Control Hosp Epidemiol 2012;33:331-7. doi:10.1086/664755.

Gillespie D. Use of co-primary outcomes for trials of antimicrobial stewardship interventions. n.d.
Horikoshi Y, Higuchi H, Suwa J, Isogai M, Shoji T, Ito K. Impact of computerized pre-authorization of broad
spectrum antibiotics in Pseudomonas aeruginosa at a children’s hospital in Japan. J Infect Chemother
2016;22:532-5. doi:10.1016/j.jiac.2016.05.001.

Hohn A, Heising B, Hertel S, Baumgarten G, Hochreiter M, Schroeder S. Antibiotic consumption after
implementation of a procalcitonin-guided antimicrobial stewardship programme in surgical patients
admitted to an intensive care unit: a retrospective before-and-after analysis. Infection 2015;43:405-12.
doi:10.1007/s15010-014-0718-x.

Vellinga A, Galvin S, Duane S, Callan A, Bennett K, Cormican M, et al. Intervention to improve the quality
of antimicrobial prescribing for urinary tract infection: a cluster randomized trial. CMAJ 2016;188:108-15.
doi:10.1503/cmaj.150601.

Butler CC, Simpson SA, Dunstan F, Rollnick S, Cohen D, Gillespie D, et al. Effectiveness of multifaceted
educational programme to reduce antibiotic dispensing in primary care: Practice based randomised
controlled trial. BMJ 2012;344. doi:10.1136/bm;j.d8173.

Persell SD, Doctor JN, Friedberg MW, Meeker D, Friesema E, Cooper A, et al. Behavioral interventions to
reduce inappropriate antibiotic prescribing: A randomized pilot trial. BMC Infect Dis 2016;16. doi:10.1186/
s12879-016-1715-8.

Baur D, Gladstone BP, Burkert F, Carrara E, Foschi F, Dobele S, et al. Effect of antibiotic stewardship on
the incidence of infection and colonisation with antibiotic-resistant bacteria and Clostridium difficile
infection: a systematic review and meta-analysis. Lancet Infect Dis 2017;17:990-1001. doi:10.1016/S1473-
3099(17)30325-0.

de Kraker MEA, Abbas M, Huttner B, Harbarth S. Good epidemiological practice: a narrative review of
appropriate scientific methods to evaluate the impact of antimicrobial stewardship interventions. Clin
Microbiol Infect 2017;23:819-25. doi:10.1016/j.cmi.2017.05.019.

Pulcini C, Morel CM, Tacconelli E, Beovic B, de With K, Goossens H, et al. Human resources estimates
and funding for antibiotic stewardship teams are urgently needed. Clin Microbiol Infect 2017;23:785-7.
doi:10.1016/j.cmi.2017.07.013.

McGregor JC, Furuno JP. Optimizing research methods used for the evaluation of antimicrobial stewardship
programs. Clin Infect Dis 2014;59:5185-92. doi:10.1093/cid/ciu540.

Cantey JB, Wozniak PS, Pruszynski JE, Sanchez PJ. Reducing unnecessary antibiotic use in the neonatal
intensive care unit (SCOUT): a prospective interrupted time-series study. Lancet Infect Dis 2016;16:1178—
84. doi:10.1016/51473-3099(16)30205-5.

THE QUALITY OF STUDIES EVALUATING ANTIMICROBIAL STEWARDSHIP INTERVENTIONS: A SYSTEMATIC REVIEW

SUPPLEMENT

Table S1. Definition of the design quality determinants used and corresponding categorisation if

applicable

Design quality indicator

Definition

Categorisation (if applicable)

Randomised research design

External control group

Number of centres

Sustainability of the intervention

sufficiently assessed

Sample size calculation reported

Prospective data collection

Confounding correction

Primary outcome defined
Clinical outcome reported

Microbiological outcome
reported

Allocation of the antimicrobial stewardship intervention
or comparator was random. Randomisation is defined
as control by means of random allocation at any level
(individual or cluster).

The outcome was also assessed in an external control
group without antimicrobial stewardship intervention.
External indicates that a contemporaneous cluster or
group was included in which the intervention under
study is not implemented.

Amount of centres involved in the study, either as
control or intervention.

The duration of follow-up of the cluster after the
intervention was introduced to assess the sustainability
of the intervention

A sample size calculation was performed to ensure
sufficient power for the primary outcome.

The data was prospectively collected. If not reported
we assumed the data collection to be retrospective.
The intervention effect was corrected for confounding
bias, either by randomisation, matching, stratification
or correction.

A primary outcome was clearly defined.

Any clinical outcome was reported. Clinical outcomes
include mortality, length of stay, readmissions, revisits,
etc.

Any microbiological outcome was reported.
Microbiological outcomes include CDI, colonisation or
infection with antimicrobial resistant bacteria

Randomised:

RCT, c-RCT, cx-RCT, sw-CRT
Non-randomised:

BA(with or without ITS analysis), cBA,
cohort studies, non-randomised trials
Parallel control group:

cBA, RCT, non-randomised trials,
c-RCT, cx-RCT, sw-CRT

No parallel control group:

BA, cohort studies

Single centre: 0-1 centre

Multicentre: >1 centre

Yes:

Duration of follow-up >12 months
No:

Duration of follow-up <12 months

RCT: randomised controlled trial, c-RCT: parallel cluster randomised controlled trial, cx-RCT: cluster cross-over randomised
controlled trial, sw-CRT: stepped wedge cluster randomised trial, BA: before-after study, cBA: controlled before-after study, ITS:
interrupted time-series, CDI: Clostridium difficile infection
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Table S2. Design quality features changes over time of the included studies stratified by studies

performed in the community and the hospital setting

Hospital 1977-2004 2005-2010 2011-2013 2014-2015 2016-2017
Randomised design 10% 17% 6% 6% 8%
External control 12% 20% 6% 8% 11%
Sample size calculation 8% 21% 13% 18% 17%
Multicentre 9% 14% 18% 20% 18%
Prospective data 71% 68% 37% 36% 31%
Confounding correction 24% 22% 19% 29% 30%
Primary outcome 38% 50% 37% 45% 48%
Clinical outcome 43% 51% 50% 58% 66%
Microbiological outcome 21% 38% 32% 23% 27%
Sustainability assessed 53% 50% 55% 65% 54%
Community

Randomised design 43% 47% 41% 41% 61%
External control 45% 51% 41% 45% 65%
Sample size calculation 19% 44% 35% 48% 52%
Multicentre 68% 75% 78% 69% 71%
Prospective data 89% 65% 57% 59% 74%
Confounding correction 58% 42% 54% 66% 65%
Primary outcome 53% 53% 59% 66% 58%
Clinical outcome 32% 29% 27% 31% 29%
Microbiological outcome 6% 5% 8% 17% 10%
Sustainability assessed 43% 56% 78% 55% 52%

THE QUALITY OF STUDIES EVALUATING ANTIMICROBIAL STEWARDSHIP INTERVENTIONS: A SYSTEMATIC REVIEW
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Figure S1. Design quality indicators stratified by factors: (A) community versus hospital setting, (B)
financial support versus no financial support, (C) age setting: children, adults or both, (D) old versus

new studies, (E) geographical region
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Figure S1 continued.
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ABSTRACT

SCOPE

Antimicrobial stewardship interventions and programmes aim to ensure effective
treatment while minimising antimicrobial-associated harms including resistance.
Practice in this vital area is undermined by the poor quality of research addressing both
what specific antimicrobial use interventions are effective and how antimicrobial use
improvement strategies can be implemented into practice. In 2016 we established
a working party to identify the key design features which limit translation of existing
research into practice and then to make recommendations for how future studies in
this field should be optimally designed. The first part of this work has been published

as a systematic review. Here we present the working group’s final recommendations.

METHODS

An international working group for design of antimicrobial stewardship intervention
evaluations was convened in response to the fourth call for leading expert network
proposals by the Joint Programming Initiative on Antimicrobial Resistance (JPIAMR).
The group comprised clinical and academic specialists in antimicrobial stewardship
and clinical trial design from six European countries. Group members completed
a structured questionnaire to establish the scope of work and key issues to develop
ahead of a first face-to-face meeting which 1) identified the need for a comprehensive
systematic review of study designs in the literature and 2) prioritised key areas where
research design considerations restrict translation of findings into practice. The working
group's initial outputs were reviewed by independent advisors and additional expertise
was sought in specific clinical areas. At a second face-to-face meeting the working
group developed a theoretical framework and specific recommendations to support
optimal study design. These were finalised by the working group co-ordinators and
agreed by all working group members

RECOMMENDATIONS

We propose a theoretical framework in which consideration of the intervention
rationale the intervention setting, intervention features and the intervention aims
inform selection and prioritization of outcome measures, whether the research sets out
to determine superiority or non-inferiority of the intervention measured by its primary
outcome(s), the mostappropriate study design (e.g. experimental or quasi- experimental)
and the detailed design features. We make eighteen specific recommendation in three
domains: outcomes, objectives and study design.
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CONCLUSIONS
Researchers, funders and practitioners will be able to draw on our recommendations to

most efficiently evaluate antimicrobial stewardship interventions.

BACKGROUND AND CONTEXT

Antimicrobial resistance is a rapidly growing and major threat to human health®.
Overuse of antimicrobials drives resistance at the individual® and population level®.
The term antimicrobial stewardship refers to interventions and programmes which
aim to optimise antimicrobial use; achieving effective treatment while minimising

antimicrobial-associated harms including resistance'.

Despite the large and exponentially increasing number of studies published since the
term Antimicrobial Stewardship was coined ®-7, evidence remains remarkably weak both
for what specific antimicrobial use interventions are effective (in terms of mortality,
length of stay, adverse events, resistance rates) and how antimicrobial use improvement
strategies can be implemented to deliver the desired antimicrobial use in daily clinical
practice®. A 2016 systematic review of evidence supporting key antimicrobial use
interventions (e.g. prescribing according to guidelines, de-escalation of therapy,
intravenous to oral switching) identified predominantly low-quality and highly
heterogenous supporting evidence®. The evidence around improvement strategies
is similarly weak, dominated by uncontrolled before-after studies and inadequately
performed interrupted time series analyses, mostly performed within single hospitals®?.

We recently reported a broad systematic review of antimicrobial stewardship
intervention studies which highlighted key frequent design weaknesses?”. Studies
which aim to assess effectiveness of antimicrobial use interventions are typically under
powered and fail to provide evidence on safety or even do not report clinical outcome
data at all. Improvement strategy studies are often multifaceted with inadequate
process evaluation to allow mediators of impact to be assessed®. Generally, the field
of antimicrobial stewardship research is dominated by single-centre observational and
quasi-experimental studies which fail to deal optimally with risks of different forms of
bias and that lack external validity" ®.

Building on this work we established a working group of investigators in this field which
used a consensus-building iterative process over 12 months to build a conceptual
framework and develop specific recommendations for the design of stewardship
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evaluations, which were then reviewed and amended by an expert advisory committee.
This guidance is the final result of that process and aims to support investigators when
making key design decisions and funders assessing proposals for studies of antimicrobial
stewardship interventions and hopefully enhances the quality and impact of research in

this crucial area.

METHODS

An international working group for design of antimicrobial stewardship intervention
evaluations was convened in response to the fourth call for leading expert network
proposals by the Joint Programming Initiative on Antimicrobial Resistance (JPIAMR).
The study sponsor was the UK Medical Research Council. The working group co-
ordinators (MJMB, MJL) and co-applicants (VAS, ASW and CHvW) purposively
selected an additional eight leading clinical and academic specialists in antimicrobial
stewardship and clinical trial design from six European countries (France, Germany,
Italy, the Netherlands, Spain, Switzerland and the UK) to contribute. Selection secured
input from the diversity of professionals involved in antimicrobial stewardship practice
(infection, internal medicine, intensive care medicine) and research (trial design,
statistics and qualitative research) disciplines. Consensus was sought through a nominal
group process. Group members completed a structured questionnaire to establish
the scope of work, key study designs used in antimicrobial stewardship, identify the
major limitations on different study designs and key issues to develop ahead of a first
face-to-face meeting. The group met in March 2017 and anonymised responses were
feedback to the whole group and relevant literature was presented (VAS, CHvW, MJL).
This identified the need for a comprehensive systematic review of study designs in
the literature. In parallel, in moderated small group work, candidate solutions were
proposed to address the limitations identified, and in a final round-table moderated
discussion the group prioritised four key areas where research design considerations
restrict translation of findings into practice: features of the intervention under
evaluation; appropriate selection of outcome measures; demonstration of superiority
/ non-inferiority of the intervention according to the outcome measures selected and
strategies to minimise bias within experimental and quasi-experimental study designs.
The working group’s initial outputs were reviewed by two independent advisory experts,
both senior, clinically active antimicrobial stewardship experts in different European
countries. Their input prompted widening the group to bring in additional expertise in
the field of implementation research, primary care and paediatrics. A second face-to-
face meeting the working group used the findings of the systematic review to develop a

theoretical framework through which researchers can address these four key research
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design considerations. The group proposed a series of key questions researchers can
use to highlight the major issues they need to address to arrive at an optimal design for
their specific research project. Final agreement of recommendations presented here by

all eighteen members of the working group was achieved by email.

A THEORETICAL FRAMEWORK FOR DESIGNING ANTIMICROBIAL STEWARDSHIP
EVALUATIONS

The impact of intervention design

Detailed discussion of how antimicrobial stewardship interventions are designed is
beyond the scope of this guidance. However, the design of the scientific evaluation
of an intervention depends on how that intervention was designed, and this then may
depend on a set of interdependent considerations (Figure 1a). The intervention rationale
should include its basis in theory and existing evidence. (Table 1 is a glossary of terms
used in this guidance). The existing evidence that informed the research question should
be clearly explained on an efficacy-effectiveness-implementation spectrum ®?, as these

considerations will determine how outcomes are selected and prioritized (Figure 1b).

(@

Intervention Rationale

Justification in evidence informs outcome
selection

Needs assessment data will inform
interpretation and implementation of findings

Intervention Setting

Will inform selection of sites / clusters and
feasibility of different study designs

Intervention Aims

Will be informed by the Intervention Rationale and
by the Intervention Setting (e.g. needs assessment)
Will inform selection of outcomes

Intervention Features

Will inform selection of outcomes and
of sites / clusters and may determine feasibility

of blinding
Hybrid Designs
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Research into ‘what” Research into ‘how”
ot bl — jes should be
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Figure 1. (A) Interacting considerations relating to the intervention to be evaluated and their impact
on study design. (B) An evaluation pipeline for antimicrobial stewardship intervention. Adapted

from 12,
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Table 1. Glossary of terms

Term

Explanation

Intervention rationale

Clinical setting

Intervention aim(s)

Features of the intervention

Cluster

Qutcomes of interest

Experimental design studies

Quasi-experimental design studies

Contamination

Efficacy study

Effectiveness study

Implementation Study

Mediator analyses

Superiority analysis

Non-inferiority analysis

Process Indicators

The theory and evidence behind the stewardship intervention which is to be evaluated
encompassing external factors (e.g. behavioural theory, evidence from previous
research) and the clinical setting.

The environment in which the intervention is evaluated, both physical (e.g. ICU,
emergency room, hospital type, primary care, long-term care) and practical (e.g.
prescribing practice, team structures, staffing, behaviour).

The improvement being sought (e.g. reduction in inappropriate antimicrobial
prescribing, reduction in use of specific antimicrobial classes or reduced Clostridium
difficile infection)?

The different elements which make up a multifaceted intervention (e.g. education,
decision support).

A unit representing a group of smaller components, at which an intervention is
delivered (e.g. a hospital ward representing all the doctors working in it, a group of
primary care physicians working in a practice)

The outcomes measured to determine effectiveness, safety and costs of the
intervention.

Studies which use randomisation to allocate the stewardship intervention and control,
either to individual patients/professionnals or clusters of patients/professionals.
Studies which don't use randomisation to allocate the stewardship intervention but
rather use as controls different time period(s) and/or site (s), either external (controlled
before-after studies) or internal (interrupted time series analyses, before-after studies).
Unintended exposure of patients in the control phase or cluster to some or all of the
intervention.

A study which assesses whether an antimicrobial use intervention produces the
expected result under ideal and controlled conditions.

A study which assesses whether an antimicrobial use intervention produces the
expected result under ‘real-world’ pragmatic conditions.

A study which assesses the impact of an antimicrobial use improvement strategy in
daily practice

Techniques to investigate mechanisms through which complex interventions achieve
an observed effect

An analysis which sets out to determine if the intervention or strategy being assessed is
better than comparator

An analysis which sets out to determine whether the intervention or strategy being
assessed not worse (by a prespecified amount, the non-inferiority margin) than
comparator

Measures of the care that is actually delivered to the patients (e.g., empirical regimen
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considerations will inform whether the research sets out to determine superiority or
non-inferiority of the intervention measured by its primary outcome(s) against standard
practice and the detectable effect sizes/non-inferiority margins, the most appropriate
study design (e.g. experimental or quasi- experimental) and the detailed design features.

Recommendations regarding selection of outcome measures

When assessing the impact of a stewardship intervention, researchers should aim
to consider all intended and potential unintended effects®-'>. Outcome measures
can be helpfully grouped into three domains as clinical (typically to assess safety of
an antimicrobial-sparing intervention in terms of patient outcome), microbiological
(resistance), and care-related (processes and structures of care, sometimes referred
to as quality or performance outcomes)®® (Table 2). Whether the study is primarily
assessing effectiveness, implementation or a combination of both, will determine how
outcomes are selected and prioritised, but, in general, appropriate outcome measures
should be prospectively defined from each of the three domains. It is essential to
recognise that whilst individually randomised efficacy trials aim to avoid selection
bias, the inevitably restricted populations that enter such trials can potentially lead
to generalisability bias, making extrapolation to wider populations challenging. While
stewardship studies typically assess interventions made at the cluster level, assessment
of clinical, microbiological and care related outcomes is often possible at an individual

patient level and should be included where possible to address this.

Table 2. Outcome measures in antimicrobial stewardship evaluations

Clinical outcome measures

according to guidleine)
Structure indicators Measures of the organization of the healthcare system (e.g., the availability of a
stewardship team)
Ecological assessment (of antimicrobial Measurement of burden if antimicrobial resistant organism(s) or gene(s) in the
resistance) environment or aggregated patient samples

Detailed characterization of the intervention setting is required to allow assessment of
external validity and to minimize selection bias. Stewardship interventions are typically
multifaceted and each intervention feature must be specified precisely. The same
holds for how the intervention’s impact will be determined; this will influence definition
and selection of outcomes, selection of clusters/sites and feasibility of blinding. The
intervention aims will be informed by the rationale and setting and will also be key
to selecting the primary and secondary outcomes; whether these will determine
effectiveness and safety or how implementation results change antimicrobial use and
what data are required to support translation of study findings into practice. These

Examples

Notes

Clinical cure, clinical failure, time to

clinical response, recurrence rate.

Mortality, length of stay, need for escalation of care (e.g. from
ward to high dependency or critical care), (re)Jadmission to
hospital, revisits

Patient reported outcomes (e.g. quality of life measures).

Adverse drug reactions, drug—drug interactions

Typically used to determine the safety of the intervention in
terms of patient treatment outcome.

May include microbiological evidence of clinical outcome (e.g.
microbiological cure or recurrence).

Most are directly relevant to the individual patient.

Important safety outcomes which are relatively easy to gather at
cluster-level, but may only be linked partially to the intervention
and may be a long way down the patient pathway.

Gathering relevant data may require individual consent but
could be from a subset of patients or use anonymised electronic
records.

Microbiological (resistance) outcome measures

Examples

Notes

Colonisation by antimicrobial resistant pathogens (e.g. MRSA or
multi-drug resistant (MDR) Enterobacteriaceae)

Infection by specific organisms (C. difficile, antimicrobial
resistant bacteria)

Valuable as short-term surrogate measures of antimicrobial
resistance-related harm but relevance to individual patients is
indirect through risk of antimicrobial resistant infection in the
future or through transmission.

Ecological assessments may be more feasible than individual
patient-level measurement.

Outcome directly relevant to the impact of the antimicrobial
intervention on the individual patient but uncommon and may
require long follow-up beyond that needed for clinical outomes
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Table 2 continued.
Care provision (quality or performance) outcome measures

Examples Notes

Drug use (e.g. Defined daily doses (DDD) or Days of Therapy Measurement of antimicrobial use (e.g. volume, range of agents)
(DOT) per admission or per bed-day used to determine whether the intervention has potential to
Appropriateness of treatment (e.g. proportion of prescriptions in  have an effect on clinical or microbiological outcomes (if no
accordance with guidelines) impact on process, then no clinical/microbiological impact by
Measures of intervention (e.g. recommendations given, use of definition)

clinical decision support) Can be selected to measure appropriateness of antimicrobial
Resource requirements (e.g. staff time, clinical consultations, selection

diagnostic testing) Important for health-economic analyses and assessment of
Costs measures sustainability

Important for mediator analyses.

Clinical outcomes are missing from many published stewardship studies. In fact, most
of these studies were not sufficiently powered to exclude clinically meaningful harm.
Concern that this prevents adoption of antimicrobial reduction strategies into practice
has led some to call for routine use of co-primary clinical outcomes in stewardship
evaluations®”. The working group felt that clinical outcome measures should always be
pre-specified and reported. Exceptions could be implementation studies of interventions

for which concerns over safety will not be a barrier to adoption of their findings.

Microbiological outcomes address the impact of the intervention on antimicrobial
resistance and/or rates of Clostridium difficile infection. A central rationale for
antimicrobial stewardship interventions is that reducing antimicrobial exposure should
reduce harm to a patient’s microbiome and selection for antibiotic resistance. However,
the evidence base remains sparse, and mostly of low quality, with lack of reliable pre-
intervention data a particular limitation®® 819 Incorporating assessment of colonisation/
infection by resistant organisms within a stewardship study can be challenging as
event rates are often low and the relationship between antimicrobial exposure and
resistance may be temporally distant and complicated by interactions with exposure
to resistant pathogens and infection control measures. The working group agreed that
while reductions in antimicrobial resistance should not be the primary outcome of
stewardship studies, measurement of prevalence or incidence of C. difficile infection
and of antimicrobial resistance should be included in the design where possible, and
it should be clear whether measured resistance is in relation to the infecting pathogen

and type of infection or among colonising strains.

Care provision outcome measures (sometimes called quality or performance
measures) include process indicators, prescribing behaviours, and antimicrobial use
data. These are usually relatively straightforward to obtain and are important to gather
and report since clinical outcomes can only be interpreted meaningfully if it is clear

that patient management has truly changed. Process indicators may address prescribing
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quality (e.g. guideline adherence or documentation practice) and reveal mediators of
observed results. They are particularly important in implementation research to assess
how the intervention under evaluation was actually delivered across the study (fidelity).
This allows distinction between strategies that do and do not change the behaviours
they aim to change and identification of those elements of an intervention that are
impactful and of barriers for implementation®™. Gathering appropriate qualitative data
(e.g. from service managers, care providers and patients as appropriate) will allow an
intervention’s impact on cultural aspects of antibiotic use to be evaluated. Process
outcomes are needed to assess organisational impact, of both implementation and
long-term sustainability. Sustainability assessment is particularly important when an
intervention has significant organisational-level impact through diversion of activity or
cost®??. For detailed consideration of these issues researchers should consult current
guidance on development and evaluation of complex interventions@.

TIMING OF OUTCOME MEASUREMENTS

Within each domain of outcome measure, consideration must be given to appropriate
timing depending on the nature of the intervention and population (e.g. long and short
term mortality, clinical complications during hospitalisation or after discharge). Timing
of measurement of microbiological outcomes should be considered to assess impact
on resistance including C. difficile and timing of process outcome measurements

should be considered to assess long-term sustainability.

Establishing superiority or non-inferiority

Where a stewardship study sets out to establish the effectiveness of an intervention,
incorporation of appropriate controls is essential if the results are to inform practice,
irrespective of whether an experimental or non-experimental design is used (see below).
Researchers need to decide whether their primary objective is to determine superiority
or non-inferiority of the intervention vs control.

Interventions aiming to improve treatment outcome. In some situations, a relevant
clinical benefit can be hypothesised for an intervention (e.g. an intervention that
focuses on increasing earlier targeted treatment based on test results or preventing
under-treatment) and a study assessing the effectiveness of the intervention would seek

superiority of the intervention vs. control for an appropriate primary clinical outcome.

Intervention aims to reduce antimicrobial exposure. In most situations, stewardship
interventions aim to preserve clinical outcome while reducing unnecessary antimicrobial
exposure (e.g. less inappropriate initiation of antibiotics, choice of narrower spectrum

or shorter duration) and improving quality of prescribing. As a result there is often
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some degree of real or perceived risk of patient-level harm, which may be specific
to the intervention, patient population, setting and disease. Researchers designing
effectiveness evaluations should consider what potential for patient harm would
prevent adoption of the intervention even if it were effective in reducing antimicrobial
exposure. Researchers should select appropriate secondary clinical endpoint(s) to
address this concern. Ideally in this situation the research should seek both superiority
for an appropriate process measure and non-inferiority (i.e. not qualitatively worse than
control) for a co-primary clinical outcome. The key measure to assess non-inferiority
is the non-inferiority margin, being the smallest outcome difference for which the
intervention would be considered no worse than control. The size of the non-inferiority
margin strongly influences the sample size required to demonstrate non-inferiority with
sufficient power. What margin is chosen depends on the outcome selected. The margin
needs to be small enough to exclude relevant harm, which would prevent intervention
implementation into practice. Researchers should justify the non-inferiority margin
chosen with regard to severity and frequency of the outcome in the control group
(which may, for example be affected by case-mix??.

Naturally, trials designed for demonstrating non-inferiority of clinical outcomes usually
require large sample sizes. In such trials an interim analysis of a process outcome could
be used to determine futility; if the intervention does not lead to the pursued process
change continuing that intervention may not be logical, as non-inferiority will be the

inevitable outcome.

Recognising that achieving adequate power to exclude clinically relevant non-inferiority
will not always be feasible, the group felt that researchers should at least specify and
report point estimates and confidence intervals for a single prespecified lead clinical
outcome. Bayesian analyses may be helpful to directly estimate the probability that
intervention is more than 2.5%, 5%, 7.5% etc inferior to control®®. Researchers should
also prespecify the clinical outcomes they will use to assess the safety of the intervention,
and all available clinical outcome data should be reported, in order to allow future meta-
analysis. Unavailability of data should be explained. Unplanned exploratory analyses of
clinical outcomes should be reported as such.

In studies addressing how interventions with established efficacy should be implemented,
the quantitative outcome measures will be predominantly process measures and

comparisons will seek to determine superiority of the intervention over comparator.

Sample size calculations
Studies evaluating effectiveness of an antimicrobial intervention need to be powered
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to demonstrate clinically relevant non-inferiority. In a superiority trial, detecting a large
effect with high probability is almost always possible at a feasible sample size. Whereas
demonstrating superiority only requires the confidence interval for the effect estimate
to exclude zero, regardless of its width, determining non-inferiority requires the entire
confidence interval to lie below the non-inferiority margin®. As a result, much larger
participant numbers are usually required to demonstrate non-inferiority within clinically
relevant margins which may be very small and difficult to define for outcomes such
as mortality®. This difference lies in that superiority trials tend to be powered on an
expected effect, which is often larger than what would be deemed a clinically relevant
effect, whereas non-inferiority trials need to be powered on a clinically relevant effect.
One proposed solution to this issue is the Desirability of Outcome Ranking (DOOR)/
Response Adjusted for Days of Antibiotic Risk (RADAR) approach which uses investigator
ranked composite outcomes. This approach is based on the assumption that the same
outcome with less antimicrobial exposure is desirable®®®. Yet, problems with clinical
interpretation and sensitivity to the clinical outcomes chosen have been reported®?” 29,
It remains to be determined to what extent the RADAR approach can robustly establish

the effectiveness of novel stewardship interventions.

Interrupted time series studies require enough sequential measures before and after
the intervention; the study’'s power will depend on the number of data points, their
distribution, variability, the expected strength of the intervention effect and confounding
factors such as seasonality®, and therefore there are no straightforward sample
size formulae. Researchers should consider the minimal requirements set out in the
Cochrane Effective Practice and Organisation of Care (EPOC) resources®?.

STUDY DESIGN

Stewardship interventions typically target prescribers/professionals rather than individual
patients. As a consequence, evaluations involving individual patient randomisation are
usually not possible because of contamination. Instead, intervention allocation must
be clustered (e.g. hospital, ward, primary care practice, or physician). An important
advantage of allocation at the cluster level is that it is more representative of real-
life clinical practice. It is therefore more suited to studying both antimicrobial use
interventions and antimicrobial improvement strategies rather than efficacy. Whereas
in individual patient trials, randomisation can be expected to control for confounding
bias and maximise internal validity, with cluster randomised controlled trials (cRCT),
researchers need to give careful consideration to how clusters are defined and
characterised. Clusters should be defined at the lowest level (e.g. clinical team, ward,
practice, hospital) where contamination is unlikely as this will maximise the number of

available clusters and hence study power. However, with the small number of clusters
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typically available in stewardship evaluations, randomisation cannot be relied on to avoid
imbalance between intervention and control clusters. Therefore baseline imbalances
which may influence the intervention’s impact (e.g. antimicrobial use, antimicrobial
resistance rates, infection control standards, antimicrobial stewardship structures and
processes, case-mix of patients) should be specified a priori and data on these should
be gathered for inclusion in multivariate analyses. Baseline imbalance in factors which
a strong association with outcome or that could potentially modify the effect of the
intervention can be addressed through stratified randomisation (e.g. putting clusters
into similar pairs and allocating one of each pair randomly to intervention vs control),
or use of a cross-over design (see below). Cluster characterisation is also essential to
understand any observed heterogeneity of the intervention’s effect between clusters. It
optimises external validity by allowing others to judge the representativeness for their
clinical practice and to understand the logistical challenges of implementation.

Experimental study designs (Table 3)

Three main forms of cluster-randomised design may be appropriate depending on the
intervention. As above, parallel cRCTs, in which each cluster is randomised to either the
intervention or control, minimise risk of contamination and maximise independence
of the intervention from cluster-level characteristics. In some situations, perceptions
of the intervention may influence whether clusters are willing to be randomised to
control or intervention arms and hamper participation or introduce bias. Stepped-
wedge cRCTs (swcRCTs) overcome this issue since all clusters receive the intervention
during the trial, and allow estimation of the intervention effect within each cluster.
swcRCTs can be logistically challenging to deliver since some clusters may have to
wait to introduce the intervention and exposure should be avoided. Furthermore, the
analysis of swcRCT is more complex®Y. Randomisation of time of implementation is
crucial to ensure independence of the timing of introduction from cluster-level factors.
Cross-over cRCTs offer the potential to estimate intervention effects in both directions
— i.e. introducing and withdrawing, but may not be practicable (e.g. it may not be
feasible to withdraw an educational intervention. Alternatively, the washout phase of a
cross-over study may be considered an assessment of sustainability for some forms of
intervention. Assessment of carried antimicrobial resistance in crossover designs may

need to consider the potential for resistance selection to persist.

A particular challenge with evaluation of interventions made at a cluster rather than
patient-level is intracluster correlation®?. This must be incorporated into the sample
size calculation otherwise a trial may be underpowered. Intracluster correlation is the
extent to which patients are more similar to each other within a cluster than they would
be if selected at random. The intracluster correlation coefficient (ICC) of an outcome
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is @ measure of the relatedness of clustered data by comparing the variance within
clusters (e.g. hospitals) with the variance between clusters. A high ICC means that
observations within clusters are much more similar to each other than to observations
in other clusters, while an ICC of zero means that observations within one cluster are
equally similar to each other than to observations in other clusters. In general, if the
ICC is large, research designs with cross-over are more efficient, while if the ICC is low,
parallel cluster designs are more efficient®?.

Table 3. Design recommendations for experimental evaluations antimicrobial stewardship

Interventions

Feature Recommendations
Parallel cRCTs | Stepped-wedge cRCTs Crossover cRCTs
Cluster selection Randomised implementation at the lowest level (e.g. prescriber, ward, hospital, primary care practice) at

which contamination can be minimised
Define eligibility criteria and document representativeness of included clusters with respect to system
from which they are drawn (e.g. size, case mix)

Cluster allocation and Ensure allocation concealment until Conceal timing and order of intervention / cross-over as much

randomisation, timing the intervention is implemented (as as possible

of intervention complete blinding to allocation after Timing of intervention should be determined externally and at
randomisation is often not feasible). random, where possible

Cluster balance Pursue good/excellent balance between = Good/excellent balance between clusters achieved through
clusters (e.g. matching, stratified design.

randomisation based on factors likely to
be associated with the outcome under
study). No lower limit above which
randomisation will ensure balance but
particularly problematic if there are fewer
than 20 clusters per randomised group.
Collect data to document balance
between clusters.

Blinding Consider the objectivity of the selected outcomes and the extent to which patients and assessors of
outcomes can be blinded to the cluster allocation

Outcomes Specify a primary or co-primary process outcome
Specify a co-primary clinical outcome or at minimum one lead clinical outcome, and specify and report
secondary clinical outcomes even if not powered on these
Specify and analyse outcomes in each domain — clinical, microbiological, process (quantity or quality of
antimicrobial use)
Within implementation research, process outcomes should be selected with regard to complex
intervention methodology [20] e.g. measures of fidelity, mediators and modifiers of the intended effect
and measures of organisational impact
Consider all important harms / unintended effects including ‘squeezing the balloon’ effects in which
achieving the intended reduction in antimicrobial overuse results in an unintended increase in harmful
overuse elsewhere [14, 15, 37].
Define timing of different cluster-level and individual-level outcomes

Power calculation Provide sample size calculations to demonstrate study power — for the primary / co-primary outcome(s),
and taking intra-cluster correlation into account

Analysis Adjust for secular trends (particularly for stepped-wedge cRCTs)

Selection of patients  Ensure robust consistent inclusion of patients in control and intervention clusters / phases.

for outcome Report denominators from whom included patients were selected wherever possible.

evaluation

Follow-up of patients  Timing of patient follow-up to assess patient-level outcomes should consider relevant timescales for both
effectiveness and harms

Follow-up of clusters  Consider duration of follow up both for immediate effect of the Only possible with short-
intervention and sustainability term interventions with
rapid loss of effect post
withdrawal
Reporting Report according to CONSORT criteria for cluster RCTs, stepped-wedge cRCTs, and other CONSORT

guidelines as appropriate (e.g. pragmatic trials, non-inferiority trials). Consider using the TiDier checklist to
clearly describe any behavioural intervention [38].
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Quasi-experimental study designs (Table 4)

In situations where randomisation is not feasible or ethically not acceptable (see
below), quasi-experimental, before-after-studies have the potential to deliver robust
evidence of a causal relationship between an intervention and measured outcomes
if they incorporate appropriate controls and analyses which account for time trends.
Where control is provided through comparison with centre(s) where the intervention is
not introduced, the term Controlled Before-After (CBA) study is used. Where control
is provided by use of pre-intervention observations within centres, and secular time-
trends in the outcomes are specifically accounted for, the term Interrupted Time Series
(ITS) study is used. In practice, ITS reflects a method of analysis, being used for before
and after studies and CBA, rather than a specific study type and can also be applied to
CBA studies. CBA studies which do not control for time-trends are unlikely to provide
reliable evidence, regardless of external control®®. The working group agreed that,
design of quasi-experimental evaluations of stewardship interventions must always
account for changes in time®33%. Such analyses require sufficient pre-intervention time
points to incorporate segmented regression analysis, and should consider adjustment
for autocorrelation (e.g. using ARIMA models). Such analyses should report immediate
effects on outcome and trends before and after the implementation, and assess whether
trends are non-linear®?® 3%, Furthermore the timing of intervention implementation must
be externally set to avoid the problem of regression to the mean which occurs when
sites introduce a stewardship intervention in response to deterioration in the chosen
outcome measure. Detailed guidance on conduct of Interrupted Time Series analyses
are available through EPOC®® and described in a recent review®.

Ethical considerations

Antimicrobial stewardship measures which balance immediate and individual risks
against future and societal access to effective antimicrobials raise challenging ethical
issues around intergenerational justice, global distributive justice and protection of
public health®. A key ethical issue in stewardship research is that, by gathering evidence
for safety through clinical outcome measures, the possibility of individual harm is
acknowledged. Individual patient consent may not be feasible in studies of interventions
which act on prescribers or structures such as hospitals or clinics. This may set a higher
ethical barrier than for individually randomized studies in which informed consent can
be obtained. In this situation the research design process should involve patients to
ensure that independent non-research views from the relevant patient population
about these trade-offs are heard, actively considered, and incorporated into the final
design. Additionally, researchers should be able to justify why the interventions under
examination are reasonable choices of practice which could also be made outside the

study setting. Studies in which the intervention is made at a cluster level will often still
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use individual patient data. Any requirement for individual patient consent to collect
data may lead to loss of representativeness and a biased assessment of the intervention
effect. Because consent is acquired with knowledge of the intervention, there is an
increased risk of selection bias, e.g. if investigators are more motivated to enroll patients
during the intervention period. Depending on the national regulations, in some countries
study designs can address this issue through use of de-identified or anonymous data
(e.g. through electronic patient records) of parameters collected routinely in clinical
practice without the need for individual patient consent.

Table 4. Design recommendations for quasi-experimental evaluations antimicrobial stewardship

Interventions

Feature Recommendations

Control Even in situations where randomisation is not possible (e.g. too few available clusters) allocation to
intervention or control group should be made externally if at all possible, i.e. not depending on known
factors or clinician preference
Consider trying to match controls to minimise risk of bias arising from intrinsic differences between
control and intervention groups

Timing Timing of intervention should be externally set OR if this is not possible timing must be explained and
described
Data Data from automated electronic data recording (e.g. antimicrobial use data, routine electronic patient

data) can be used retrospectively for pre-intervention data providing that collection/entry is consistent
over calendar time, otherwise all data should be collected prospectively
Measure, report and analyse any concurrent changes in case-mix, changes in methodology of outcome
assessment, and care practices

Analysis Include at least 12 monthly time points before and after the intervention to allow for anticipated secular
trends [35, 39]
Use segmented regression or ARIMA models to account for secular trends.
Include at least 100 observations per time point [39].
Check and, if necessary, correct for autocorrelation.

Outcomes See table 3

Follow-up of patients  Timing of patient follow-up to assess patient-level outcomes should consider relevant timescales for both
effectiveness and harms

Follow-up of clusters  Consider duration of follow up both for immediate effect of the intervention and sustainability

Reporting Report according to relevant recommendations; STROBE-AMS [40] or STROBE [41] and the TiDier
checklist [38], SQUIRE to describe in detail quality improvement component of study [42], TREND
statement for nonrandomized evaluations of behavioural and public health interventions [43].

KEY DESIGN DECISIONS

The consensus group considered that researchers planning antimicrobial stewardship
evaluations must make a set of key decisions (Table 5) which will ultimately determine
optimal study design. We have classified these decisions based on whether they apply to
the intervention itself, the evaluation setting, the outcomes of interest, the research
objective and type of study. Detailed explanation of the decisions are presented in
supplementary materials.
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Table 5. Key Design Decisions. A detailed explanation of the rationale and how these address

different aspects of design is set out in the supplementary materials

Question Design aspect addressed

Where does knowledge gap the study aims to address lie on a spectrum  selection and prioritisation of outcomes
between ‘what’ and 'how’ questions?

What are the risks of contamination? how clusters will be defined within the study.

Is it possible to remove the intervention after it has been implemented?  what study design will be most appropriate.

Is the intervention impact threatened by sustainability? selection and timing of study outcomes

What forms of bias threaten the validity of the study? cluster selection; feasibility of blinding; data collection
What features of the evaluation setting will impact on external validity? cluster selection; feasibility of blinding; data collection
Is it possible to blindly assess the outcome? feasibility of blinding

DISCUSSION AND CONCLUSIONS

The theoretical framework and design recommendations we present have been
developed by a diverse international working group with broad and substantial expertise
in antimicrobial stewardship research and practice. They address aspects of study design
which are crucial to translation of research into practice and will, we believe, increase
the impact of future research in this field. By drawing on wide-expertise and building
our comprehensive systematic review we consider our recommendations relevant
across diverse settings of care. Our work has some notable limitations. Although we
gave careful consideration to the breadth of expertise required on the group and sought
external advice, we did not seek lay input. We cannot discount the possibility that this
would have changed our emphasis, around patient reported outcome or experience
measures for example. Given the technical nature of our guidance we think it unlikely
this would have changed our conclusions. An inherent risk of the consensus-group
design is ‘group think’ in which members trying to reach consensus fail to critically
evaluate alternative views. To address this we sought critical evaluation by two highly
eminent international experts in this field. Although these were also, of necessity,
experts in antimicrobial stewardship research, the impact of their input on our thinking,
the breadth and seniority of expertise in our group make it unlikely we have failed to
consider major alternative viewpoints. Notwithstanding these caveats, we believe that
application of this guidance has the potential to greatly improve the quality and impact
of antimicrobial stewardship research.

SUMMARY RECOMMENDATIONS

OUTCOMES
e Researchers should determine whether their study aims to investigate, effectiveness,
or implementation (‘what or ‘how’). This will determine the priority and nature of
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outcomes.

e All antimicrobial stewardship studies should define process, clinical and
microbiological outcomes and specify a primary process outcome(s) to measure
effectiveness of the intervention.

* Unless there is pre-existing evidence that a stewardship intervention cannot or will
not compromise treatment outcome, an evaluation should attempt to pre-specify
a co-primary clinical/microbiological efficacy outcome on which the study is
adequately powered, or, at minimum, a single lead clinical outcome.

e Clinical and microbiological data documenting treatment outcome should be
collected and reported as pre-specified secondary outcomes even if the study is
not powered on them

*  Measurement of incidence of infections / colonisation due to multi-drug resistant
bacteria and infections due to C. difficile infection should be included in the design
of stewardship interventions whenever possible. Studies assessing resistance should

clarify whether this is related to the infecting pathogen or among colonisers.

OBJECTIVES

e If a relevant clinical benefit can be hypothesised for an intervention, then the
research objective should seek superiority for an appropriate primary clinical
outcome.

e If not, researchers should seek both superiority for an appropriate process
measure and ideally non-inferiority for a co-primary clinical/clinically relevant
microbiological outcome.

e Researchers should justify how the non-inferiority margin has been selected and
balanced against research costs and feasibility.

*  Where this is not possible, as a minimum, researchers should specify, and report
point estimates and confidence intervals for, at minimum, a single pre-specified
lead clinical outcome.

* In situations where the study size is determined by a co-primary non-inferiority
safety outcome, an interim futility analysis of the superiority process outcome

should be considered to confirm a relevant change in treatment/management.

STUDY DESIGN

e Cluster randomised controlled trials (including crossover and stepped-wedge
designs) are preferable to quasi-experimental before/after studies.

* The threshold for defining clusters should be as low as possible to minimise
contamination, allowing the maximum number of clusters to be studied.

* In a parallel cluster RCT, randomisation should not be relied on to control for

imbalance between study arms if the number of clusters is <20 per arm and stratified
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or matched randomisation should be considered

e Designs using within-cluster comparisons (stepped-wedge cRCT, cross-over cRCT
or quasi-experimental approaches) are indicated where there are fewer than 10
clusters per arm.

* Quasi-experimental studies should incorporate appropriate controls and analyses
to account for time trends

* In quasi-experimental studies, timing of the intervention should be externally set or
if this is not possible timing should be explained and described.

¢ Segmented regression analysis of interrupted time series studies should include
12 time points with at least 100 observations per time point before and after
the intervention to allow for anticipated secular trends and test or correct for
autocorrelation.

¢ Single centre studies using a robustly designed and analysed interrupted time
series approach including observations before and after the intervention should be

considered the lowest quality research design which willimpact on clinical practice.
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ABSTRACT

OBJECTIVES

The Response Adjusted for Days of Antibiotic Risk (RADAR)-statistic was proposed to
improve efficiency of trials comparing antibiotic stewardship strategies to optimize
antibiotic use. We studied the behaviour of RADAR in a non-inferiority trial in which a
beta-lactam monotherapy strategy (BL, n=656) was non-inferior to fluoroquinolone
monotherapy (FQL, n=888) for moderately-severe community-acquired pneumonia
(CAP) patients.

METHODS

Patients were ranked according to clinical outcome, using five or eight categories,
and antibiotic use. RADAR was calculated as the probability that the BL group had a
more favourable ranking than the FQL group. To investigate the sensitivity of RADAR to
detrimental clinical outcome we simulated increasing rates of 90-day mortality in the
BL group and performed the RADAR and non-inferiority analysis.

RESULTS

The RADAR of the BL-group compared to the FQL group was 60.3% (95% confidence
interval 57.9%-62.7%) using five and 58.4% (95% Cl 56.0%-60.9%) using eight clinical
outcome categories, all in favour of BL. Sample sizes for RADAR were 38% (250/653) and
89% (580/653) of the non-inferiority sample size calculation, using five or eight clinical
outcome categories respectively. With simulated mortality rates, loss of non-inferiority
of the BL-group occurred at a relative risk of 1.125 in the conventional analysis, whereas
using RADAR the BL-group lost superiority at a relative risk of mortality of 1.25 and 1.5,

with eight and five clinical outcome categories, respectively.

CONCLUSIONS
RADAR favoured BL over FQL therapy for CAP. Although RADAR required fewer patients
than conventional non-inferiority analysis, the statistic was less sensitive to detrimental

outcomes.
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INTRODUCTION

Antibiotic resistance is increasing and associated with prolonged hospital stay and
increased mortality and healthcare costs™?. Selection of antibiotic resistant bacteria is
facilitated through use of antibiotics®. Previous studies found high rates of inappropriate
antibiotic use in different clinical settings“-®. With antibiotic stewardship programs,
physicians aim to ensure therapeutic efficacy while limiting adverse events of antibiotic
overuse, such as the emergence of resistance, adverse drug events and costs®”. In
general, trials to evaluate antibiotic stewardship interventions are designed to show
an increase in appropriate antibiotic use without compromising clinical outcome,
frequently using a non-inferiority design. However, non-inferiority trials may suffer from
analysis of suboptimal or subjective clinical outcomes, such as “clinical cure”’, and are
frequently underpowered to demonstrate non-inferiority for objective clinical outcomes
such as mortality®. Also, comparing benefit and harm can be difficult, for example when
an intervention decreases antibiotic use at the cost of more complications. Finally, non-
inferiority trials usually require large numbers of subjects and choosing the optimal
non-inferiority margin may be subjective and may lead to discussion after completion
of the trial®%.

In search for a better method to compare strategies to optimize antibiotic use, which is
often pursued by antibiotic stewardship interventions, the Response Adjusted for Days
of Antibiotic Risk (RADAR) statistic was proposed®!. For its computation, patients are
first classified based on mutually exclusive, hierarchical levels corresponding to clinical
outcome of the patient, e.g. complication free survival, survival with complications and
mortality. Within each clinical outcome category, patients are subcategorized according
to their level of antibiotic use. All patients are then ranked according to their category,
where patients with a better clinical outcome, receiving less antibiotics or antibiotics with
a narrower antimicrobial spectrum have a more favourable rank. Theoretically, through
this ordinal classification, patients with a worse clinical outcome always have a lower
ranking, while within outcome categories, appropriateness of antibiotic prescription
determines the ranking. In the analysis, the distributions of the rankings pre and post
antibiotic stewardship intervention are compared by combining clinical outcomes
and antibiotic use, RADAR allows to analyse antibiotic stewardship interventions as
superiority instead of non-inferiority trials, thereby requiring a smaller sample size*1?!,
However, RADAR also may have disadvantages, for example: choosing the components
of the hierarchical clinical categories is subjective, RADAR results in a percentage which
is difficult to interpret and it is uncertain whether clinical safety can be demonstrated
with the reduced sample size™**. Therefore, RADAR needs to be evaluated with real-life
clinical trial data. For this purpose, we used data from a non-inferiority trial of empirical
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antibiotic treatment strategies in patients with community-acquired pneumonia (CAP)
admitted to non-intensive care unit (non-ICU) wards®. We study the application of
RADAR in comparison to the conventional non-inferiority analysis to determine the
sensitivity to choices in the analysis by (1) calculating RADAR with different clinical
outcome categories and different levels of antibiotic use, (2) quantifying the effect of
sample size on the certainty of the outcome with both methods, and (3) determining
the sensitivity of RADAR to lose superiority and the conventional analysis to lose non-
inferiority to increasing worse clinical outcomes by simulations.

METHODS

DATA COLLECTION

The Community-Acquired Pneumonia — Study on the Initial Treatment with Antibiotics
of Lower Respiratory Tract Infections (CAP-START) was performed between February
2011 and August 2013 in 7 hospitals in the Netherlands*>*®. |n the CAP-START trial,
patients above 18 years of age who were admitted to a non-ICU ward for suspicion of
CAP were eligible for study participation. CAP-START was a cluster-randomised cross-
over trial. Hospitals participating in the trial were assigned to beta-lactam monotherapy
(BL), beta-lactam with a macrolide (BLM), or fluoroquinolone monotherapy (FQL) as
preferred empiric treatment strategies for a 4 months period in randomised order without
washout periods. Physicians in the participating hospitals were repeatedly reminded of
the current antibiotic strategy by local investigators with the use of newsletters and
presentations to ensure strategy adherence. Deviation from the assigned treatment or
subsequent change was allowed when medically indicated. Depending on the study
arm, adherence to the strategy varied between 70 to 80%. The primary outcome of the
CAP-START trial was that an empiric treatment strategy of BL was non-inferior to BLM
and FQL on 90-day mortality. The study was approved by the ethics review board of the
at the University Medical Center Utrecht (reference number 10/148). Written informed
consent for data collection was obtained within 72 hours after admission.

CLINICAL OUTCOME RANKINGS

For the current post-hoc analysis we compared the BL group to the FQL group,
considering the latter as the control group with a high proportion of patients receiving
antibiotics covering atypical pathogens. Implementing BL was considered the antibiotic
stewardship intervention aiming to reduce the use of atypical coverage. Clinical outcome
categories were constructed, in accordance with RADAR recommendations, with either
two, five, or eight mutually exclusive hierarchical levels for clinical outcome (Table 1)™.

RADAR is not intended to be used with a simple binary clinical outcome ranking™!.
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Table 1. The constructed clinical outcome categories based on two, five and eight mutually

exclusive hierarchical levels and corresponding ranks.

Clinical outcome categories

Ranking Two Five Eight
Rank 1 - Survival (day 90) - Survival (day 90) - Survival (day 90)

- Discharge <7 days - Discharge <7 days

- No ICU admission - No ICU admission

- No septic shock - No septic shock

- No gastro-intestinal side-effects
- No cardiovascular complications

Rank 2 - Death (90 day) - Survival (day 90) - Survival (day 90)
- Discharge >7 days - Discharge <7 days
- No ICU admission - No ICU admission
- No septic shock - No septic shock

- Gastro-intestinal side-effects
- No cardiovascular complications

Rank 3 - - Survival (day 90) - Survival (day 90)
- Any discharge day - Discharge >7 days
- ICU admission - No ICU admission
- No septic shock - No septic shock

- No gastro-intestinal side-effects
- No cardiovascular complications

Rank 4 - - Survival (day 90) - Survival (day 90)
- Any discharge day - Discharge >7 days
- ICU admission - No ICU admission
- Septic shock - No septic shock

- Gastro-intestinal side-effects
- No cardiovascular complications

Rank 5 - - Death (day 90) - Survival (day 90)
- Any discharge day - Any discharge day
- Yes/no ICU admission - No ICU admission
- Yes/no septic shock - No septic shock

- Yes/no gastro-intestinal side-effects

- Cardiovascular complications
Rank 6 - - - Survival (day 90)

- Any discharge day

- ICU admission

- No septic shock

- Yes/no gastro-intestinal side-effects

- Yes/no cardiovascular complications
Rank 7 - - - Survival (day 90)

- Any discharge day

- ICU admission

- Septic shock

- Yes/no gastro-intestinal side-effects

- Yes/no Cardiovascular complications
Rank 8 - - - Death (day 90)

- Any discharge day

- Yes/no ICU admission

- Yes/no septic shock

- Yes/no gastro-intestinal side-effects

- Yes/no Cardiovascular complications

We only use the 2-category RADAR to illustrate the behaviour of RADAR in response
to the amount of clinical categories used. Categories of antibiotic use were defined
either as receipt of any atypical coverage (less favourable ranking) at any time during
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hospitalization versus no atypical coverage (more favourable ranking), or as the number
of in-hospital days on atypical coverage (more days equals less favourable ranking).
Atypical coverage was defined as antibiotic treatment with azithromycin, erythromycin,
clarithromycin, moxifloxacin, levofloxacin, doxycyclin or ciprofloxacin. RADAR is a rank-
order statistic which reflects the probability that a randomly selected patient assigned to
the intervention group (here the BL group) has a more favourable ranking compared to
a randomly selected patient from the control group (here the FQL group)®. A RADAR-
statistic of 50% implies that the BL and FQL group are equally ranked, <50% indicates that
either the clinical outcome is worse and/or the antibiotic use is higher (more atypical
coverage) in the BL group and >50% indicates that either the clinical outcome is better
and/or the antibiotic use is lower (less atypical coverage) in the BL group. Two thousand
bootstrap samples were generated to estimate 95% confidence intervals for the RADAR-
statistic*/, Statistical significance was declared when the confidence interval did not
overlap a predefined clinically relevant value (55% as proposed by Evans et al.). For
simplicity of illustration, cluster effects arising from the cluster-randomized design of
the study were ignored in the calculation of RADAR; the intra-cluster correlation for 90-
day mortality was estimated to be 4.5E-7 and is therefore negligible!®®. All analyses were
performed using R software, version 3.0.2 (R Project for Statistical Computing)®..

EFFECT OF SAMPLE SIZE ON NON-INFERIORITY ANALYSIS FOR MORTALITY

The CAP-START trial was designed to demonstrate non-inferiority on day-90 mortality,
with a predicted mortality rate of 5%, a non-inferiority margin of 3%, a one-sided alpha
of 0.05, a power of 80%, and negligible intra-cluster correlation, yielding a required
sample size of 650 per study armi®3¢ The observed day-90 mortality rate was 10%.
When re-estimating the sample size assuming 10% mortality, the required sample size is
1126 per study arm. The required sample size for RADAR was calculated to demonstrate
a probability of at least 55% that a patient assigned to the BL group had a more favourable
ranking than a patient assigned to the FQL group with a two-sided alpha of 0.05 and a
power of 80%. The RADAR sample size was calculated using a Wilcoxon-Mann-Whitney
test both with the predicted mortality of 5% and the observed mortality of 10%. For
the sample size calculation using the observed mortality, the RADAR rank distributions
were determined with the clinical outcomes and antibiotic use as observed in the CAP-
START trial (Table 2). For the sample size calculation with the predicted mortality, we
assumed that the distribution of remaining clinical outcomes and antibiotic use of
the patients was the same as observed. Sample size calculations were confirmed with

power simulations (results not shown).

To assess the impact of reduced RADAR sample size on non-inferiority of clinical

outcome, we analysed the risk difference of 90-day mortality and corresponding 90%
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confidence intervals (one sided test with alpha 0.05) if the amount of patients required

for the RADAR analysis were included in the trial.

Table 2. Distribution of rankings* in the BL period compared to the FQL period with either two or

five clinical outcome categories.

Two clinical Five clinical outcome categories Eight clinical outcome
outcome categories categories
Rank  Anyatypical BL FQL BL FQL BL FQL
coverage N(%) N(%) N(%) N(%) N(%) N (%)
1 - 366 (56.0) 80 (9.0) 232 (35.5) 48 (5.4) 220 (33.6) 44 (5.0)
+ 229 (35.0) 729 (82.2) 116 (17.7) 445 (50.2) 109 (16.7) 423 (477)
2 - 36 (5.5) 12 (14) 134 (20.5) 32(3.6) 8(1.2) 3(0.3)
+ 23(3.5) 66 (74) 104 (15.9) 275 (31.0) 6(0.9) 13 (1.5)
3 - - - 0(0.0 0(0.0) 106 (16.2) 26 (2.9)
+ - - 6(0.9) 8(0.9) 87 (13.3) 234 (26.4)
4 - - - 0(0.0) 0(0.0) 8(1.2) 4(0.5)
+ - - 3(0.5) 1(0.1) 6(0.9) 8(0.9)
5 - - - 36 (5.5 12 (14) 24 (3.7) 3(0.3)
+ - - 23(3.5) 66 (7.4) 12 (1.8) 27 (3.0)
6 - - - 0(0.0) 0(0.0)
+ - - 6(0.9) 8(0.9)
7 - - - 0(0.0) 0(0.0)
+ - - 3(0.5) 1(0.0)
8 - - - 36 (5.5) 12(14)
+ - - 23(3.5) 66 (74)

* The definitions of the clinical outcome categories are shown in table 1.

SENSITIVITY OF RADAR-STATISTIC AND THE NON-INFERIORITY ANALYSIS FOR
CLINICAL OUTCOME

The sensitivity of RADAR and the non-inferiority analysis for clinical outcome was
tested by simulating increased mortality in the BL-group. In each simulation, a random
selection of patients from the BL-group were reclassified to the “death within 90 days”
clinical outcome category. Simulations were repeated 2000 times. The simulated
RADAR for five and eight clinical categories, and the mortality risk differences between
BL and FQL were plotted against the simulated relative risk of mortality. To determine
the sensitivity of the statistics for clinical outcome, we used the simulated relative risk at
which superiority (for RADAR) or non-inferiority (for the conventional analysis) was lost.
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RESULTS

RADAR OUTCOME OF THE CAP-START TRIAL

From the 2,283 patients included in the CAP-START study, 656 were assigned to BL
and 888 to FQL. When defining antibiotic use as 'any atypical coverage’, the RADAR of
the BL-group compared to the FQL group was 71.5% (95% confidence interval 69.2%-
73.7%) using two clinical outcome categories, 60.3% (95% confidence interval 57.9%-
62.7%) using five clinical outcome categories, and 58.4% (95% confidence interval
56.0%-60.9%) using eight clinical outcome categories, all in favour of BL (Figure 1). The

RADAR-statistics were comparable when using ‘days of atypical coverage’ (Figure 1).
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Figure 1. RADAR outcome of the CAP-START trial with two, five or eight clinical outcome categories
and with antibiotic use defined as either any atypical coverage during hospitalization or days of

atypical coverage received.

EFFECT OF SAMPLE SIZE ON NON-INFERIORITY ANALYSIS OF MORTALITY

The calculated required sample size for RADAR using five clinical categories to
demonstrate superiority with the lower bound of the confidence interval above 55% was
250 patients per study arm, i.e. 38% of the non-inferiority sample size of the original CAP-
START study using the predicted 5% mortality or 360 patients per study arm, i.e. 32% of
the non-inferiority sample size using the observed 10% mortality and a non-inferiority
margin of 3% (Table 3). The required sample size for the RADAR-analysis using eight
clinical categories was 580 per study arm, i.e. 89% of the non-inferiority sample size using
the predicted 5% mortality or 875 per study arm, i.e. 78% of the non-inferiority sample
size using the observed 10% mortality. Based on the RADAR sample size calculation with
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five clinical outcome categories and the predicted 5% mortality, 250 patients per study
arm, or 500 consecutive patients enrolled which would yield a risk difference in 90-day
mortality of -0.21% (-4.1% to 3.6%, 90% confidence interval). The required sample size
with eight clinical outcome categories would correspond to 580 patients per study arm,
which would result in a risk difference of -0.06% (-2.6% to 2.4%, 90% confidence interval).
The corresponding power to demonstrate non-inferiority would be 45.7% when using
five clinical outcome categories and 75.8% using eight clinical outcome categories. This
demonstrates that, when using five clinical outcome categories, RADAR would allow
a marked reductions in sample size but the method would have insufficient power to
demonstrate non-inferiority on 90-day mortality. In contrast, when using eight clinical
outcome categories, RADAR requires a similar sample size and consequently would have
similar power to demonstrate non-inferiority on 90-day mortality.

Table 3. Estimated required sample size per study arm for RADAR and the non-inferiority design

RADAR Non-inferiority
5 clinical outcomes 8 clinical outcomes

Predicted clinical outcome/observed antibiotic use 250 580 653

Observed clinical outcome/ observed antibiotic use 360 875 1126

SENSITIVITY OF RADAR-STATISTIC AND THE NON-INFERIORITY ANALYSIS FOR
CLINICAL OUTCOME

By simulating increased mortality in the BL-group, RADAR remained statistically
significant above the 55% threshold up to an increased relative risk of death of 1.5 in
the analysis with five clinical outcome categories and up to an increased relative risk
of death of 1.25 in the analysis with eight clinical outcome categories (Figure 2). Thus,
in spite of this marked increase in mortality in the BL group, RADAR continued to show
a favourable outcome for BL. In contrast, the conventional non-inferiority approach
already failed to demonstrate non-inferiority after the first step increase of the relative
risk of death at a level of 1.125.
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Figure 2. Relation between a simulated increase in mortality and the RADAR-statistic or non-

inferiority. The definition of the five and eight clinical outcome categories are defined in table 1.

DISCUSSION

Application of the recently proposed RADAR on data from a multicentre cluster
randomized trial, designed to demonstrate non-inferiority of a strategy of BL for 90-
day all-cause mortality in patients with moderate-severe CAP, revealed a significantly
more favourable ranking in the BL group compared to the FQL group. In our study, the
value of RADAR was shown to be strongly influenced by the number of clinical outcome
categories used but not to the number of categories for antibiotic use. Despite the
favourable RADAR outcome, we showed that the obtained value of RADAR varies with
the number of clinical outcome categories chosen in the design phase. The performed
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sample size calculations show that RADAR may require fewer than the conventional
non-inferiority analysis. However, RADAR and the reduced sample size showed to be
insensitive to detecting worse clinical outcomes.

The positive RADAR confirm the absence of differences in clinical outcomes with
substantially reduced atypical coverage when using the BL strategy™®®. However, we
consider interpretation of RADAR as difficult. While we observed no differences in
clinical outcome in the CAP-START trial, the statistic was substantially higher using
two clinical categories as compared to five or eight clinical categories. Furthermore,
a RADAR-statistic >50% should indicate that the clinical outcome is better and/or that
antibiotic use has improved (i.e. shorter duration of antibiotic use, less broad-spectrum
antibiotic use, depending on the definition of antibiotic exposure chosen for RADAR).
However, the simulations with increasing mortality rates in the BL strategy revealed that
positive RADAR-statistics can still be found in the setting of a worse clinical outcome.
In addition, RADAR represents the probability of more favourable ranking, without

quantification of intervention effectiveness.

Our findings demonstrate that the construction of the clinical outcome categories with
the hierarchical levels needs to be considered carefully, as it influences both the sample
size calculation and the number of predefined clinical outcome categories directly
determined the value of RADAR. The latter can be explained by a reduced contribution
of antibiotic use to RADAR when more hierarchical levels are used. In the extreme case,
if the resolution of clinical outcome is infinite, every patient would get its own clinical
outcome category, negating the effect of antibiotic use completely, as this only affects
patients that are at the same clinical outcome category. As a result, the value of RADAR
can be influenced by choosing the amount of clinical outcome categories. In addition,
there is large variability in the definition of antibiotic use. This makes comparison of
RADAR-statistics between studies only possible if the same ranking categories and
definition of antibiotic use have been used. Also, it may be difficult to identify the most
appropriate outcome categories beforehand. Incorrectly adding or missing clinical
outcomes has direct consequences for the primary endpoint of the study through the
number of clinical outcome categories used.

An attractive argument to adopt RADAR would be a required lower sample sizel'tl
When comparing the calculated required sample size of RADAR to the original sample
size required for the classical non-inferiority design of CAP-START, there was a 61%
reduction in required sample size when using five clinical outcome categories but only
a 11% reduction when using eight clinical outcome categories. However, as RADAR
is a composite endpoint, separate analysis of clinical outcomes is still required to
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ensure safety of the reduction in antibiotic use, and a lower sample size results in less
confidence of safety to the intervention for clinical outcome®. This was illustrated by
the simulated trial analysis with the lower RADAR sample size, that did not allow the
conclusion of non-inferiority for 90-day mortality when the RADAR method required a
marked lower sample size, as was the case when using five clinical outcome categories.
We, therefore, concur with others that RADAR should not be used as the main criterion

to determine the required sample size*34,

Strengths of the current analysis include the application of the CAP-START trial,
constituting real-life trial data, to evaluate RADAR. The design of the CAP-START
trial is very suitable to evaluate the RADAR method, as the randomized antibiotic
strategies allowed for deviation. This resembles daily practice of antibiotic stewardship
interventions where deviations from a proposed strategy are frequently justified. Also,
the sample size calculations were performed using both the estimated and the actual
clinical outcomes and antibiotic use as found in the CAP-START study. However, the
RADAR sample size calculation was performed using only observed non-mortality
outcome data. The RADAR sample size using predicted outcomes might have been
different due to uncertainty in expected outcomes. Other strengths include the
completeness of data collection and the sample size allowing comparison between a
conventional non-inferiority and RADAR.

A limitation of the current analysis is that we did not adjust for clustering in the sample
size calculations and in the calculation of RADAR. Due to the cross-over design, the
intra-cluster correlation of 90-day mortality was negligible in this study, therefore, the
impact of not adjusting for clustering was expected to be minimal®®. However, the
intra-cluster correlation of antibiotic use could be higher and taking this into account
might have resulted in a higher required sample size for the RADAR method. Another
limitation is that clinical outcome categories were defined post-hoc, as this was a
post-hoc analysis. However, different outcome categories would not have influenced
the conclusion regarding sensitivity to the number of clinical outcome categories and

detrimental outcome.

To conclude, we present the application of the novel RADAR methodology to compare
strategies to optimize antibiotic use on a previously conducted non-inferiority trial.
RADAR inventively combines clinical outcome with antibiotic use as a composite
endpoint on a patient level. However, we believe that it should not replace non-
inferiority of patient-relevant clinical endpoints as the primary analysis. Therefore, we
recommend that mortality is used for sample size calculations (as this endpoint requires

the largest number of patients) and that mortality and an appropriate antibiotic use
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outcome are reported as the two primary endpoints in antibiotic stewardship trials.
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ABSTRACT

Observational studies have demonstrated that de-escalation of antimicrobial therapy
is independently associated with lower mortality. This most probably results from
confounding by indication. Reaching clinical stability is associated with the decision
to de-escalate and with survival. However, studies rarely adjust for this confounder.
We quantified the potential confounding effect of clinical stability on the estimated
impact of de-escalation on mortality in patients with community-acquired pneumonia.
Data were used from the Community-Acquired Pneumonia immunization Trial in Adults
(CAPITA). The primary outcome was 30-day mortality. We performed Cox proportional-
hazards regression with de-escalation as time-dependent variable and adjusted for
baseline characteristics using propensity scores. The potential impact of unmeasured
confounding was quantified through simulating a variable representing clinical stability
on day three, using data on prevalence and associations with mortality from the literature.
Of 1,536 included patients, 257 (16.7%) were de-escalated, 123 (8.0%) were escalated and
in 1156 (75.3%) the antibiotic spectrum remained unchanged. Crude 30-day mortality
was 3.5% (9/257) and 10.9% (107/986) in the de-escalation and continuation groups,
respectively. The adjusted hazard ratio of de-escalation for 30-day mortality (compared
to patients with unchanged coverage), without adjustment for clinical stability, was 0.39
(95%Cl: 0.19-0.79). If 90% to 100% of de-escalated patients were clinically stable on day
three, the fully adjusted hazard ratio would be 0.56 (95%Cl: 0.27-1.12) to 1.04 (95%Cl:
0.49-2.23), respectively. The simulated confounder was substantially stronger than any
of the baseline confounders in our dataset. Quantification of effects of de-escalation
on patient outcomes without proper adjustment for clinical stability results in strong
negative bias. This study suggests the effect of de-escalation on mortality needs further

well-designed prospective research to determine effect size more accurately.

CONFOUNDING BY INDICATION OF THE SAFETY OF DE-ESCALATION IN COMMUNITY-ACQUIRED PNEUMONIA:
A SIMULATION STUDY EMBEDDED IN A PROSPECTIVE COHORT.

INTRODUCTION

The aim of antimicrobial stewardship is improving antibiotic use, without compromising
clinical outcomes on the individual levell. De-escalation of empirical antimicrobial therapy
is highly recommended in antimicrobial stewardship programs. In a recent systematic
review de-escalation of empirical antimicrobial therapy was associated with a 56% (95%
Cl 34%-70%) relative risk reduction in mortality®?. Although it seems a safe strategy, most
studies evaluating de-escalation and reporting mortality were observational with a high
risk of bias, high clinical heterogeneity and not sufficiently powered to demonstrate safety
for mortality. To the best of our knowledge, there are two randomized trials evaluating
de-escalation, and these trials did not show a survival benefit for de-escalation®® 4. A
possible physiological mechanism for decreased mortality due to de-escalation could
be a result of a more effective strategy by narrow-spectrum antibiotics or in case of
continuation of unnecessary broad-spectrum antibiotics due to more (severe) side-
effects. However, it seems highly unlikely that this would lead to increased mortality in
the population. Therefore, the association between de-escalation and improved survival
in observational studies is most likely biased by unmeasured confounding by indication.
Confounding by indication is present if the indication for the intervention (here: de-
escalation of empirical antimicrobial therapy) is also a prognostic factor for the outcome
(mortality). De-escalation is usually only performed when clinical stability is reached in
the first days after starting antimicrobial therapy and this also is a strong prognostic factor
for patient outcome. However, hardly any of the observational studies adjusts for clinical
stability during admission. In the aforementioned systematic review® only one of nineteen
observational studies corrected for this confounder®. Potentially they did not consider this
to be an important confounder, or they lacked data on clinical stability during admission.
Not taking this into account causes a negative bias (towards a protective effect). However,
the magnitude of this bias has never been established. The aim of the current study was
to quantify the potential effect of unmeasured confounding by indication due to clinical
stability in the association between de-escalation and patient outcome in patients with
community-acquired pneumonia.

MATERIALS AND METHODS

DATA COLLECTION

Data were used from the Community-Acquired Pneumonia immunization Trial in Adults
(CAPITA)®. This study was a parallel-group, randomized, placebo-controlled, double
blind trial to assess the efficacy of a 13-valent pneumococcal conjugate vaccine. The
study included 84,496 immunocompetent community-dwelling adults, 65 years of age
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and above. Surveillance for suspected pneumonia was performed in 58 hospitals in the
Netherlands, in the period September 2008 - August 2013. The study was approved by
the Central Committee on Research Involving Human Subjects and by the Ministry of
Health, Welfare and Sport in the Netherlands and all the participants provided written
informed consent. For the current analysis, patients receiving antibiotics on the day
of admission and with a working diagnosis of CAP admitted to a non-intensive care
unit (ICU) were included. We think the effect of de-escalation on mortality in the ICU
population is different than in non-ICU population and including these patients will
result in a more heterogeneous population. Moreover, factors such as culture results and
clinical stability may play a very different role in that population. Patients were excluded
from the current analysis if they participated in a simultaneously running interventional
trial evaluating different antibiotic regimens for CAPY, since this trial interfered with the
choice of empirical antibiotic treatment, or if they died within 24 hours of admission
because these are not eligible for de-escalation.

DEFINITIONS

To define de-escalation, antibiotics were ranked based on their spectrum of activity
against CAP pathogens, from rank 1 (‘'narrow-spectrum’) to rank 3 (‘extended / restricted
spectrum’) antibiotics (Table 1). The ranking was performed by a team of experts: two
clinical microbiologists (CHEB, MJIMB), one infectious diseases specialist (JJO), two
clinical pharmacists (IvH, PDvdL) and one epidemiologist (CHvW). In the Dutch setting,
penicillin and amoxicillin are in general classified as narrow-spectrum antibiotics. For
mild CAP in primary care and moderate-severe CAP (non-ICU ward) these antibiotics
are first choice treatment with tetracyclines as an alternative in case of allergies®®.
Sweden and Denmark have similar policies®® % These antibiotics were classified as
rank 1. Antibiotics with a ‘restricted’ label, advised by the national guide for antibiotic
stewardship teams were classified as rank 3. All other regimens were classified as rank
2. In patients with combination therapy, the highest rank of any individual antibiotic was
counted, except for combination therapy of 3-lactam therapy and a macrolide, which
was considered as rank 3, as for respiratory pathogens this combination results in a
much broader spectrum than any of the individual antibiotics. Therapy adjustment was
defined as the first switch from empirical therapy to another antimicrobial class during
hospitalization, independent of the reason for switching. De-escalation and escalation
were defined as a change to a lower rank or a higher rank, respectively. Continued
regimens or adjustments to an equivalent rank were defined as continuation.
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Table 1. Antibiotic ranking.

Rank 1 Rank 2 Rank 3
(Narrow spectrum) (Broad spectrum) (Extended / restricted spectrum)

Penicillin 1stgeneration cephalosporins 3dgeneration cephalosporins
Amoxicillin 2" generation cephalosporins 4t generation cephalosporins
Tetracyclines Co-amoxi-clav Fluoroquinolones

Co-trimoxazole Aminoglycosides

Clindamycine Piperacillin/tazobactam

Macrolides Carbapenems

Vancomycin

STATISTICAL ANALYSIS

Descriptive statistics were used to describe clinical practice of de-escalation.
Differences in patient characteristics between patients with a de-escalation versus no
de-escalation were compared using Student's t test or x2 tests. Frequencies of de-
escalation, escalation and continuation were described visually and numerically. We
tested the proportional hazard assumptions for a follow-up period of 90 days, which
revealed that the hazards were proportional up to 30 days and not thereafter (see Fig
1). Therefore we used 30-day mortality as the outcome. To determine the effect of de-
escalation on clinical outcome we excluded patients starting in rank 1, since they are
not able to de-escalate. We performed Cox proportional hazards regression with de-
escalation as time-dependent variable and adjusted for baseline characteristics using
propensity score analyses. Propensity scores were calculated from a logistic regression
model to estimate a patients propensity for de-escalation and included the variables:
age, gender, smoking status, history of diabetes mellitus, history of chronic pulmonary
disease, antibiotic use two weeks before admission, rank on day 1, season of admission,
weekday vs. weekend day (the latter defined as Saturday or Sunday), culture results
and all variables from the Pneumonia Severity Index (PSI) score (nursing home resident,
comorbidities (neoplastic disease, liver disease history, congestive heart failure history,
cerebrovascular disease history, renal disease history), altered mental status, respiratory
rate, systolic blood pressure, temperature, heart rate, pH, blood urea nitrogen, sodium,
glucose, hematocrit, partial pressure of oxygen and pleural effusion on x-ray). Propensity
scores were then included as a continuous variable in the Cox proportional hazard
regression model. Patients with escalation of therapy were censored at the time of
escalation so that only the days before escalation contributed to the analysis. Other

patients were censored at day 30.

EFFECT OF CONFOUNDING BY INDICATION

To quantify the effect of unmeasured confounding by indication we simulated clinical
stability during hospital admission as a new confounder. We defined clinical stability
during admission as a binary variable evaluated at 72 hours, because clinical stability

in patients with CAP is often reached within 48 hours and therapy is often evaluated



PART Il | CHAPTER 5

after three days (with culture results also available)’® > 31, The strength of any given
confounder is determined by the following three parameters: (1) the prevalence in the
group with the determinant (de-escalation), (2) the prevalence in group without the
determinant (continuation) and (3) the association with patient outcome (mortality). For
the simulation of clinical stability at 72 hours we reviewed the literature for reasonable
assumptions for the three parameters.

Proportional hazards test for de-escalation

Beta(t) for de-escalation
2
1

R § S ° 8 o ° o 8 oo ° . ‘;
o o © o Z s © o o 4
° o, ) o
o ° ° o o
Y A o ° °
o
o o
o o o
T T T T T T T T
21 43 10 15 25 42 58 75
Time (days)

Figure 1. Proportional hazards test for de-escalation. The figure shows that the hazard ratio for
de-escalation is not constant over time (i.e. proportion hazards assumption violated): the
association between de-escalation and mortality is present within approx. 20-days after admission

but is around zero afterwards.

We assumed that 80% of CAP patients admitted to a non-ICU ward will be clinically
stable at day three, based on three randomized controlled trials evaluating intravenous
to oral switches in patientsi®¢. As the prevalence of clinical stability in the total study
population is a weighted average of the prevalence of clinical stability in the de-
escalation and the continuation group, the prevalence in one group can be calculated
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from the prevalence in the other group. We assumed a high prevalence for clinical
stability in the de-escalation group, so we varied the prevalence from 80% to 100%, with
corresponding calculated prevalence’s in the continued group between 80% and 75%
to arrive at the overall prevalence of 80%. The assumed crude odds ratio (OR) between
clinical stability at 72 hours and 30-day mortality was 0.14, based on unpublished data of
arandomized controlled trial evaluating the effect of adjunct prednisone therapy versus
placebo on time to clinical stability for patients with CAP (Courtesy of dr. Blum)®.. In this
trial, clinical stability was measured every 12 hours during hospital stay and was defined
as time (days) until stable normalized vital signs for > 24 hours: temperature < 37.8°C
without antipyretic agents, heart rate < 100 beats per minute, spontaneous respiratory
rate < 24 per minute, systolic blood pressure > 90 mmHg (>100 mmHg for patients
diagnosed with hypertension) without vasopressor support, mental status back to level
before CAP, oxygenation on room air or oxygen therapy (PaO2 >60 mmHg or pulse
oximetry > 90%, or PaO2 or pulse oximetry measurement back to baseline for patients
with chronic hypoxemia or chronic oxygen therapy)”. To simulate the confounder of
clinical stability at 72 hours in our dataset, we randomly assigned the presence and the
absence of clinical stability such that the aforementioned assumptions about the three
parameters were met. Subsequently, the HR of de-escalation on mortality adjusted
for clinical stability was determined by including clinical stability as an extra covariate
in the propensity score adjusted model. The robustness of the resulting adjusted HRs
was tested by repeating the random assignment three times with a different random
seed, which verified that the same adjusted HRs was achieved. In the end we plotted
the crude and adjusted HR without clinical stability and the resulting HRs for different
prevalence’s of clinical stability.

We also quantified the strength of each confounder as the change in HR of the model
with or without each confounder. For the simulated confounder (clinical stability) we
used the corresponding adjusted HR when added to the model with prevalence’s of
resp. 90% and 100% in the de-escalation group. Data analysis was performed using SPSS
for Windows, v.25.0 (SPSS, Chicago, IL, USA) and R v.3.4.3 http://www.R-projects.org/.

RESULTS

ASSOCIATION BETWEEN DE-ESCALATION AND MORTALITY

The study cohort consisted of 3,243 patients admitted with a clinical suspicion of
pneumonia. After applying the in- and exclusion criteria 1,536 patients were included
for analysis (Fig 2). Empirical treatment was rank-1in 211 (13.7%), rank-2 in 624 (40.6%),
and rank-3 in 701 (45.6%) patients. De-escalation occurred in 257 patients (16.7%)
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and escalation occurred in 123 (8.0%) patients. Most patients (1156, 75.3%) continued
treatment without a change in rank of antimicrobial therapy during admission (Fig 3).
Median time to de-escalation was 3.0 days (IQR 2.0 — 4.0 days). Compared to patients
with continued (no de-escalation) regimens, patients with de-escalation less often were
current smokers (21/257 (8.2%) vs. 148/1068 (13.9%), more often had a pathogen identif-
ied (107/257 (41.6%) vs. 303/1068 (28.4%) and had a higher median PSl-score (103 vs.
99) (Table 2). Patients in rank 2 de-escalated less often than patients in rank 3 (6.7%
vs. 30.1%; p<0.001). Of the 257 patients with de-escalated therapy, therapy was later
escalated in 14 patients (5.5%; 0.9% of all included patients) during admission.

Crude 30-day mortality was 3.5% (9/257) and 10.9% (107/986) in the de-escalation
and continuation groups, respectively. The crude and adjusted hazard ratios for de-
escalation, compared to continuation, were 0.40 (95% CI: 0.20 — 0.80) and 0.39 (95%
Cl: 0.19 - 0.79) for day-30 mortality. The AUC of the propensity score was 0.76 (95% Cl:
0.73 — 0.79) and was considered acceptable.

3,243 Adults with suspected pneumonia

1,536 Excluded
Other working diagnosis (1324)
Admitted on ICU or transferred to other hospital (89)
Not hospitalized (63)
No antimicrobial therapy on day of admission (60)

1,707 Adults met the inclusion criteria

171 Excluded
Participation in other interventional trial (165)
Died on day of admission (6)

1,536 Patients enrolled

170 Excluded from Cox proportional hazards analysis
Rank 1 empirical antimicrobial therapy (170)

1,366 Patients included in
Cox proportional hazards analysis

Fig 2. Patient selection.
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Rank 2 32.6%
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Figure 3. Alluvial-diagram of adjustment of empirical therapy. Rank-1 = narrow-spectrum-

antibiotics, rank-2 = broad-spectrum-antibiotics,

rank-3 = extended-spectrum-antibiotics.

Continued regimen is a straight line, de-escalation is a falling line, escalation is a rising line.

Table 2. Baseline characteristics. @

Patients with a continued regimen and patients with an escalation.

Total cohort | De-escalation | No de-escalation (rank2-3)* No de-escalation (rank 1)*
Patients (N, %) 1536 (100) 257 (16.7) 1068 (69.5) 211 (13.7)
Age (y, median, range) 77 (65 - 100) |77 (66 - 95) 77 (65 — 99) 78 (66 — 100)
Male gender (n, %) 1093 (71.2) 189 (73.5) 768 (71.9) 136 (64.5)
Smoker (n, %) 194 (12.6) 21(8.2) 148 (13.9) 25(11.8)
Co-morbidities (n, %)
Chronic pulmonary disease 849 (55.3) 131 (51.0) 608 (56.9) 110 (52.1)
Chronic cardiovascular disease 650 (42.3) 123 (47.9) 446 (41.8) 81 (38.4)
Chronic renal disease 11(0.7) 3(1.2) 5(0.5) 3(14)
Chronic liver disease 17 (1.1) 5(1.9) 8(0.7) 5(1.9)
Diabetes mellitus 322 (21.0) 53 (20.6) 215 (20.1) 54 (20.6)
PSI score (median, IQR) 99 (82 - 117) |103 (84-121) 99 (82 - 118) 92 (80 - 111)
Antibiotic use before admission (n, %) | 493 (32.1) 84 (32.7) 365 (34.2) 44 (20.9)
Pathogen identified (n, %) 469 (30.5) 107 (41.6) 303 (28.4) 59 (28.0)
Day of admission (n, %)
Weekend 613 (39.9) 71(27.6) 263 (24.6) 59 (28.0)
Empirical rank on day 1 (n, %)
Rank 1 211 (13.7) NA NA 211 (100)
Rank 2 624 (40.6) 42 (16.3) 582 (54.5) NA
Rank 3 701 (45.6) 215 (83.7) 486 (45.5) NA
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Effect of confounding by indication due to clinical stability

The results of the simulation analysis are depicted in Fig 4. Not using clinical stability
for adjustment yields the afore-mentioned HR of 0.39. When using the assumed odds
ratio between clinical stability at 72 hours and 30-day mortality of 0.14, the adjusted
HR for de-escalation gradually increased to 1.04 with an increasing prevalence of
clinical stability in patients with de-escalation up to 100%. The upper boundary of 95%
confidence interval crosses 1 if the prevalence of clinical stability in the de-escalated
patients was >= 87%. Determination of the strength of the simulated confounder,
clinical stability, revealed that it was substantially stronger than any of the observed
confounders in our dataset (Table 3).

Table 3. Strength of known and simulated confounders to the crude HR for 30-day mortality.

Confounder % change of crude HR
Smoking +15
Renal disease +17
Respiratory rate -19
Nursing home resident +20
Congestive heart failure -22
Liver disease -23
Heart rate -24
pH -28
Propensity score -39
Partial pressure of oxygen -42
Blood urea nitrogen -65
Neoplastic disease +74
Rank on day 1 -114
Clinical stability (simulated)

With prevalence in de-escalated group of 90% + 374
With prevalence in de-escalated group of 100% +157.8

Variables with a change less than 1.5%: diabetes mellitus, sodium, systolic blood pressure, hematocrit, cerebrovascular disease,
antibiotic use before admission, day of admission, glucose, chronic pulmonary disease, pleural effusion, altered mental status, age,
culture results, season of admission, temperature and gender.

The line reflects the Hazard Ratios for 30-day mortality (based on Cox proportional
hazard regression analysis adjusted with propensity scores) with 95% Confidence
Interval (shaded area) for different prevalence’s of clinical stability in patients with and
without de-escalation (horizontal axis). At the left side the weighted average of the two
proportions is fixed at 80%, which reflects the adjusted Hazard Ratio without adjustment
for clinical stability. The dashed line represents a HR of 1. The HR rises from 0.39 to 1.04
when the prevalence of clinical stability increases to 100% in the de-escalated group.
From a prevalence of clinical stability of 87% and above in the de-escalated group the
upper limit of the 95% confidence interval included 1. For example a prevalence of 90%
in de-escalated results in an adjusted HR of 0.56 (95% ClI: 0.27 — 1.12) and a prevalence
of 100% results in a HR of 1.04 (95% CI: 0.49 — 2.23).
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Figure 4. Effect of simulated confounder (clinical stability at 72 hours) on 30-day mortality.

DISCUSSION

In this observational study of patients hospitalized with CAP, after adjustment for
observed baseline confounders de-escalation of antimicrobial therapy was associated
with a 61% lower hazard of day-30 mortality. However, our simulations have
demonstrated that clinical stability at 72 hours, which was not measured in our study,
could fully explain this effect under reasonable, literature based assumptions. Based on
these findings we conclude that the effects of de-escalation on patient outcome cannot
be reliably quantified without adjustment for clinical stability and that the true effect of
de-escalation on mortality needs to be quantified by a well-designed prospective study.

De-escalation occurred in 16.7% of the patients. During the enrolment period of our
study antibiotic stewardship was not yet well established. Therefore, we expect the
proportion of de-escalation in current practice to be larger. In our population, most
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patients continued the antibiotic regimen, even though the majority should be clinically
stable based on data from the literature. In the absence of antibiotic stewardship,
physicians might be more inclined to continue the regimen when it appears to be
effective.

In a systematic review including different infectious diseases, de-escalation of empirical
antimicrobial therapy was associated with a large reduction in mortality?. Although our
study only included CAP patients, we expect that the mechanism of bias applies to all
infectious diseases for which empirical broad-spectrum antibiotic treatment is common
practice. This bias, introduced by not including clinical stability during admission, applies
to all previous studies evaluating de-escalation in patients with CAP hospitalized at a
non-ICU ward"8-?2 To the best of our knowledge, there are four observational studies on
the association between de-escalation and mortality that adjusted for clinical stability or
a similar time-varying confounder. In the first study by Joung et al. patients with intensive
care unit-acquired pneumonia were included and clinical stability during admission was
measured as two scores; APACHE-II (Acute Physiology and Chronic Health Evaluation
II) and modified CPIS (clinical pulmonary infection score) both measured on day 5 after
development of pneumonia. Both high APACHE Il score (>24) on day 5 and a high CPIS
(>10) on day 5 were associated with an increased 30-day pneumonia-related mortality.
By including these confounders, next to other baseline covariates into the multivariable
analysis the association between no de-escalation of antibiotics and 30-day mortality
resulted in an aHR of 3.988 (95% Cl 0.047 - 6.985)?%. The study objective was to
determine independent risk factors for mortality, hence the focus of model building
was not on selecting appropriate confounders and one should be careful to interpret
the results as a causal effect. In the second study by Garnacho-Montero et al. patients
admitted to the ICU with severe sepsis or septic shock were included and clinical stability
during admission was measured as Sequential Organ Failure Assessment (SOFA) score on
the day when culture results were available. A high SOFA score at culture result day was
associated with a higher in-hospital mortality. When including this covariate next to other
covariates the association between de-escalation and in-hospital mortality resulted in
an aOR of 0.55 (95% Cl 0.32 — 0.98, p = 0.022)®. In the third study by Montravers et al.
patients admitted with health care-associated intra-abdominal infection admitted to ICU
were included and clinical stability during admission was measured by SOFA score. Here
a decreased SOFA score at day three after initiation of empirical antimicrobial therapy
was associated with a lower 28-day mortality. By including this covariate next to other
covariates in the analysis this resulted in an aHR of 0.566 (95% CI 0.2503 - 1.278, p
= 0.171) for association between de-escalation and 28-day mortality. However, this
multivariate analysis also had the purpose to identify risk factors for 28-day mortality,
not on selecting appropriate confounders®?!. The fourth study by Lee et al. included
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patients with community-onset monomicrobial Escherichia coli, Klebsiella species and
Proteus mirabilis bacteremia treated empirically with broad-spectrum beta-lactams and
clinical stability during admission was measured by the Pitt bacteremia score. A high
Pitt bacteremia score (>4) at day three was associated with 4-week mortality. After
propensity score matching there was no statistically significant difference in mortality
rates between de-escalation and no-switch regarding 2-week, 4-week and 8-week
mortality®. Comparison of the studies is difficult because different criteria for de-
escalation and different definitions of disease severity during admission were used, and
different populations were studied. The first three studies included ICU patients, and in
this setting registering scores representing clinical stability is part of routine care, which
makes it more feasible to include such parameters in observational studies. Although the
definition for clinical stability for CAP as provided by Halm et al."¥ is widely accepted,
in clinical practice patients can be declared stable based on other criteria (e.g. feeling
well, eating and drinking) even if they do not meet the formal criteria. A critique of the
aforementioned studies is that all used de-escalation as a fixed variable. However, de-
escalation is performed on a different day for each individual and should be analyzed as

a time-dependent variable, otherwise it introduces immortal time bias®..

It is recommended to include sensitivity analyses to estimate the potential impact of
unmeasured confounding in every non-randomized study on causal associations”.
However, for observational studies evaluating de-escalation of antimicrobial therapy
this has never been done before. To strengthen our sensitivity analysis we based our
assumptions about the prevalence of clinical stability and association with mortality on
existing high-quality data. We further assumed that physicians will only de-escalate when
a patient is clinically stable or to initiate targeted treatment for an identified pathogen.
In the latter case, we still expect that most patients in whom the physician decides to
de-escalate will be clinically stable. We, therefore, expect that at least 90% and probably

close to 100% of de-escalated patients will be clinically stable on day three.

Strengths of our study include the pragmatic approach of using prospectively collected
data of a large patient population treated with empiric antibiotics and a working
diagnosis of CAP. This included patients without an identified pathogen, which increases
the generalizability of our study results. The effect of de-escalation on mortality may be
different from one country to another, or even between hospitals within one country,
depending on local antibiotic practices. However, we think that the confounding effect
of clinical stability is generalizable to other countries and also applies to other severe
bacterial infections, because clinical stability will always be a major determinant of
de-escalation. A limitation of our study is that we had to exclude 165 patients due to

participation in a concurrent trial which could result in selection bias. However this was
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a small number of patients and participation was hospital dependent, so the influence
of selection bias will be small. Another limitation of our study was that we had to make
assumptions for the prevalence of clinical stability in the de-escalated and continued
group and for the association between clinical stability and day-30 mortality. These
were derived from different study populations, all representing CAP patients hospitalized
to a non-ICU ward. Our findings suggest that adjustment for clinical stability will result
in a non-significant effect of de-escalation on mortality, which would be biologically
plausible. Our findings also demonstrate that the individual baseline confounders, as
measured in our study, are poorly predictive for de-escalation, indicating that their

correlation with clinical stability is probably also weak.

Another simplification in our analysis was that we modelled clinical stability as a
binary variable on day three, which does not well represent reality. For future studies
we recommend to measure clinical stability repeatedly over time, as a time-varying
confounder and on a continuous scale. Finally, we did not have information on quality of
our sputum samples on which the pathogen was identified. Quality of sputum samples
is also a prognostic factor for de-escalation of empirical antimicrobial therapy, however
we could not correct for this in our model.

The results of our analysis may also suggest that possibility of clinically relevant harm
due to de-escalation cannot be excluded, as the upper boundary of the 95% confidence
interval for the HR was over to 2 in the most extreme scenario. The scientific evidence
for safety of de-escalation is de facto based on two RCTs. However, both RCTs are
not powered for mortality. The first prospective, open-label, randomized clinical trial
included patients with hospital-acquired pneumonia in an ICU without inclusion criteria
regarding baseline clinical stability. After randomization de-escalation was performed
three to five days after initiation if empirical treatment when culture results were
available. For the association between de-escalation and 14-day mortality the RR was
0.67 (95% CI 0.31 — 1.43), for 28-day mortality the RR was 0.75 (95%Cl 0.46 — 1.23) and
for in-hospital mortality the RR was 0.64 (95%CI 0.37 — 1.13), (calculated by the authors
based on the data reported in®®!. The other multicenter non-blinded randomized non-
inferiority trial evaluated the safety of de-escalation with 90-day mortality as secondary
outcome in patients with severe sepsis admitted to an ICU without inclusion criteria
regarding baseline clinical stability. After randomization de-escalation was performed
after culture results were available (IQR 2-4 days after initiation of empirical therapy). In
the de-escalation group 18 of 59 patients (31%) died within 90-days, compared to 13 of
57 patients (23%) in the continuation group, yielding an adjusted HR of 1.7 (95% CI 0.79
- 349, p = 0.18). Although not statistically significant, this trend may indicate potential
harm rather than improved outcome due to de-escalation. As we have demonstrated,
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observational studies performed so far do not contribute to determining the safety of
de-escalation because the amount of confounding by indication due to clinical stability
is insurmountable. As appropriate adjustment of confounding by indication was not
performed in the majority of the published observational studies on de-escalation,
the ones that adjusted for clinical stability had other important limitations, and only
two small RCTs have been performed, we conclude that the safety of this widely
propagated antibiotic stewardship intervention should be studied more appropriately.
We recommend that future observational studies addressing this research question
include clinical stability in the analysis, preferably as a time-varying variable because
clinical stability may change over time. It has been suggested that in the case of time-
varying confounders a marginal structural model is appropriate?®. Ultimately, although
more expensive, de-escalation would be optimally studied in a pragmatic randomized
controlled trial.

To conclude, the previously observed protective effect of de-escalation on mortality
is likely due to confounding by unobserved factors such as clinical stability during
admission. This study suggests the effect of de-escalation on mortality needs further
prospective research to determine effect size more accurately.
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ABSTRACT

BACKGROUND

There is no consensus whether patients with healthcare-associated pneumonia
(HCAP) should be treated as hospital-acquired pneumonia (HAP), with broad-spectrum
antibiotics, or community-acquired pneumonia (CAP), with narrow-spectrum antibiotics.
HCAP research has focused mostly on the predictive value for non-susceptibility to
broad-spectrum antibiotics and multi-drug resistant pathogens, in settings with
moderate to high levels of antibiotic resistance. We investigated whether HCAP criteria
predicts non-susceptibility to different empirical strategies, including narrow-spectrum
antibiotics in the Dutch setting.

METHODS

In a post-hoc analysis of patients with moderate-severe CAP in seven Dutch hospitals
we compared in vitro antibiotic susceptibilities of definite and probable causative
pathogens of CAP and HCAP to amoxicillin and broader antibiotic regimens. In a
sensitivity analysis, pathogens with missing susceptibilities were assumed susceptible
(best-case scenario) or non-susceptible (worst-case scenario).

RESULTS

Among 2,283 patients with moderate-severe CAP, 23.1% (n=527) were classified as
HCAP. Non-susceptibility to amoxicillin ranged from 11.3% (95% CI| 9.9-12.8%) (best-
case) to 14.4% (95% Cl 12.8-16.1%) (worst-case) in CAP patients and from 16.7% (95%
Cl13.8-20.1%) (best-case) to 19.7% (95% Cl 16.6-23.3%) (worst-case) in HCAP patients.
The largest reduction in non-susceptibility was achieved with adding ciprofloxacin to
amoxicillin in both CAP patients (10% absolute risk reduction) and HCAP patients (11-
16% reduction).

CONCLUSIONS

In the Netherlands, HCAP criteria predict higher amoxicillin non-susceptibility in
patients hospitalized with moderate-severe CAP. Although broadening the antibiotic
spectrum of empiric treatment reduced the likelihood of non-susceptibility, absolute
reductions of non-susceptibility in HCAP patients were too low to justify the universal
use of broad-spectrum empirical therapy.

KEYWORDS

Antibiotic resistance, community-acquired pneumonia, empirical antibiotic treatment,

healthcare-associated pneumonia
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INTRODUCTION

Traditionally, pneumonia is categorized as Community-acquired (CAP), Hospital-
acquired (HAP) or Ventilator-associated (VAP), as the aetiology and empirical antibiotic
treatment differs depending on where and how the infection is acquired. In 2005,
Healthcare-associated pneumonia (HCAP) was introduced as a novel category in
the American Thoracic Society (ATS) and the Infectious Diseases Society of America
(IDSA) HAP and VAP guideline®. Patients with HCAP often present at the emergency
department, but are distinguished from CAP patients by their recent contact with
healthcare institutions. As a consequence, HCAP patients may have a different bacterial
aetiology of infection and increased risk for colonization and infection with antibiotic
resistant or healthcare-associated pathogens, such as Staphylococcus aureus, Gram-
negative Enterobacteriaceae, and Pseudomonas aeruginosa®. Therefore, the guideline
recommended to empirically treat HCAP with broad-spectrum antibiotics, similar to
HAP and VAP!. This has led to a large increase of broad-spectrum antibiotic use without
apparent clinical benefit for these patients?-®. Recent evidence suggests that the
predictive value of HCAP criteria for the need of broad-spectrum antibiotic treatment
might be lower than anticipated?¢-!. |n response to these findings, HCAP was removed
from the 2016 ATS HAP/VAP guidelines and it was suggested to consider implementing
HCAP recommendations in CAP guidelines, as both CAP and HCAP patients are initially
cared for in the emergency department®®. Several studies have already evaluated the
predictive value of HCAP criteria for bacterial aetiology in CAP patients!®”. However,
the appropriateness of introducing HCAP in CAP guidelines depends on the prevalence
of pathogens requiring broader antibiotic treatment and the preferred empirical
treatment for CAP patients, which differs per geographical region. In the Netherlands,
the first choice empirical treatment for moderate-severe CAP is narrow-spectrum
beta-lactam monotherapy. Current HCAP research focuses on predicting multi-drug
resistant pathogens (including Methicillin-resistant Staphylococcus aureus (MRSA) and
extended spectrum beta-lactamase (ESBL)-producing Enterobacteriaceae) and non-
susceptibility to broad-spectrum beta-lactams (ceftriaxone or ampicillin-sulbactam),
macrolides and fluoroquinolones®-2U. In the Netherlands, infections caused by these
resistant pathogens are rare and pneumonia acquired in nursing homes is usually
considered as HAP. This is why the relevance and predictive value of HCAP criteria
for the Northern European or Dutch setting, i.e. for the non-susceptibility to narrow-
spectrum beta-lactams, remains unknown. Our main study objective was to evaluate
the predictive value of HCAP criteria for narrow-spectrum beta-lactam (i.e. amoxicillin)
non-susceptibility (thus needing broad-spectrum treatment) in patients hospitalized for
moderate-severe CAP. In addition, we assessed the predictive value of HCAP criteria

for non-susceptibility to broader antibiotic regimens, including amoxicillin-clavulanic
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acid, ceftriaxone, moxifloxacin, amoxicillin plus azithromycin, and amoxicillin plus

ciprofloxacin.

MATERIALS AND METHODS

STUDY SUBJECTS AND DESIGN

We performed a post-hoc analysis of an observational cohort study, nested within the
Community-Acquired Pneumonia — Study on the Initial Treatment with Antibiotics of
Lower Respiratory Tract Infections (CAP-START trial), which was a cluster randomised
trial performed between February 2011 and August 2013 in seven hospitals in the
Netherlands'?. Patients above 18 years of age who were admitted to a non-ICU ward for
suspicion of pneumonia were eligible for study participation. The study was approved
by the ethics review board of the University Medical Center Utrecht (reference number
10/148). Written informed consent for data collection was obtained within 72 hours

after hospital admission.

DATA COLLECTION

Dataon HCAP criteria, co-morbidities, clinical presentation, antibiotic use, complications,
and clinical outcome were retrieved prospectively from medical records by trained
research nurses after patient inclusion. As pneumonia acquired in nursing homes are
considered as HAP in the Netherlands, these patients were not included in the original
trial. Therefore, the following HCAP definition was used: hospitalization within the last
90 days, residence in long-term care facilities other than nursing homes, receiving
wound care or intravenous therapy in the previous 30 days, or attending haemodialysis

clinics!t,

MICROBIOLOGY

Sputum and blood cultures, urinary antigen tests, and antibiotic susceptibility testing
was performed as part of routine care. Susceptibility was determined by routinely
performed microbiological tests. To account for the possibility of false-positive tests
due to colonization, the causative pathogen per patient was determined accounting for
the specificity of the different microbiological tests, where positive urine antigen tests
and blood cultures were assumed to have a higher specificity for causative pathogen
than sputum cultures. For example: in a patient with a positive pneumococcal urinary
antigen test and S. aureus cultured from sputum, Streptococcus pneumoniae was
considered the causative pathogen due to the higher specificity of the urinary antigen
test and S. aureus was considered as colonization. Susceptibility testing was reported as

S (sensitive), | (intermediate), or R (resistant) by participating microbiology laboratories.
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| 'and R results were considered as non-susceptible for all the analyses. In patients with
multiple possible causative pathogens (i.e. multiple pathogens in sputum culture and
no pathogens from blood culture or urinary antigen tests), susceptibility to antibiotics
was determined by the most resistant pathogen. In case of missing susceptibility data,
susceptibility per antibiotic was imputed and assumed to be susceptible (S) if the
prevalence of antibiotic resistance to the antibiotic was <10% in national surveillance
data, non-susceptible (R) if the prevalence was >90% or unknown (U) if the prevalence
was between 10 and 90% (table S1). Pathogens were considered susceptible (S) to
combination antibiotic therapy if susceptible to any of the two antibiotics, unknown (U)
if susceptible to one antibiotic and unknown to the other antibiotic or if unknown to
both antibiotics and non-susceptible (R) if non-susceptible to both antibiotics.

STATISTICAL ANALYSIS

Descriptive statistics were used to compare baseline characteristics between CAP and
HCAP patients. Sensitivity analyses were performed for cases with unknown (U) antibiotic
susceptibility which were either assumed to be all susceptible (best-case scenario) or
assumed to be all non-susceptible (worst-case scenario). Predictive values, sensitivity
and specificity for non-susceptibility per empirical antibiotic strategy were calculated
using 2x2 contingency tables. 95% confidence intervals were calculated using the
Wilson score interval method®?3. Analyses were performed using the Statistical Package
for the Social Sciences for Windows (Version SPSS 21.0.0.0). Graphs were created using
GraphPad PRISM (Version 7.02).

RESULTS

A total of 2,283 patients with moderate-severe CAP were included in the CAP-START
study, of which 527 (23.1%) were classified as HCAP. Of the patients with HCAP, 318 (60%)
were hospitalized within the last 90 days; 111 (21%) resided in an elderly home; 166 (32%)
received intravenous therapy in the previous 30 days; 94 (18%) received wound care
in the previous 30 days; and 17 (3%) were on chronic haemodialysis. In comparison to
patients with CAP, patients with HCAP were older, had more co-morbidities, had higher
disease severity scores (PSI on admission), had higher influenza vaccination rates, were
more often dependent on daily living activities (ADL), and more often had treatment
restrictions (Table 1). Clinical outcomes of patients with HCAP were worse, with a higher
in-hospital, 30-day, and 90-day mortality. There were no differences between patients
with CAP and HCAP regarding the frequency with which microbiological testing was
performed, except for a slightly higher rate of Legionella urinary antigen testing in
patients with CAP (Table 1).
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Table 1. Descriptive statistics of CAP and HCAP patients

CAP HCAP
(n=1,756) (n=527)

Male sex (n, %) 994 (56.6) 139 (61.1)
Age (y, median, IQR) 70 (58-79) 72 (62-81)
PSl-score (mean, SD) 132 (20.5) 137(27.1)
Received antibiotics before admission (%) 322 349
Received pneumococcal vaccination (%) 19 25
Received influenza vaccination (%) 63.2 72.3
ADL dependent (%) 22.8 275
Any treatment restriction (%) 238 46.1
Co-morbidities

Immunocompromised* (%) 184 39.8

Cardiovascular disease (%) 20.0 243

COPD or asthma (%) 387 454

Cerebrovascular disease (%) 9.2 14.2

Diabetes mellitus (%) 16.0 18.8

Malignancy (%) 10.6 226

Chronic renal failure (%) 05 4.2
Microbiologic testing performed

Sputum culture (%) 46.1 444

Blood culture (%) 76.1 76.1

Pneumococcal urinary antigen test (%) 79.2 77.0

Legionella urinary antigen test (%) 771 723
Clinical outcome

ICU admission during hospital stay (%) 19 21

All-cause mortality

In-hospital (%) 2.8 47

Day 30 (%) 4.3 8.3

Day 90 (%) 7.1 17.8

Length of hospital stay (d, median, IQR) 6 (4-9) 6 (4-10)

Data are presented as n (%) unless otherwise indicated. Abbreviations: ADL: activities of daily living, COPD: chronic obstructive
pulmonary disease, PSI: Pneumonia severity index.

*Immunocompromised is defined by a history of HIV, AIDS, leukaemia, lymphoma, Hodgkin lymphoma, multiple myeloma,
generalized malignancy, chronic renal failure, nephrotic syndrome, immunosuppressive therapy or transplantation

MICROBIOLOGY

A bacterial pathogen was identified in 566 (32%) of the CAP patients and 178 (34%) of the
HCAP patients, most frequently based on sputum culture (n=368, 50%), urinary antigen
testing (n=224, 30%), blood culture (n=98. 13%), BAL (n=22, 3%), or serology (n=13,
2%). The most frequent causative pathogen was S. pneumoniae in both CAP and HCAP
patients (14.0% and 11.2%, respectively, Table 2). In comparison to CAP, HCAP was less
frequently caused by S. pneumoniae and H. influenzae and more frequently caused by
S. aureus, P. aeruginosa, and E. coli, and more often had multiple pathogens identified.
Of all the 4,464 bacterial pathogen / antibiotic strategy combinations, 20% (n=909)
were confirmed by susceptibility testing, 65% (n=2,921) were assumed to be sensitive
or resistant based on intrinsic resistance or national surveillance and 15% (n=634) were

unknown.
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Table 2. Pathogens in CAP and HCAP patients

CAP HCAP

n=1,756 n= 527
Streptococcus pneumoniae 246 (14.0) 59 (11.2)
Haemophilus influenzae 92 (5.2) 17 (3.2)
Multiple pathogens* 52 (3.0) 27 (5.1)
Staphylococcus aureus 30(17) 15(2.8)
Pseudomonas aeruginosa 27 (1.5) 15(2.8)
Escherichia coli 23(1.3) 18 (34)
Mycoplasma pneumoniae 23(1.3) 1(0.2)
Legionella pneumophila 17 (1.0) 1(0.2)
Moraxella catarrhalis 12(0.7) 4(0.8)
Klebsiella pneumoniae 7(0.4) 2(04)
Other gram-negative bacteria 31(1.8) 13(2.5)
Other gram-positive bacteria 6(0.3) 6(11)
Total 566 (32.2) 178 (33.8)

Data are given as n(%).
* Most frequent multiple pathogen combinations were S. pneumoniae with H. influenzae (20%) and H. influenzae with S. aureus
(15%) in CAP and H. influenzae with M. catarrhalis (16%) and H. influenzae with E. coli (12%) in HCAP patients.

PREDICTIVE VALUE FOR AMOXICILLIN NON-SUSCEPTIBILITY

The prevalence of non-susceptibility to amoxicillin for the best-case and worst-case
scenario was 11.3% (95% confidence interval (Cl) 9.9%-12.8%) and 14.4% (95% CI 12.9%-
16.1%) in CAP patients and 16.7% (95% Cl 13.6%-20.1%) and 19.7% (95% Cl| 16.6%-23.3%)
in HCAP patients, respectively (Figure 1 A and B). The corresponding negative predictive
values, which is the prevalence of amoxicillin susceptibility in CAP patients without
HCAP criteria, were 88.7% (95% Cl 87.2%-90.1%) and 85.6% (95% Cl 83.9%-87.2%) (1
minus non-susceptibility rate in CAP patients) for the best- and worst-case scenarios,
respectively, with sensitivities of 30.8% (95% Cl 25.7%-36.3%) and 29.2% (95% Cl 24.7%-
34.1%), and specificities of 78.0% (95% CI 76.1%-79.8%) and 78.0% (95% Cl 76.1%-79.8%).

PREDICTIVE VALUE FOR BROAD-SPECTRUM NON-SUSCEPTIBILITY

When comparing antibiotic non-susceptibility rates we used the non-susceptibility rate
for amoxicillin as a reference, which was 11.3-14.4% in CAP patients and 16.7-19.7% in
HCAP patients. In comparison to this reference, other antibiotic combinations reduced
the proportion of CAP patients with non-susceptibility by 5-10% and by 7-16% in HCAP
patients. The largest reduction in non-susceptibility compared to amoxicillin was
achieved by adding ciprofloxacin to amoxicillin in both CAP and HCAP patients. In CAP
patients, the 11.3-14.4% (best-case, worst-case) non-susceptibility to amoxicillin was
reduced by 10% to a non-susceptibility of 0.8% (95% Cl 0.4%-1.3%) (best-case) and 4.1%
(95% Cl 3.3%-5.1%) (worst-case). In HCAP patients, the 16.7-19.7% (best-case, worst
case) was reduced by 11-16% to a non-susceptibility of 1.3% (95% Cl 0.6%-2.7%) (best-
case) and 8.3% (95% Cl 6.3%-11.0%) (worst-case) with amoxicillin plus ciprofloxacin.
(figure 1C and D).
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Table 3. Diagnostic values of HCAP to predict for antibiotic resistance

Resistance rate

Scenario CAP (n=1,756) HCAP (n=527) Sensitivity Specificity

(n (%, 95% CI) (n (%, 95% CI) (%, 95% ClI) (%, 95% ClI)
Amoxicillin Best-case 198 (11.3(9.8-12.8)) 88 (16.7 (13.8-20.1)) 30.8 (25.7-36.3) 78.0 (76.1-79.8)
Worst-case 252 (144 (12.8-6.1)) 104 (19.7 (16.6-23.3))  29.2 (24.7-34.1) 78.0 (76.1-79.8)
Amoxicillin-clavulanic Best-case 117 (6.7 (5.6-7.9)) 52 (9.9 (7.6-12.7)) 30.8 24.3-38.1) 77.5(75.7-79.3)
acid Worst-case 131(7.5(6.3-8.8)) 62 (11.8 (9.3-14.8)) 32.1(25.9-39.0) 77.8 (75.9-79.5)
Ceftriaxone Best-case 90 (5.1 (4.2-6.3)) 35 (6.6 (4.8-9.1)) 28.0 (20.9-36.4) 772 (754-78.9)
Worst-case 108 (6.2 (5.2-7.4)) 45 (8.5 (6.4-11.2)) 294 (22.8-37.1) 774 (75.5-79.1)
Moxifloxacin Best-case 33 (1.9 (1.3-2.6)) 27 (5.1 (3.5-74)) 45.0 (33.1-57.5) 77.5(75.7-79.2)
Worst-case 119 (6.8 (5.7-8.0)) 71(13.510.8-16.7) 374 (30.8-44.4) 78.2 (76.4-79.9)
Amoxicillin + Best-case 59 (3.4 (2.6-4.3)) 28 (5.3 (3.7-7.6)) 32.2(23.3-42.6) 77.3 (75.5-79.0)
azithromycin Worst-case 132 (7.5 (6.4-8.8)) 51(9.7 (74-12.5)) 279 (21.9-34.8) 77.3(75.5-79.1)
Amoxicillin + Best-case 14 (0.8 (0.5-1.3)) 7(1.3(0.6-2.7)) 33.3(17.2-54.6) 77.0 (75.2-78.7)
ciprofloxacin Worst-case 72 (4.1(3.3-5.1)) 44 (8.3 (6.3-11.0)) 37.9 (29.6-47.0) 77.7 (75.9-79.4)
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Figure 1. Non-susceptibility for antibiotics in CAP (A) and HCAP patients (B) and the difference in
non-susceptibility compared to amoxicillin (CAP: C and HCAP: D). Dark grey indicates the best-
case scenario, white grey indicates the worst-case scenario. Confidence intervals are given for

both scenarios.
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DISCUSSION

In this study of patients with a clinical diagnosis of CAP admitted to non-ICU wards,
non-susceptibility of CAP pathogens to amoxicillin was 5-6% higher in patients who
met the HCAP criteria compared to patients without HCAP criteria. The most commonly
identified pathogens were S. pneumoniae and H. influenzae in CAP patients and S.
pneumoniae, multiple pathogens, S. aureus, P. aeruginosa, and E. coli in HCAP patients.
These findings are comparable to previous reportsi®-2024 Naturally, this difference in
non-susceptibility could be reduced by broadening the empiric antibiotic spectrum for
HCAP patients. To our knowledge, this is the first study to assess the predictive value
of HCAP criteria for non-susceptibility to narrow-spectrum beta-lactams. As such, the
presented data may be useful in the discussion of whether HCAP should be implemented
in CAP guidelines in settings where narrow-spectrum beta—lactam monotherapy is the

first choice treatment.

Despite the differences in aetiology between CAP and HCAP patients, several
observational studies from the US have failed to show benefit of broad-spectrum
empirical antibiotics on the clinical outcome of HCAP patients, with some even showing
worse clinical outcomeB-3. However, these observational studies most likely suffered
from confounding by indication, where underlying conditions, frailty, severity of disease,
and treatment restrictions may have influenced the association between treatment
and outcome of HCAP patients. In addition, being able to predict non-susceptibility to
empirical antibiotics does not necessarily mean that such patients would benefit from
broader empirical therapy. It may also be safe to start with narrow-spectrum antibiotics
and escalate treatment based on culture or urine antigen testing results. Therefore,
proper randomised trials are required to validly assess treatment effects on clinical
outcome in HCAP patients.

As the criteria for HCAP have often been questioned, multiple studies have evaluated
other risk factors or scores to predict antibiotic resistance in CAP patients. The risk
factors evaluated to date include: family members with resistant bacteria, severe
pneumonia, prior antibiotic use, functional status, ICU admission, immunosuppression,
co-morbidities (cerebrovascular disease, diabetes, COPD), gastric acid suppression
medication, tube feeding, prior infection with a drug resistant pathogen, and MRSA
colonizationt718202124-281 However, many of these risk factors were evaluated in settings
with a high prevalence of antibiotic resistance. Whether their predictive value can
be generalised to settings with a low prevalence of antibiotic resistance remains to
be elucidated. Moreover, many of the aforementioned risk factors, such as previous
colonization with MRSA, are not appropriate for settings with low antibiotic resistance
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prevalence. In an additional analysis, we explored the predictive value of severe
pneumonia (CURB-65 score>2), prior antibiotic use, functional status (ADL dependence),
immunosuppression, and co-morbidities (cardiovascular disease, diabetes mellitus,
COPD) in a multivariable model. From these variables, only HCAP, immunosuppression,
cerebrovascular disease and diabetes mellitus were predictive for amoxicillin non-
susceptibility (Table S2). However, the discriminative capacity of the multivariable model
remained limited. The predictive value of these variables, in combination with other
promising predictors (such as previous colonisation with resistant bacteria) should be

evaluated in a prospective cohort study.

This study has several strengths. We used high quality data from a prospective multicentre
trial, including consecutive patients with moderate-severe community-acquired
pneumonia, irrespective of whether a bacterial pathogen was isolated. In contrast to
including patients with positive cultures only, the predictive values presented here are
directly relevant for clinical practise®”?%?4 |n addition, we used extensive antibiotic
susceptibility data and assessed non-susceptibility over a range of different empirical
antibiotic treatment regimens. There were also several limitations. First, patients that
resided in nursing homes were excluded because their disease was not considered to
be CAP. Therefore, one could argue that we did not include the entire spectrum/domain
of HCAP and the presented results might not be generalizable to the international
HCAP definition. However, these patients would generally be considered as hospital- or
nursing-home acquired pneumonia and treated as such. Second, diagnostic testing was
performed as part of routine care, which is why blood cultures, sputum cultures, and
urinary antigen testing were not uniformly performed. Yet, although we cannot exclude
the possibility of bias in outcome assessment, there were no major differences between
rates of microbiological testing in CAP and HCAP patients. Third, although there were
missing susceptibility data for individual antibiotics in certain pathogens, imputed
susceptibility data were based on local surveillance data and, therefore, generalizable
to settings with low antibiotic resistance. In addition, we performed sensitivity analyses
on susceptibility patterns that remained unknown with a best-case and worst-case
scenario where the unknown susceptibilities were either all susceptible or non-
susceptible. These sensitivity analyses yielded only small variations in non-susceptibility
for the different antibiotic regimens. Fourth, the probable causative pathogen was in
many cases based on sputum cultures, which might represent colonisation rather than
infection. Yet, therefore we only considered plausible pneumonia pathogens in our
analyses. Lastly, we assumed cases of pneumonia without a causative pathogen to be
susceptible to all antibiotics, which might not be true in case of false-negative culture

results for resistant pathogens in a subset of patients.
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To conclude, HCAP criteria predict for higher non-susceptibility rates to amoxicillin
in patients hospitalized with CAP to non-ICU wards in the Netherlands. However, we
consider the absolute risk difference of non-susceptibility to amoxicillin between CAP
and HCAP patients as being too low to justify treating all HCAP patients with broad-
spectrum antibiotics. Future research should focus on identifying and validating risk
factors to predict for narrow-spectrum beta-lactam antibiotic non-susceptibility that
are appropriate for settings with low antibiotic resistance. Furthermore, prediction rules
need to be evaluated in randomised clinical trials to show benefit on clinical outcome.
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SUPPLEMENT

Table S1. Assumed antibiotic susceptibility patterns of pathogens in case of missing resistance data.

AMO

ACL

CTR

>
N

MOX

o
B

Streptococcus pneumoniae
Haemophilus influenzae
Escherichia coli
Staphylococcus aureus
Pseudomonas aeruginosa
Mycoplasma pneumoniae
Legionella pneumophila
Moraxella catarrhalis
Klebsiella pneumoniae
Stenotrophomonas species
beta-hemolytic streptococcus
Serratia marcescens
Enterobacter species
Klebsiella oxytoca
Enterobacter cloacae
Morganella morganii
Pneumocystis jirovecii
Acinetobacter species
Citrobacter freundii
Citrobacter species
Coxiella burnetti
Enterobacter aerogenes
Klebsiella ozaenea

Proteus mirabilis

Serratia liquefaciens

C W >XWXDXVWXHWVWXHWVW XDV XHV XV VIV DV DOVWVW™DIVWDWVWDOVW DUV DOV IO DD CCOVw
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%)
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%)

AMO: amoxicillin, ACL: amoxicillin-clavulanic acid, CTR: ceftriaxone, AZI: azithromycin, MOX: moxifloxacin, CIP: ciprofloxacin
(S) susceptible; prevalence of antibiotic resistance to the antibiotic <10%
(R) non-susceptible; prevalence of antibiotic resistance to the antibiotic >90%

(U) unknown; prevalence of antibiotic resistance to the antibiotic >10% and <90%
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Table S2. Multivariable and univariate prediction model results for amoxicillin non-susceptibility

Bootstrapped OR
(95% CI)

AUC* of ROC curve
(95% CI)

Best-case scenario HCAP (univariate)
HCAP
History of cerebrovascular disease
Diabetes mellitus

Worst-case scenario HCAP (univariate)
HCAP
History of cerebrovascular disease
Diabetes mellitus
Immunosuppression

16(1.2-2.1)
15(1.1-2.0)
18(1.2-2.6)
0.7 (04-0.9)
15(1.1-1.9)

14(11-1.8)

15(1.0-2.1)
15(11-2.2)
0.7 (0.5-1.0)

0.54 (0.5-0.58)
0.58 (0.54-0.61)

0.54 (0.5-0.57)
0.56 (0.53-0.6)

*Area under the curve of the receiver operating characteristic (ROC) curve
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ABSTRACT

OBJECTIVE
Our objective was to identify clinical predictors of antibiotic treatment effects in non-
ICU hospitalised CAP patients.

METHODS

Post-hoc analysis of three prospective cohorts (from the Netherlands and Spain) of CAP
adult patients admitted to a non-ICU having received either beta-lactam monotherapy
(BL), beta-lactam + macrolide (BLM), or fluoroquinolone-based therapy (FQL) as empiric
antibiotic treatment. We evaluated candidate clinical predictors of treatment effects in
multiple mixed-effects models by including interactions of the predictors with empiric
antibiotic choice and using 30-day mortality, ICU admission, and length of hospital stay
(LOS) as outcomes.

RESULTS

Among 8,562 patients, empiric treatment was BL in 4,399 (51.4%), FQL in 3,373 (39.4%),
and BLM in 790 (9.2%). Older age (interaction OR 1.67, 95% CI 1.23 — 2.29, p-value
0.034) and current smoking (interaction OR 2.36, 95% C.I. 1.34 — 4.17, p-value 0.046)
were associated with lower effectiveness of FQL on 30-day mortality. Older age was
also associated with lower effectiveness of BLM on LOS (interaction effect ratio 1.13,
95% C11.08 — 1.18, p-value < 0.0001).

CONCLUSIONS
Older age and smoking could influence the response to specific antibiotic regimens. The
effect modification of age and smoking should be considered hypothesis generating to

be evaluated in future trials.
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INTRODUCTION

Community-acquired pneumonia (CAP) is a leading cause of hospitalization and death
worldwidel*-sl. Although recent studies described a downward trend in 30-day mortality
in hospitalized patients with CAP over the last 20 years!“-, the reported hospital mortality
in these patients remains high, ranging from 4% to 15%“7.

For CAP patients admitted to a non-intensive-care-unit (non-ICU), international
guidelines recommend either beta-lactam monotherapy (BL), beta-lactam macrolide
combination therapy (BLM) or respiratory fluoroquinolone monotherapy (FQL) as
empiric treatment®-1% However, the necessity for atypical coverage in non-severe CAP
patients is uncertain as beneficial effects on mortality were only found in observational
studies, but not in randomized controlled trials!*-*2. Moreover, the use of macrolides
and fluoroquinolones has been related to increased risks of antimicrobial resistance
and adverse drug effects17 A limitation of the studies performed so far is that they
compared interventions within the whole domain of hospitalized CAP (e.g. at the

population level), lacking power for proper subgroup analyses.

Despite important advancements in diagnostic testing, a causative pathogen is not
detected in the majority of CAP patients; and if detected there is often a delay of up to
48 hours?. Initial antibiotic treatment is therefore almost always empiric. However, CAP
is a heterogeneous disease due to heterogeneity in both host and pathogen factors.
Therefore, an individualized antibiotic treatment approach might prove beneficial.

The concept of individualized medicine, initially referred to the use of genomics in
clinical care, has extended to recognizing the heterogeneity of each individual patient,
particularly their risk factors for developing disease or having poor outcomes, and
using this to inform treatment decisions. Biomarkers and clinical predictors have been
widely studied in CAP in an attempt to predict the microbial etiology"® ! or clinical
outcomes, such as early treatment failure or all-cause mortality?°-?%. Yet, predictors
of pathogens are weak at best, and predictors of all-cause mortality do not inform
the treating physician about the necessity to adjust empiric therapy. To pave the way
for individualized medicine for CAP, it is necessary to take a step further and assess

differences in treatment response based on multiple patient factors.
The objective of this study was to find candidate predictors at individual patient level

for effect modification of empiric antibiotic regimens (BL, BLM and FQL) in CAP patients
hospitalized to non-ICU wards.
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PATIENTS AND METHODS

SETTING, STUDY POPULATION AND RESEARCH DESIGN

This is a post-hoc analysis of three cohorts of hospitalized patients with CAP, two from
the Netherlands and one from Spain®* 2 26 The Dutch cohorts were from two large
randomized clinical trials conducted in the Netherlands. All patients hospitalized for CAP
from The Community-Acquired Pneumonia immunization Trial in Adults (CAPITA), and all
patientsincluded in the Community-Acquired Pneumonia — Study on the Initial Treatment
with Antibiotics of Lower Respiratory Tract Infections (CAP-START) were included.

The Spanish (Bellvitge) cohort includes all patients with X-ray confirmed CAP admitted
via the emergency department of Bellvitge University Hospital. Supplementary table 1
shows the main characteristics of the three cohorts. For the purpose of this study, we
only analysed patients who received BL, BLM or FQL as empiric antibiotic treatment.

DATA COLLECTION

Empiric antibiotic treatment was defined as the antibiotic treatment administered in
the first calendar day of hospitalization (Dutch cohorts) or prospectively collected as a
specific item in the data collection form (Bellvitge cohort), as the first antibiotic regimen
administered to the patient after admission.

Data on clinical presentation, laboratory, microbiologic test results, antibiotic use, and
clinical outcome were retrieved from medical records. In the absence of notes in clinical
records, the following variables were assumed to be absent/negative: pneumococcal or
influenza vaccination, clinical symptoms (cough, purulent sputum, pleuritic chest pain,
headache, gastro-intestinal symptoms, chills), confusion, hypotension, tachycardia,
positive urinary antigen for S. pneumoniae. Definitions of predictors and empiric
antibiotic treatment are explained in the Supplement.

All studies were approved by the Institutional Review Board in the participating hospitals
and the informed consent covered the current analysis. To protect personal privacy,

data were anonymized.

OUTCOMES

The primary outcome was all-cause mortality within 30 days after admission. The 30-
day mortality was either assessed at a long-term follow-up visit (Bellvitge), from General
Practitioner (GP) medical records (Bellvitge, CAPiTA), or from the municipal records
database (CAP-START). The secondary outcomes were ICU admission after the first
day of hospitalization and length of hospital stay. All outcomes were measured and
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analyzed at the individual patient level.

PREDICTORS

Through an extensive search in PubMed we selected a list of candidate clinical predictors
of treatment effects on CAP. These clinical predictors should be present and known
at admission and associated either to specific CAP etiology or to clinical outcome.
A complete list of the predictors chosen for the analysis and the correspondent
bibliography are shown in the Supplement.

In addition, the year of admission was included as a confounding variable, categorized in
4 periods of 5 years each, as following: 1995-1999, 2000-2004, 2005-2009, 2010-2014.

STATISTICAL ANALYSIS
Data are presented as percentages and numbers, means with SDs, medians with

interquartile ranges (IQRs), or proportions with 95% Cls, as appropriate.

For binary outcomes we used mixed-effects logistic regression models (see Supplement
for details). To identify candidate predictors of treatment effects we applied a two-step
approach. First, we estimated for each candidate predictor the interaction effect with
antibiotic treatment in separate models, including the fixed effects, random effects,
and the single interaction effect. Interaction variables with a two-sided p-value of
<0.10 using the Wald test were included in the second step of our analysis. There we
constructed a mixed-effects model including all selected interactions from the first step
and all afore mentioned fixed and random effects. P-values of the second-step model
were corrected for multiple testing using the Benjamini-Hochberg (BH) method?®. Two-
sided BH adjusted p-values <0.05 were considered statistically significant. Associations
are given as ORs with 95% Cls. Effect modifiers for the length of hospital stay (LOS) were
tested similarly with mixed-effects linear regression models, after log-transforming
length of stay. The exponent of the regression coefficients was interpreted as the effect
ratio, e.g. an effect ratio of 2 for factor X implies that a patient with X has a two time
longer length of stay compared to a patient without X.

We performed sensitivity analyses including only patients with radiologically confirmed
CAP and we performed analyses stratified per cohort. Assumptions of the models were
tested visually by plotting residuals. Missing data on smoking habits (6.6% of missing data),
pre-hospitalantibioticsuse (2.5%), elderly home living (12.4%), serum sodium concentration
(12.4%), leukocyte count (0,2%), and PSI (0.1%) were imputed by multiple imputations (ten
imputation datasets), assuming data missing at random. Descriptive statistics and multiple

imputations were performed using the Statistical Package for the Social Sciences for
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Windows (Version SPSS 21.0.0.0). Mixed-effects models were performed with R (R Core
Team, 2015), and the R-package Ime4 (Bates, Maechler, Bolker, Walker 2015).

RESULTS

A total of 8,562 patients were included: 2,184 (25.5%) from the CAPITA cohort, 2,154
(25.2%) from the CAP-START cohort and 4,224 (49.3%) from the Bellvitge cohort
(supplementary figure 1). Patient characteristics are described in table 1. A probable
or definite microbiological diagnosis was made in 46.3% of patients. The diagnostic
work-up by cohorts is described in supplementary table 2. The causative pathogens
identified per age group are summarized in supplementary table 3. The majority of
patients received BL as empiric treatment (4,399; 51.4%), followed by FQL (3,373; 39.4%)
and BLM (790; 9.2%). The different empirical antibiotics administered in each cohort,
either in monotherapy or in combination, are listed in supplementary table 4.

Table 1. Principal clinical characteristics and outcomes in each cohort.

CAPITA [26] CAP-START [12] BELLVIGE [4] ALL
n=2184(25.5%) n=2154(25.2%) n=4224(49.3%) n=8562

PREDICTORS FOR INDIVIDUAL PATIENT ANTIBIOTIC TREATMENT EFFECT IN HOSPITALISED COMMUNITY-ACQUIRED
PNEUMONIA PATIENTS

Table 1 continued.

CAPITA [26] CAP-START [12] BELLVIGE [4] ALL
n=2184(25.5%) n=2154(25.2%) n=4224(49.3%) n=8562

Comorbidities

PSI score, points (IQR) 107 (91-125) 86 (66-107) 99 (77-124) 98 (79-120)
PSI class I, n(%) 0 0 184 (4.4) 184 (2.2)
PSl class II, n(%) 34 (1.6) 644 (29,9) 672 (16.0) 1350 (15.8)
PSlI class 11, n(%) 506 (23.2) 556 (25.8) 859 (204) 1921 (22.5)
PSl class IV, n(%) 1228 (56.2) 770 (35.7) 1641 (39,0 3639 (42.6)
PSl class V, n(%) 416 (19.0) 184 (8.5) 857 (20.3) 1457 (17.0)
Antibiotic empiric treatment
Beta-lactam monotherapy, n(%) 1493 (68.4) 730 (33.9) 2176 (51.5) 4399 (51.4)
Beta-lactam + Macrolide, n(%) 64 (2.9) 536 (24.9) 190 (4.5) 790 (9.2)
Fluorogquinolone-based, n(%) 627 (28.7) 888 (41.2) 1858 (44.0) 3373 (39.4)
Outcomes
30-day mortality, n(%) 195(9.2) 114 (5.3) 261 (6.2) 570 (6.7)
Early mortality, n(%) 55(2.5) 12 (0.6) 89 (2.1) 156 (1.8)
ICU admission, n(%) 112 (5.1) 41(1.9) 207 (4.9) 360 (4.2)
Length Of Hospital Stay, days (IQR) 7 (5-11) 6 (4-9) 8 (5-11) 7 (5-10)

Age, years(IQR) 76.0 (72-82) 70.0 (59-79) 70.5 (58-79) 73.0 (63-80)
Male sex, n(%) 1545 (70.7) 1250 (58.0) 2860 (67.7) 5655 (66.0)
Elderly home, n(%) 81(4.1) 102 (4.8) 234 (6.9) 417 (5.6)
Current smoker, n(%) 323(19.0) 441 (21.1) 1037 (24.7) 1801 (22.5)
Influenza season, n(%) 1565 (71.7) 1553 (72.1) 3230 (76.5) 6348 (74.1)
S. pneumoniae vaccination, n(%) 1066 (48.8) 44 (2.0) 710 (16.8) 1820 (21.3)
Influenza virus vaccination, n(%) 1916 (87.7) 1396 (64.8) 2001 (47.4) 5313 (62.1)
Outpatient antibiotic, n(%) 656 (31.0) 639 (30.4) 882 (21.4) 2177 (26.1)
Beta-lactams, n(%) 373 (17.8) 366 (17.7) 538 (13.2) 1277 (15.5)
Atypical coverage, n(%) 296 (14.1) 251(12.1) 327(8.0) 874 (10.6)
Comorbidities
Cerebrovascular disease, n(%) 278 (12.7) 221(10.3) 343 (8.1) 842 (9.8)
COPD, n(%) 1351 (61.9) 973 (45.2) 1230 (29.1) 3554 (41.5)
Malignancy, n(%) 301 (13.8) 364 (16.9) 414 (9.8) 1079 (12.6)
Cardiovascular, n(%) 909 (41.6) 454 (21.1) 1042 (24.7) 2405 (28.1)
Immunosuppression, n(%) 235(10.8) 210 (9.7) 337(8.0) 782 (9.1)
Symptoms days, days (IQR) 3(1-6) 3(1-7) 3(2-6) 3(1-7)
Cough, n(%) 1509 (69.1) 1776 (82.5) 3585 (84.9) 6870 (80.2)
Purulent sputum, n(%) 924 (42.3) 1247 (57.9) 2022 (47.9) 4193 (49.0)
Gastro-intestinal symptoms, n(%) 167 (7.6) 291 (13.5) 635 (15.0) 1093 (12.8)
Pleuritic chest pain, n(%) 225(10.3) 294 (13.6) 1767 (41.8) 2286 (26.7)
Headache, n(%) 78 (3.6) 99 (4.6) 618 (14.6) 795 (9.3)
Chills, n(%) 320 (14.7) 426 (19.8) 1927 (45.6) 2673 (31.2)
Confusion, n(%) 291 (13.3) 193 (9.0) 586 (13.9) 1070 (12.5)
Fever, n(%) 786 (36.7) 1206 (57.1) 2013 (48.1) 4005 (47.5)
Hypotension, n(%) 343 (15.7) 293 (13.6) 635 (15.0) 1271 (14.8)
Heart rate > 125 bpm, n(%) 202 (9.2) 269 (12.5) 352 (8.3) 823 (9.6)
Respiratory failure, n(%) 528 (24.2) 837 (38.9) 2435 (57.6) 3800 (44.4)
Bilateral infiltrate on chest X ray, n(%) 185 (8.5) 190 (8.8) 627 (14.8) 1002 (11.7)
Pleural fluid on chest X ray, n(%) 206 (9.4) 146 (6.8) 708 (16.8) 1060 (12.4)
iti inary antigen for S. pneumoni: (%) 166 939 (22.2) . 1302 (152
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IQR: interquartilic range. COPD: chronic obstructive pulmonary disease.

PSI: Pneumonia Severity Index.

FQL based treatment was defined as any regimen including a FQL (FQL in monotherapy or in combination therapy).
Early mortality: mortality for any cause in the first 48 hours from admission.

ICU: Intensive Care Unit.

CLINICAL PREDICTORS FOR TREATMENT EFFECT: 30-DAY MORTALITY

In the first step models, five interactions between a clinical predictor and antibiotic
empiric treatment were significant at a p-value of <0.10 for 30-day mortality: age,
current smoking, tachycardia at admission (heart rate >125 bpm), confusion at admission,
and pleuritic chest pain. In the second step we tested the combination of these five
interactions (table 2). After correction for multiple testing, the following predictors of
treatment effect for 30-day mortality were statistically significant: increasing age with
the use of FQL vs. BL (interaction OR 1.67, per unit increase of standardized age, 95% Cl
1.23 - 2.29, BH adjusted p-value 0.034) and active smoking with the use of FQL vs. BL
(interaction OR 2.36, 95% C.I. 1.34 — 4.17, BH adjusted p-value 0.046).

Table 2. 30-day mortality: difference in response to antibiotic empiric strategy by clinical

predictors in the second step mixed-effects logistic regression model.

Adjusted interaction OR (95% IC) BH p-value for interaction
Age*BLM 167 (1.03-2.72) 0.282
Age*FQL 167 (1.23-2.29) 0.034
Smoker*BLM 1.10 (0.40-2.99) >0.999
Smoker*FQL 2.36 (1.34-4.17) 0.046
Heart rate>125 bpm*BLM 0.36(0.11-1.20) 0487
Heart rate>125 bpm*FQL 1.32(0.73-2.41) >0.999
Confusion*BLM 0.73 (0.33-1.60) >0.999
Confusion*FQL 0.53(0.32-0.87) 0.123
Pleuritic chest pain*BLM 247 (1.01-6.02) 0.282
Pleuritic chest pain*FQL 0.99 (0.53-1.83) >0.999

FQL: fluoroquinolone-based. BLM: beta-lactam plus macrolide. BH: Benjamini — Hochberg method.
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CLINICAL PREDICTORS FOR TREATMENT EFFECT: ICU ADMISSION

In the first step models, three interactions between clinical predictors and antibiotic
empiric treatment were statistically significant at a p-value of <0.10 for ICU admission:
admission during influenza season, having a positive urinary antigen test for S.
pneumoniae, and leukopenia (leukocyte count less than 4000 cells/pL) or extreme
leukocytosis (leukocyte count more than 20000 cells/pL) at admission. In the second
step we tested the combination of these three interactions (table 3). After correction
for multiple testing, the only statistically significant predictor of treatment effect for ICU
admission was extreme leukocytosis for the use of BLM vs. BL (interaction OR 4.42, 95%
Cl1.83 - 10.66, BH adjusted p-value 0.029).

Table 3. Intensive Care Unit admission: difference in response to antibiotic empiric strategy by

clinical predictors in the second step mixed-effects logistic regression model.

Adjusted interaction OR (95% Cl) BH p-value for interaction
Influenza season*BLM 0.76 (0.29-1.90) >0.999
Influenza season*FQL 0.66 (0.37-1.16) >0.999
S.pneumoniae+Ag*BLM 0.45(0.09-2.19) >0.999
S.pneumoniae+Ag*FQL 0.46 (0.25-0.84) 0.117
Leukocyte count <4000 cells/uL*BLM 3.27(0.60-17.83) >0.999
Leukocyte count <20000 cells/pL *BLM 442 (1.83-10.66) 0.029
Leukocyte count <4000 cells/pL *FQL 3.71(1.34-10.28) 0.117
Leukocyte count <20000 cells/puL *FQL 1.30 (0.69-2.46) >0.999

FQL: fluoroquinolone-based. BLM: beta-lactam plus macrolide. BH: Benjamini — Hochberg method.

CLINICAL PREDICTORS FOR TREATMENT EFFECT: LENGTH OF HOSPITAL STAY

In the first step models, six interactions between clinical predictors and antibiotic empiric
treatment were statistically significant at a p-value of <0.10 for LOS: increasing age,
previous outpatient antibiotic treatment with atypical coverage, history of cardiovascular
disease, presentation with gastro-intestinal symptoms, having a positive urinary antigen
test for S. pneumoniae, and presentation with bilateral infiltrates or pleural fluid on
chest X-ray. In the second step we tested the combination of these six interactions
(table 4). After correction for multiple testing, the only statistically significant predictor
of treatment effect for LOS was increasing age with the use of BLM vs. BL (interaction
effect ratio 1.13 per unit increase of standardized age, 95% Cl 1.08 — 1.18, BH adjusted
p-value < 0.0001).

SENSITIVITY ANALYSES
Sensitivity analyses of the three final models in patients with radiologically confirmed
CAP did not reveal substantial changes in the estimates of interactions (supplementary

table 4). Subsequently, we performed the analyses in each of the three cohorts separately
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(supplementary table 4). In the 30-day mortality model, the ORs for the interaction
between increasing age and FQL use were consistent in the three cohorts, ranging from
1.62 to 1.75, while the OR for the interaction between being an active smoker and FQL use
showed larger variation (145 to 3.97) albeit all in the same direction. In the LOS model,
the effect size for the interaction between increasing age and BLM treatment ranged from
1.01 to 1.62. In the ICU admission model, the ORs for the interaction of leukocytosis with
BLM use showed substantial inter-cohort differences (from 1.58 to 48.91).

Finally, since the analyses yielded similar interaction effect estimates in models without
inclusion of confounders, confounding by indication appeared to be limited for the
interaction effect (supplementary table 4).

Table 4. Length of Hospital Stay: difference in response to antibiotic empiric strategy by clinical

predictors in the second step mixed-effects linear regression model.

Adjusted interaction effect ratio (95% Cl) BH p-value for interaction
Age*BLM 1.13(1.08-1.18) 0.00003
Age*FQL 1.03 (1.006-1.07) 0.087
Qutpatient atypical coverage*BLM 0.81(0.70-0.94) 0.074
Outpatient atypical coverage*FQL 0.92 (0.84-1.001) 0.204
History of cardiovascular disease*BLM 1.04 (0.93-1.17) >0.999
History of cardiovascular disease*FQL 1.006 (0.94-1.07) >0.999
Gastro-intestinal symptoms*BLM 0.87 (0.76-1.01) 0.204
Gastro-intestinal symptoms*FQL 0.93 (0.86-1.005) 0.204
S.pneumoniae+ Urinary Antigen*BLM 1.20 (1.02-1.41) 0.117
S.pneumoniae+ Urinary Antigen*FQL 111 (1.03-1.19) 0.076
Pleural fluid on chest X-ray*BLM 1.05(0.90-1.22) >0.999
Pleural fluid on chest X-ray * FQL 1.11(1.02-1.21) 0.076
Bilateral infiltrate on chest X-ray *BLM 0.95 (0.82-1.09) >0.999
Bilateral infiltrate on chest X-ray *FQL 112 (1.02-1.21) 0.076

FQL: fluoroquinolone-based. BLM: beta-lactam plus macrolide. BH: Benjamini — Hochberg method.

INDIVIDUAL PREDICTED TREATMENT EFFECT ON 30-DAY MORTALITY

Focusing on our primary outcome, we refitted the step 2 model, restricted to the
significant interaction variables (increasing age and to be a current smoker), to construct
a predictive model of 30-day mortality based on the provided antibiotic treatment (figure
1). According to this model, in older currently smoking patients empiric treatment with
FQL is associated with higher 30-day mortality than empiric treatment with BL. Yet, in
young non-smoking patients, FQL empiric treatment was predicted to be associated
with lower 30-day mortality. There were no clear effects for BLM vs. BL.
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(a) Individual predicted 30-day mortality for BL vs. FQL (c) Adjusted ORs and 95% Cls for in different subgroup:
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Figure 1. Predicted 30-day mortality at individual patient level. A. Individual predicted 30-day
mortality in a logistic regression model restricted to the significant interaction variables (age
and smoke habit), comparing patients who receive BL vs. patients who receive FQL as empiric
treatment. B. Individual predicted 30-day mortality in a logistic regression model restricted to
the significant interaction variables (age and smoke habit), comparing patients who receive BL
vs. patients who receive BLM as empiric treatment. C. Adjusted (BH method) Odds Ratio with
95% Confidence Interval for 30-day mortality in different subgroups of patients, divided for their
group age and smoke habit. FQL: fluoroquinolone-based. BLM: beta-lactam plus macrolide. BH:

Benjamini — Hochberg method.

DISCUSSION

In this post-hoc analysis of three prospective cohorts from the Netherlands and Spain we
identified age and smoking as candidate clinical predictors for the response to empiric
antibiotic treatment, from an individualized patient perspective. In a previous clinical
trial comparing BL with BLM! authors indicate an interaction effect of PSI high classes
classification and monotherapy, with a reduced HR for clinical stability. Conversely, in a
recent register-based cohort study comparing narrow vs. broad spectrum beta-lactams
therapy in CAP patients, the authors did not find significant interaction effects of clinical
variable with antibiotic effectivenesst?!.
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Our findings suggest that older age and smoking are associated with increased 30-
day mortality in patients receiving FQL as empiric treatment, either alone or combined
with beta-lactams. In older patients the beneficial effects of atypical coverage could
be less than in younger patients partly due to a lower incidence of CAP caused by
atypical pathogens, as reported in different series!® 3¢ 3% and also observed in our data
(supplementary table 3). Moreover, adverse effects and toxicity of FQL (among them the
QT interval prolongation®) could be more pronounced in older patients, possibly due
to a decline in renal function and changes in pharmacokinetics®®s. Older age was also
related with decreased effectiveness of BLM, with an interaction OR of 1.67. However,
presumably due to the lower number of patients with this regimen, the association was
not statistically significant.

Yet, the direction of the effect of smoking was unexpected, especially in the light of
studies reporting a higher proportion of smokers in Legionella pneumophila patients,
which should, in contrast to our findings, favour fluoroquinolone-based treatment in
smokersi®* 31 This finding raises new questions about a possible interaction between
smoking and antibiotic effectiveness. To the best of our knowledge, currently there is
no mechanism that could explain such an interaction. We can only hypothesize that
smoking patients might have malignancies, COPD, or other unexplored characteristics,
which were not yet recognized and/or reported in the medical chart, which could
interact with fluoroquinolone use in a detrimental way. Still, due to the large variability

of the ORs between cohorts, this finding should be interpreted with caution.

Older age was related to an increase in LOS in patients who received BLM as empiric
treatment, with an addition of one day on the median LOS of 7 days. As mentioned
above, the lower incidence of atypical pathogens in older patients could lead to less
beneficial effects of BLM in these patients. Furthermore, this finding could refer to the
well described association between macrolide use and cardiac events 1>, which more
frequently occur in older patients. Unfortunately, our data did not allow testing of this
hypothesis. Moreover, we observed that the effect size of the interaction between age
and BLM use was highly variable between the three cohorts, raising uncertainty on the
generalizability of this finding.

Similarly, the large confidence interval of the OR and the wide range of ORs between
the three cohorts for the association between ICU admission and leukocyte count over

20,000 in patients who received BLM prohibit firm conclusions.

Of note, the interaction between PSI score and empiric antibiotic treatment showed no

effect on clinical outcome. In current clinical practice, the choice of empiric antibiotic
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treatment is mainly based on clinical severity criteria, supported by disease severity
scores such as the PSI scorel® 1% Our findings suggest that the PSI score does not
predict whether a patient will respond better to one empiric antibiotic treatment over
another, suggesting that we need to re-evaluate how we select empiric antibiotics to
treat CAP patients.

The key strengths of this study are the large number of patients from different cohorts
allowing us to assess treatment effects in subgroup analyses, the high quality prospective
data collection, and the inclusion of all possible relevant clinical predictors in the
analysis. This study could serve as a prototype for future research in CAP, being the
first study in using the novel approach of identifying predictors for the effect of empiric
treatment strategies, instead of looking at predictors for clinical outcome or causative
pathogen. One source of weakness in this study is the presence of some important
differences between cohorts. In Bellvitge cohort all patient included have a confirmed
CAP on chest X-ray, unlike the Dutch cohorts. Whereas radiologically confirmed CAP
patients represent a more well-defined disease entity, the Dutch cohorts included all
patients that are treated for a clinical diagnosis of CAP, improving generalizability of
the results to daily clinical practice. However, a sensitivity analysis which included only
X-ray confirmed CAP showed similar results. Furthermore, there is a large variability in
the presence of some clinical signs and symptoms between the three cohorts (table
1), which is probably due to a lack of uniformity in the collection of clinical data. The
possibility of misreporting clinical characteristics could underestimate their modifying
effect on treatment and hence influence results. To correct for clustering within
the cohorts, we used mixed-effects regression models. In addition, we performed a
sensitivity analysis stratified by cohorts to assess the robustness of our findings in each

of the cohorts.

Importantly, these are all observational data, and we could not rule out confounding
by indication of the different empiric antibiotic treatments used, although we adjusted
for multiple confounders in the multivariate models. Yet, as we focus on the interaction
effect of clinical factors with empiric antibiotic treatment, we can postulate that the
same bias is present in all the different strata, thus not largely biasing the direction and
size of the interaction effect.

Moreover, as we cannot rule out bias on the direct effects of antibiotics, the same
interaction effect could either mean benefit for one group, or harm for the other group.
For example, we cannot claim that fluoroquinolone-based treatment is harmful in older
smoking patients, as our results could be also interpreted the other way round, meaning

that they are beneficialin younger and non-smoking patients. Considering this limitation,
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our results should be considered hypothesis generating and need to be confirmed in a
randomized controlled trial designed to estimate these interaction effects.

In conclusion, it is plausible that older age influences the response to specific antibiotic
treatment, as we found a relationship with both the use of FQL and increased 30-day
mortality and BLM use and LOS in older patients. Current smoking was also associated
with a decreased response to FQL. Future trials evaluating antibiotic strategies for CAP
could assess the treatment effects in patients of different age categories and smoking
status. In addition, further research illuminating the causal mechanism underlying the

identified associations needs to be performed.
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ABSTRACT

Elderly are more susceptible to infections which is reflected in the incidence and
mortality of lower respiratory tract infections (LRTI) increasing with age. Several aspects
of antimicrobial use for LRTIs in elderly patients should be considered to determine
appropriateness. We discuss possible differences in microbial etiology between elderly
and younger adults, definitions of inappropriate antimicrobial use for LRTIs currently
found in the literature and their results, possible negative impact of antimicrobial
therapy on an individual and community level, and finally, we propose that both
antimicrobial stewardship interventions and novel rapid diagnostic techniques may
optimize antimicrobial use in elderly patients with LRTI.

KEY WORDS
Inappropriate antimicrobial use, lower respiratory tract infections, elderly

KEY POINTS

e Reports on (in)appropriate antimicrobial use lack a reference standard for defining
and measuring appropriateness of treatment.

* Quinolones or macrolides should be restricted to selected cases empirically given
the low incidence of atypical pathogens in elderly patients and higher risks of
adverse drug events and drug-drug interactions.

e Use of low-dose CT scanning, point-of-care ultrasonography, or PoC-PCR testing
for viral pathogens are promising research areas to decrease the inappropriate use

of antimicrobials.
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INTRODUCTION

Elderly people (adults over 65 years of age) comprised a fifth of the total population in
Europe in 2016; this proportion may further increase to 25% in 2030™ 2. Elderly are more
susceptible to infections and their sequelae than younger adults® . which is reflected in
the incidence and mortality of lower respiratory tract infections (LRTIs) increasing with
ageP’. Next to increased incidences of comorbidities, it is thought that age-related
altered immune regulation, often referred to as ‘immunosenescence’, also contributes
to this'®, Several aspects of LRTIs in elderly make it increasingly difficult to determine the
most appropriate antimicrobial therapy for individual patients. First, the etiology of LRTI
in elderly patients could be slightly different compared to younger adults, which would
require adjusted empirical antimicrobial therapy. Also, diagnosis of LRTI in elderly could
be more challenging which might lower the threshold for prescribing antimicrobials.
Furthermore, with advancing age, the human body changes in composition and
organ function, resulting in alteration of pharmacokinetics and pharmacodynamics of
antimicrobials®®. When combined with the increasing frequency of co-morbidities and/
or polypharmacy, this facilitates the occurrence of adverse drug events (ADE) and drug-
drug interactions.

We will discuss the etiology, the currently used definitions for appropriate use of
antimicrobials, and the different negative consequences of antimicrobial therapy in
individual patients and the community for LRTIs in elderly patients. Finally, we propose
targeted interventions to improve antimicrobial prescribing in these patients.

MICROBIOLOGICAL ETIOLOGY

Seven studies, all from Europe, have made head-to-head comparisons of etiology
in elderly and younger adult patients with LRTI018 A cut-off of 65 years of age was
used to define categories. The ranges of the most commonly identified pathogens are
summarized in Table 1. Streptococcus pneumoniae was the most frequently identified
pathogen in both age groups. The most discernible differences between the two groups
were that gram-negatives, especially Enterobacteriaceae, were found more frequent
in elderly, whereas certain atypical pathogens (Legionella pneumophila, Mycoplasma
pneumoniae, and Coxiella burnetti) were more frequent in younger patients. Increasing
age and nursing-home residency are associated with colonization of gram-negative
bacteria in the oropharynx. Micro-aspiration is considered an etiologic pathway in the
development of LRTIs in elderly patients, which could explain the increase in gram-

negatives!’® .8 The lower prevalence of atypical pathogens in elderly may be caused
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by less frequent exposure to risk factorstol,

Table 1. Identified causal pathogen in studies with head to head comparison between younger and

elderly patients

Pathogens Young patients ** Elderly patients ® References
Streptococcus pneumoniae 9 -35% 8.6 — 36% [10-16]
Staphylococcus aureus 0.3 -4% 0.0 - 5% [11-13, 15, 16]
Haemophilus influenzae 1-2% 0.7 - 10% [10-13, 15, 16]
Gram-negatives 0-7% 14 -15% [10-13, 15]
Enterobacteraceae 04% - 1.3% 0.9 -26% [13, 16]
Atypical pathogens 11-37% 1-15% [10, 11, 13-15]
Legionella pneumophila 34% - 52% 1-5% [10-16]
Mycoplasma pneumoniae 2.8 -15% 0-32% [10-16]
Coxiella burnetti 0.7 - 15.8% 0 - 3.5% [10, 13-15]
Chlamydia pneumoniae 0.1-82% 0-67% [10, 12-16]
Total viral pathogens 3.6 -4% 45-134% [10, 11, 14, 15]
Influenza 12 -3.0% 0.3 -48% [10, 12, 14-16]
Parainfluenza 1.3% 1-86% [10, 14]
RSV 0.0 - 04% 07 -18% [10, 12, 15]
Unknown 24 - 79% 40 - 80% [10-16]

* Range of rapported prevalances of pathogens found in the literature

2 < 65 years, exception van Vught et al. ™ < 50 years. Fernandez Sabé et al. ' has been excluded for this specific younger age group
as their cut-off was 80 years. Otherwise this younger age group would also contain patients aged 65-80 years.

5> 65 years, exceptions are Fernandez Sabé et al. ' > 80 years, Van Vught et al " > 80 years

Higher incidences of viral pathogens in elderly patients have been reported,!*
1l although this was not demonstrated consistently!® it 31 Studies showing higher
incidences of viral pathogens were mostly population based, including outpatients
from general practitioners, while contradicting studies were hospital based, which may
explain conflicting results. Also, bias could have been introduced because viral testing
was not uniformly performed and age may have influenced the decision to test". Two
recent cohort studies of hospitalized community-acquired pneumonia (CAP) patients,
one from the US (N=2,259) and one from the Netherlands (N=408) routinely performed
testing and found a virus as the only pathogen in 22% and 13% of cases, respectively. In
both studies the most common detected viral pathogens were human rhinovirus and

influenza virus!?®- 24,

The occurrence of a viral etiology was similar for young and elderly patients in the
US study®? The study from the Netherlands even found more viral pathogens with
increasing age®. The contribution of viral pathogens as a cause for CAP in all age
groups might be larger than previously thought.

Elderly patients more often had unknown etiology in LRTI compared to younger adults®®
11315161 Possible reasons for less detection of the causal pathogen could be a more
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conservative diagnostic approach in this group of patients or difficulty in obtaining good
quality material for culturings.

In recent years, Health-Care Associated Pneumonia (HCAP) has been proposed as a
separate entity from CAP. HCAP may be more frequently caused by gram-negatives and
MDRO, and is associated with higher mortality??-?. Yet, a meta-analysis of 24 studies
concluded that HCAP criteria do not accurately predict MDRO, although low study
quality and heterogeneous designs preclude a firm conclusion®. European studies
tend to report community-like etiology, while studies from Asia and the US show
increased MDRO rates in HCAP patients?>?8, To date, the clinical relevance of HCAP
remains unclear?* 24 |n fact both IDSA and ESCMID guidelines do not address HCAP
which leaves a gap in the recommendations regarding treatment for patients from the
long-term care facilities (LTCFs).

The microbial etiology does not justify routine empirical coverage of Legionella
pneumophila as the low incidence is further decreased in elderly patients to around 1-5%
(Table 1). As members of our group have suggested before, beta-lactam monotherapy,
preferably aminopenicillins, should generally be the first choice of empirical therapy.
Naturally, the severity of disease, local epidemiologic data, prior cultures or known
colonization of individual patients, comorbidities, or allergies could lead to another
antibiotic choice. Doxycyclin, the addition of a macrolide to beta-lactam therapy, or the
newer 4" generation fluoroquinolones are potent therapies, but higher risks of adverse
drug events and drug-drug interactions should be considered.

INAPPROPRIATE USE OF ANTIMICROBIALS

Whether to start antimicrobial therapy for LRTI and choosing the specific class depends
on multiple factors in daily clinical practice. Most factors in this decision pathway are
dependent on clinical judgement, which interferes with evaluating appropriateness
in a standardized way. Deviation from protocol for empirical therapy, definitive drug
selection, and duration of therapy might be justifiable for individual patients for reasons

that are not captured in guidelines.

These difficulties are also reflected in the different definitions of (in)appropriate
antimicrobial therapy found in the literature. Some studies have assessed (in)
appropriate antimicrobial therapy by evaluating empirical therapy and/or definitive
drug selection through expert opinion®237l. Others have aimed at appropriateness of
diagnosis, dosage, route of administration, or duration of antimicrobial therapy!3-42,
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A less subjective method to assess appropriateness is to evaluate therapy according
to in-vitro susceptibilities, yet this requires positive microbiological testing results
and cannot be solely relied upon'®?-3> 31 Another method focuses on costs, defining
inappropriateness as unnecessary use of combination therapy with same spectrum3,
Lastly, the indication for starting antimicrobial therapy, i.e. unnecessary antimicrobial
therapy, can be evaluated, where inappropriateness did seem to increase with age!4.
The (in)appropriateness criteria for several studies specifically addressing antimicrobials
for LRTIs in elderly patients are summarized in Table 2. Generally, the proportion of
appropriate antimicrobial treatment ranged from 60 to 80%. Although none of these
studies found an association with increasing age, it has been suggested that both
nursing-home or LTCF residency and polypharmacy, all occurring more frequently with
advancing age, increase the risk for inappropriate prescriptions*?. For example, the
point prevalence of antimicrobial use in nursing homes is about 10% and the proportion
of prescribed antimicrobial courses deemed unnecessary or inappropriate after post-
hoc review ranged from 20 to 75%46-54,

It is clear that a reference standard for measuring inappropriate antimicrobial use is
currently lacking, which was also concluded by a specific review of this subject 2.
More work on definitions and standardization is heavily needed to ensure evaluation
of appropriateness will become more reliable and less dependent of the inter-observer

variation inherent to expert evaluation®®3.

Although it has been suggested that certain potential inappropriate prescriptions could
be automatically recognized by an electronic health records system today, we think this
is unfeasible as human judgement is almost always needed®™. For example, a patient
with documented allergy to guideline recommended treatment could be automatically
flagged by such a system as appropriate deviation, yet this is dependent on accurate
interpretation and registration of allergy data, the latter often being incorrect®.

Despite the heterogeneity in definitions, and resulting heterogeneity ininappropriateness
rates, there is a clear consensus on the adverse consequences of inappropriate
antimicrobial use on the patient and community level®® 57 Both will be addressed in the
next section.
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Table 2. Examples from literature of different definitions of (in)appropriate antimicrobial use for
LRTIl in elderly .

Setting Definition of inappropriate antimicrobial use Appropriateness  References
of RTI treatment

Tobia et al. 2008 Medication Appropriateness Index (MAI): n (%): 99 (65%) [97]

Outpatients 1. indication (e.g. presence of symptoms)

at emergency

department

N =153

2. effectiveness
3. dosage
4. directions (e.g. route)
5. practicality (e.g. adherence)
6. drug-drug interactions
7. drug-disease interactions
8. unnecessary duplication
9. duration
10.expensiveness (least expensive alternative)
Rating:
A: appropriate, B: marginal and C: inappropriate
Van Buul et al. 2015 * Algorithm for RTI based on guidelines and national expert panel  n (%; range) [42]
* Distinction between: (1) acute cough, (2) or no acute cough but 180 (86.5%;
Long-term care facility fever, (3) or no cough and fever. 60.0- 96.2)
N =208 * Then presence/ absence abnormalities on lung auscultation,
COPD, CRP results, other airway and not airway symptoms and
certain risk factors
Rating:
A: appropriate, B: probably appropriate, C: probably inappropriate, D:
inappropriate, E: insufficient information
Vergidis et al. 2011 Appropriate (with/without antimicrobial prescription): n (%): 592 (79%) [51]
* With: when effective drug was used
Long-term care facility * Without: when use of an antimicrobial was not indicated
N =752 Inappropriate:
* With: when a more-effective drug was indicated
*  Without:
Unjustified:
* With: use of any antimicrobial was not indicated
* Without: when use of an antimicrobial was indicated
Insufficient information for categorization.
Loeb et al. 2001 * Assessment of prescriptions to see if they fulfilled diagnostic n (%): 375 (58%) [50]
criteria
Long-term care facility ¢ Atleast 3 of the following: (1) new/increased cough, (2) new/
N = 646 increased sputum production, (3) fever, (4) pleuritic chest pain,
(5) new or increased physical findings on chest exam, (6) new/
increased shortness of breath or respiratory rate more than 25/
min or worsening mental or functional status.

NEGATIVE IMPACT OF ANTIMICROBIALS IN ELDERLY

Treating patients with antimicrobials is not without risk. Antimicrobials can have a
negative impact on both individual users and the community. For individuals there
is a risk of different adverse drug events (ADEs) including drug-drug interactions
and drug-comorbidity interactions. In elderly patients, the age-related changes in
pharmacokinetics, frequent concurrent use of medication, and higher prevalence of
co-morbidities, all contribute to an increased risk of such events. Faulkner et al. gives an
extensive review of antimicrobial ADEs in elderly®®. In the community, there is a risk of
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spread of Clostridium difficile infections (CDIs) and antimicrobial resistance.

ADVERSE DRUG EVENTS (ADE)

In a cohort study evaluating ADEs in hospitalized patients (N=1488; median age 59
years) 20% experienced at least one ADE, with gastro-intestinal, renal, and hematologic
abnormalities being the most frequent. Furthermore, 20% of the reported antimicrobial-
related ADEs were due to unnecessary antimicrobial use®®. In another cohort evaluating
ADEs in nursing home residents, antimicrobials were the second most often reported
drug-class to cause an ADE (20%) after antipsychotics. The majority of observed ADEs
were rashes and CDIs%,

Certain ADEs are serious enough that elderly patients have to visit the emergency
room (ER). 10.6% of elderly patient ER visits was due to an ADE, with antimicrobials as
one of the most frequently implicated medication classes (16.7% of all ADEs and 25%
of definite or probable ADEs)®® . The most frequent (serious) ADEs in elderly who
use beta-lactam antimicrobials for LRTI are drug fever, interstitial nephritis, and blood
dyscrasias. For macrolides itis QT prolongation, and for trimethoprim-sulfamethoxazole
it is hyperkalemia, blood dyscrasias, and drug fever®®. Certain very rare ADEs, such as
tendinitis and tendon rupture during fluoroquinolone use, are relatively more frequent
in elderly and can be further increased by concomitant glucocorticoid use or renal
failurel®? %3, although the absolute risks remain low!®?,

DRUG-DRUG INTERACTIONS

Elderly have an increased risk for drug-drug interactions since polypharmacy is more
frequent. It is estimated that 51% (1380/2707) of elderly patients receive > 6 drugs
per day®¥. The most serious drug-drug interactions in elderly using antimicrobials for
LRTIs are: trimethoprim-sulfamethoxazole in combination with vitamin K antagonists
(increases anticoagulant effect), trimethoprim-sulfamethoxazole with potassium-
sparing diuretics (risk of hospitalization due to hyperkaliemia), and clarithromycin/
erythromycin with drugs which are deactivated by Cytochrome P450 3A4 enzymes (e.g.
risk of rnabdomyolysis by increased concentrations of atorvastatin)®8.

DRUG-COMORBIDITY INTERACTIONS

Macrolides are associated with an increased risk for cardiovascular events and
deaths; especially in (elderly) patients with a higher baseline risk for cardiovascular
events!®70 These associations should caution the use of macrolides for LRTIs unless
strictly necessary®. Renal insufficiency is more frequent in elderly, which results in a
decreased elimination of certain (hydrophilic) antimicrobials (e.g. cephalosporin’s,
fluoroquinolones) and increases the risk of ADEs. Therefore, a dose adjustment is
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recommended for patients with impaired renal function' 7.

CLOSTRIDIUM DIFFICILE INFECTION

Broad-spectrum antimicrobials disturb the gastrointestinal flora, contributing to an
increased risk of CDI. Increased age, recent hospitalization, immune suppression,
malignancy, chronic renal failure, and use of proton pump inhibitors have been
identified as independent risk factors of CDI, and are highly prevalent in elderly 72.
Macrolides are more strongly associated with CDI than doxycycline, physicians may
therefore choose for the latter when atypical coverage is deemed necessary”!. Still,
the risk of developing CDI with macrolides appears smaller than with fluoroquinolones,
clindamycin, or broad-spectrum beta-lactams”.

ANTIMICROBIAL RESISTANCE

Thereis clear consensus thatinappropriate antimicrobial use contributes to antimicrobial
resistance, potentially leading to increased morbidity, mortality, and health-care costs"*
71 Antimicrobial resistance rates may increase with age, as reported in a Canadian
surveillance study, further increasing risk for the elderly population”®. This could be
explained by elderly people more often residing in LTCFs, needing hospitalization,
receiving healthcare at home, and receiving antimicrobials, which are all risk factors for
developing antimicrobial resistance!”* 74 77-7

OPTIMIZING APPROPRIATE ANTIMICROBIAL USE
IN ELDERLY PATIENTS

ANTIMICROBIAL STEWARDSHIP INTERVENTIONS

Antimicrobial stewardship interventions aim at reducing inappropriate use of
antimicrobials while maintaining good clinical outcomes. Elderly patients might
especially benefit from antimicrobial stewardship as they may have the highest risk for
worse clinical outcomes due to both over-treatment (e.g. antimicrobial side-effects,
CDI) or under-treatment (e.g. infectious complications). The risk for and possible
harm due to treatment differs per patient and depends on patient factors such as co-
morbidities, immunological status, co-medication, previous antibiotic treatment, recent
hospitalizations and the severity of the LRTI. Therefore, an individualized approach
where individual patient risks are balanced to possible collateral damage in the form of

selecting for antimicrobial resistance is recommended.
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Commonly used antimicrobial stewardship interventions include periodic or individual
patient audit and feedback, decision support, education (educational meetings,
educational materials), and formulary restriction of antimicrobials”* 8%,

To date, the majority of studies on stewardship interventions are performed on adult
or pediatric patients, or on specific hospital settings e.g. ICU. In a recent systematic
review of stewardship interventions in hospitalized patients, only 1.8% (4/211) of studies
specifically targeted elderly patients”* -84 Two controlled before-after studies showed
a reduction in 30-day mortality after introducing a pneumonia guideline with clinical
decision support® 8 Two interrupted-time series showed a reduction in the incidence
of CDI after implementation of an audit and feedback program and a restrictive
antimicrobial policy®* 84 Although promising, these four studies used non-randomized
designs, risking confounding bias. There is a great need for high quality studies in elderly
patients. Currently, the effects of antimicrobial stewardship interventions in elderly
patients may be over- or underestimated.

As stated earlier the appropriate prescription of antimicrobials in LTCF is often
impeded by the frailty of elderly residents, limited clinical evaluation —sometimes only
consisting of nurse’'s assessment and telephone supervision by a physician, and lack
of diagnostic testing. In nursing homes, the majority of antimicrobials are prescribed
after telephone contact with nursing staff, highlighting the importance of involving
nurses in antimicrobial stewardship programs®. In a recent review of stewardship
interventions in LTCF, the following approaches were identified to be the most effective:
multidisciplinary education; pre-prescriptive data collection tools; post-prescriptive
prescriber recommendations; and introducing consultation by infectious diseases
experts®. When designing antimicrobial stewardship interventions, it is important
to consider the setting and corresponding prescription process. This was illustrated
in nursing home interventions designed to improve communication which were only
effective in reducing antimicrobial use when nursing staff was involved® &l Appealing
antimicrobial stewardship targets to improve antimicrobial use for LRTI in LTCF include
improving the indication for starting antimicrobials, optimizing the use of available
diagnostics, limiting the use of fluoroquinolones given their strong association with CDl,

and ensuring proper dosing and duration of antimicrobial therapy!®” 89,

NEW DIAGNOSTIC TECHNIQUES

Imaging

As infections can be difficult to diagnose in elderly patients, they may be initially
treated with broad spectrum antimicrobials. Novel diagnostic techniques to establish
the diagnosis of LRTI may particularly reduce unnecessary antimicrobials in elderly
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patients. The current cornerstone for the radiological diagnosis of pneumonia is the
demonstration of an infiltrate by conventional chest X-ray. However, the estimated
sensitivity of a chest X-ray is only 60-70% in patients with a clinical diagnosis of CAPS:
°0. 91 |n addition, certain co-morbidities that are common in elderly patients (e.g.
heart failure and chronic obstructive pulmonary disease) may impede the detection
of pulmonary infiltrates®®?. The increasing availability of CT-scans and possibility of
low- or ultra-low-dose scanning seems a promising alternative. Recently, CT-scans
changed the diagnosis of 58.6% (95% confidence interval, 53.2-64.0%) of consecutive
CAP patients, potentially leading to optimization of management in 25% of patients!®3.
These results need to be validated in clinical practice to demonstrate improved patient
outcomes while reducing antimicrobial use for non-infectious alternative diagnoses.
In settings where CT-scans are not readily available, chest ultrasonography may be a
valuable alternative. It has high diagnostic accuracy for pneumonia, can be done at the
bedside, is highly reproducible in trained professionals, and costs are relatively low®*.

Microbiological testing

Established microbiological techniques to determine the causative pathogen include
respiratory cultures or PCR, blood cultures, and urinary antigen tests for Legionella and
pneumococcus. However, the sensitivity of these tests are limited and in 60-70% of
patients suspected of CAP no causative pathogen will be identified!?® st

When viral CAP is suspected, point-of-care PCR (PoC-PCR) for respiratory viruses might
play a role in optimizing antimicrobial therapy. Previous studies using regular respiratory
PCR have failed to show an effect on antimicrobial use, possibly because it is difficult to
stop antimicrobials after they have been given for 1-2 days when PCR results become
available®> %8l PoC-PCR may allow withholding or rapid discontinuation of antimicrobials
if a viral pathogen is identified, as results can be available in 1-2 hours. The effects and
cost-effectiveness of PoC-PCR on antimicrobial use and patient outcome have not yet
been investigated, but a cluster-randomized clinical trial evaluating the clinical effect
of both low-dose CT and PoC-PCR in patients admitted to non-ICU ward with CAP
(ClinicalTrials.gov number, NCT01660204) is underway.

CONCLUSION

We have addressed several issues on the appropriate use of antimicrobials in elderly
patients with LRTIs. As the microbial etiology is only slightly different compared to
the younger population, the mainstay of treatment should consist of beta-lactam
monotherapy. Extended coverage of gram-negatives could be considered in LTCF or
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nursing home residents. Quinolones or macrolides should be restricted to selected
cases empirically given the low incidence of atypical pathogens in elderly patients and
higher risks of ADEs and drug-drug interactions. Next to these adverse drug events,
inappropriate use of antimicrobials contributes to CDI and antimicrobial resistance. A
reference standard for measuring inappropriate antimicrobial use is currently lacking.
Future work on definitions and standardization will hopefully increase validity and
generalizability of reports on (in)appropriate antimicrobial therapy. Well-designed
antimicrobial stewardship interventions could improve antimicrobial prescribing,
but studies specifically targeting elderly patients are needed. These programs should
generally consist of multiple components depending on the specific clinical setting,
such as improving diagnostics (i.e. indication for starting antimicrobials) and ensuring
proper dosing and duration of therapy. We argue that new diagnostic techniques such as
low-dose CT-scanning or PoC-PCR testing for viral pathogens could potentially reduce
inappropriate use of antimicrobials. Such techniques and interventions can hopefully

decrease the inappropriate use of antimicrobials in the near future.
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ABSTRACT

BACKGROUND

Adults hospitalized with moderately-severe community-acquired pneumonia (CAP)
are often treated with broad-spectrum antibiotics, despite guidelines recommending
narrow-spectrum antibiotics. We determined safety and effectiveness of a multifaceted

antibiotic stewardship intervention to increase the use of narrow-spectrum antibiotics.

METHODS

In a stepped-wedge cluster-randomized trial in twelve hospitals we implemented
an intervention consisting of education, motivating opinion leaders, and audit and
feedback and determined its effect on the days of therapy (DOT) with narrow-spectrum
antibiotics (penicillin, amoxicillin or doxycycline) and all-cause 90-day mortality. In an
intention-to-treat analysis we used 90-day all-cause mortality as co-primary safety
outcome (non-inferiority margin 3% and one-sided alpha of 0.05) and reduction in DOT
with narrow-spectrum antibiotics as co-primary effectiveness outcome.

RESULTS

From November 2015 till November 2017 4,084 patients were included; 2,235 in the
control and 1,849 in the intervention period. Median age was 73 (range 18 — 101) years,
53.0% (2163/4084) were male and mean Pneumonia Severity Index score was 91.3 (SD
+31.4). The adjusted relative reduction in broad-spectrum DOT during intervention
was 26.9% (95% Cl: 15.4%-37.4%) with averages of 6.6 and 4.8 days in the control and
intervention period, respectively. Crude 90-day mortality was 10.9% (242/2228) and
10.8% (199/1841) during control and intervention period, yielding an adjusted absolute
difference of 0.4% (90% Cl: -2.7 to 2.4) for the control versus intervention period,

indicating non-inferiority for all-cause mortality.

CONCLUSIONS

In patients hospitalized with moderately-severe CAP a multifaceted antibiotic
stewardship intervention safely reduced the days of broad-spectrum antibiotic use with
27 %. (CAP-PACT ClinicalTrials.gov number, NCT02604628.)
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INTRODUCTION

Community-acquired pneumonia (CAP) is associated with high morbidity and
mortality™?. International guidelines recommend to base empiric antibiotic treatment
of patients with CAP on the severity of disease. Accordingly, CAP may be classified as
moderately-severe based on the need of hospital admission in a non-intensive care
unit (ICU) ward (pragmatic classification); on a pneumonia severity index (PSI) score of
3-4; or on a CURB-65 score of 28I, Recommended empirical antibiotic treatments of
moderate-severe CAP differ and include narrow-spectrum beta-lactam monotherapy
(such as penicillin G or amoxicillin)*®, beta-lactam macrolide combination therapy!®” or
fluoroquinolone monotherapy”. Empiric use of narrow-spectrum beta-lactams exerts
less selective pressure for antibiotic resistance, compared to more broad-spectrum
antibiotics. However, high quality evidence for equal clinical effectiveness of narrow-
spectrum and more broad-spectrum beta-lactam monotherapy is limited to two
randomized trials comparing amoxicillin monotherapy to fluoroquinolones. One study
used a fluoroquinolone no longer in use (sparfloxacin) and the other study only included
patients with mild pneumonial®®. Adherence to guideline recommendations for using
narrow-spectrum beta-lactams as empiric treatment in patients with moderate-
severe CAP is low"?. Antimicrobial stewardship may improve guideline adherence and
appropriateness of empiric antibiotic therapy"s. Furthermore, high-quality evidence
on safety and effectiveness of narrow-spectrum beta-lactam monotherapy in patients
with moderate-severe CAP could augment confidence in adaptation of such treatment
strategies.

We, therefore, investigated whether implementation of a multifaceted antimicrobial
stewardship intervention reduced broad-spectrum antibiotic use without compromising

patients safety.

METHODS

The "Community-Acquired Pneumonia increasing Protocol adherence by Antibiotic
stewardship in a stepped-wedge Cluster-randomized Trial" (CAP-PACT) trial was an
investigator-initiated stepped wedge cluster randomized quality improvement trial. The
study was reviewed by the ethics review board of the University Medical Centre Utrecht
(reference number 15/100), and local antimicrobial stewardship teams consented to
participate in the study. As the implemented stewardship intervention promoted best-
practice antibiotic therapy as described in the guidelines, as the intervention was aimed
at healthcare providers rather than individual patients, and as anonymised routinely
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collected data were used, the need to obtain individual informed consent was waived.
Data are reported according to the CONSORT guidelines of stepped wedge cluster
randomised trials and non-inferiority trials". The trial was prospectively registered at
clinicaltrials.gov (identifier NCT02604628).

PATIENTS AND STUDY SETTING

The trial was performed from November 2015 till November 2017 in 12 hospitals in
the Netherlands. All Dutch hospitals were eligible for study participation. Participating
hospitals were university hospitals (n=2), teaching hospitals (h=7), and non-teaching
hospitals (n=3). Consecutive adult patients of 18 years or older receiving antibiotic
therapy for a working diagnosis of CAP and admitted to a non-ICU ward were enrolled.
Patients were not eligible if they: recently (<14 days) resided in a nursing home or
long-term care facility; were recently (<14 days) admitted to an acute care hospital for
two or more days; were known to have cystic fibrosis; or were immunocompromised.
Immunocompromised was defined as: having a human immunodeficiency virus
infection with a last CD4 cell count of <300 cells/uL; having received cytotoxic
chemotherapy or radiotherapy in the previous 3 months; being on chronic (>3 months)
haemodialysis; having received a solid organ or bone marrow transplant; or receiving
immunosuppressive therapy. In the Netherlands every hospital has a specialised
antimicrobial stewardship team responsible for implementing antimicrobial stewardship
interventions, consisting of at least a clinical microbiologist, an infectious disease
specialist and a hospital pharmacist. Three out of twelve hospitals stopped participation
before they entered the intervention period, either because the principal investigator
stopped research activities (h=2) or because they were no longer able to collect study
data (n=1). Data from these hospitals was not used for analysis.

ANTIMICROBIAL STEWARDSHIP INTERVENTION

The intervention was a multifaceted bundle based on proven effective stewardship
interventions®™. The bundle consisted of (1) education, (2) activating local opinion
leaders, and (3) prospective audit and feedback of antibiotic use. Educational activities
were targeted at physicians of pulmonary and internal medicine departments and
consisted of clinical lessons, e-learning and educational attributes. Clinical lessons
were given in regular intervals of 6 months in which the CAP guidelines were addressed
using case-based discussions with feedback of antibiotic prescribing data of the
respective hospital, which were anonymously benchmarked against other participating
hospitals. At the start of the intervention period physicians of the participating hospitals
were invited to complete the e-learning, containing case-based questions about the
CAP guideline. Invites to complete the e-learning were send periodically to reach new
employees. In addition, educational attributes in the form of posters and pocket cards

158

NARROW-SPECTRUM ANTIBIOTICS FOR COMMUNITY-ACQUIRED PNEUMONIA IN ADULTS: A STEPPED-WEDGE CLUSTER
RANDOMISED ANTIMICROBIAL STEWARDSHIP TRIAL

summarizing the CAP guidelines were distributed at the start of the intervention. At
intervention introduction, local opinion leaders were identified in collaboration with the
local antibiotic stewardship team, and actively involved in the study and stewardship
activities. They were asked to stimulate guideline adherent treatment throughout the
intervention period, e.g. during hand-over meetings. Thirdly, prospective audit and
feedback was implemented during the intervention period by the local antimicrobial
stewardship team. On week days all patients admitted with moderate-severe CAP were
actively identified and responsible physicians were contacted by a member of the
local antimicrobial stewardship team to switch treatment to penicillin or amoxicillin
monotherapy if treatment was not according to the guideline recommendation. If,
for any reason, treatment could not be switched it was recommended to perform a
pneumococcal urine antigen test to facilitate de-escalation if the test result was positive.
Recommendations were done by telephone and were registered in electronic health

records, as were reasons for not accepting recommendations.

OUTCOMES

The study had two co-primary outcomes: broad-spectrum days of therapy (DOT) per
patient and all-cause 90-day mortality. Days that patients received antibiotic treatment
were classified as narrow-spectrum DOT if amoxicillin, penicillin or doxycycline
monotherapy was given and as broad-spectrum DOT if any other antibiotic regimen
was administered. Doxycycline monotherapy was defined as narrow-spectrum therapy
as it is recommended in our national guideline as equivalent to amoxicillin for mild CAP.
Vital status at day 90 was derived from the municipal records database if not evident
from the medical records. Secondary outcomes were narrow-spectrum DOT, total
DOT, 30-day mortality, length of hospital stay, hospital readmissions within 30-days of
hospital admission, intensive care unit admissions, complications, Clostridioides difficile

associated disease and antibiotic switches.

RANDOMISATION

The unit of randomization was the hospital and comprised the sequence in which
they would crossover from control to intervention period (Figure S1). Randomisation
was performed electronically by a data manager blinded to the intervention after
recruitment of all hospitals. All the participating hospitals started with a control period
and every 3 months a block of two hospitals transitioned from control to intervention,
with all hospitals eventually ending in the intervention period. Allocation to the time of

intervention implementation was concealed for treating physicians.

STATISTICAL ANALYSIS
The detailed statistical analysis plan was published at clinicaltrials.gov (NCT02604628)
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before database lock. The sample size calculation was determined by non-inferiority
for 90-day mortality. Assuming a 90-day mortality of 10%, a non-inferiority margin of
3%, and a one-sided alpha 0.05, a total of 4464 patients were required for 80% power.
Primary intention-to-treat (ITT) analyses were performed using mixed effect models
including random intercept and fixed slope per hospital, time as fixed effect, adjusted for
the following potential confounders as fixed effects: PSI-score, smoking status, COPD,
diabetes mellitus, and antibiotic pre-treatment. For 90-day mortality we used a mixed
effects logistic regression, recalculated to risk differences!*®. As secondary analyses we
performed as-treated analysis and a Complier Average Causal Effect (CACE) analysis,
both aiming to estimate the difference in mortality between patients empirically
treated with narrow-spectrum versus broad-spectrum antibiotics. The CACE was used
with randomisation as an instrumental variable to estimate the ITT adjusted for non-
compliance™. DOTs were analysed using mixed effects negative binomial models with
robust standard errors. Length of hospital stay was analysed using mixed effects Cox
proportional hazards models using in-hospital mortality as a competing event, assuming
maximum follow-up duration when censored. ICU admissions, hospital readmissions
and antibiotic switches were analysed using mixed effects logistic regression. Missing
data were imputed by multiple imputation, with the exception of data on respiratory
rate, heart rate, and confusion at admission which were assumed to be normal when
not documented in the medical charts. No transition period was used because the
treatment effect of the audit and feedback was assumed to be immediate. All analyses

were performed using R statistical software version 3.5.1.

RESULTS

A total of 4084 patients with CAP admitted to a non-ICU ward were included during the
study period; 2,235 during the control period and 1,849 during the intervention period
(Figure 1). The baseline characteristics of patients in the control period were similar to
patients in the intervention period (Table 1). The most commonly identified pathogen
was Streptococcus pneumoniae 488 (11.9%), followed by Haemophilus influenza 285
(7.0%), and Staphylococcus aureus 97 (2.4%), with no differences between the control

and intervention period (Table S1).
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Clusters randomised (n=12)

Excluded (n=3)
- No longer able to collect study data (n=1)
- Principle investigator stopped research activity (n=2)

Clusters analysed (n=9)

! !

Control period Intervention period
Assessed for eligibility (n=3,137) Assessed for eligibility (n=2,546)
Not eligible — 28.8% (n=902) Not eligible — 27.4% (n=697)
- Residents in long-term care facility — 9.4% (n=293) - Residents in long-term care facility — 9.9% (n=253)
- Recently hospitalised — 6.6% (n=207) - Recently hospitalised — 7,4% (n=188)
- Immunocompromised — 16.6% (n=517) - Immunocompromised — 14.6% (n=370)
- Cystic fibrosis — 0.9% (n=28) - Cystic fibrosis — 0.5% (n=13)
Included in intention-to-treat analysis (n=2,235) Included in intention-to-treat analysis (n=1,849)

90-day mortality 90-day mortality

- Missing data —0.3% (n=6) - Missing data — 0.4% (n=7)

Broad-spectrum Days of Therapy Broad-spectrum Days of Therapy

- Missing data — 0% (n=0) - Missing data — 0% (n=0)

Figure 1 Flowchart of patient inclusion during the study period.

ANTIMICROBIAL STEWARDSHIP INTERVENTION IMPLEMENTATION

In the intervention periods, a total of 54 clinical lessons were given, with an average
interval of 90.0 days (3 months) and 235 e-learnings were completed (Table S2). The local
stewardship teams offered 330 recommendations for changing antibiotics, of which
197 (59.7%) were accepted. Most common reasons for not accepting recommendations
were patients having COPD (11, 8.3%), and patients with severe pneumonia according to
PSI or CURB score or admitted with clinical deterioration (9; 6.8%).

PRIMARY OUTCOMES

The median broad-spectrum DOT/patient was 6 (interquartile range (IQR) 2-9) in the
controland 3 (IQR 0-8) in the intervention period, yielding an adjusted relative reduction
in broad-spectrum DOTs of 26.9% (95% confidence interval (Cl) 15.4%-37.4%) (Table S3).
Adjusted relative reductions in broad-spectrum DOT per hospital ranged from 16.7% to
39.3% (Table S4). The median narrow-spectrum DOT/patient were 0 (IQR 0-6) and 5 (IQR
0-8), while the median total DOT/patient were 8 (IQR 7-10) in the control and 8 (IQR
7-11) in the intervention period (Figure 2). Most common prescribed empiric antibiotic
regimens in the control and intervention period respectively were narrow-spectrum
antibiotics (28.5% vs. 45.1%), broad-spectrum beta-lactam monotherapy (33.8% vs.
26.9%), and beta-lactam fluoroquinolone combination therapy (27.3% vs. 23.2%) (Table
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S5). Overall narrow-spectrum antibiotic use mostly consisted of amoxicillin (1303/1409,
92.5%), followed by penicillin (48/1409, 3.4%), and doxycycline (139/1409, 9.9%).

Table 1. Baseline characteristics of patients in the control period compared to patients in the

intervention period

Control (n=2,235) Intervention (n=1,849)
Age (years, median, IQR) 73 (63-81) 74 (64-82)
Male gender (n, %) 1,188 (53.2) 975 (52.7)
Antibiotic use before admission (n, %) 742 (33.2) 569 (30.8)
Smoke behaviour (n,%)
Active smoker 512(27.2) 412 (27.6)
Past smoker 725 (38.5) 626 (41.9)
Never smoked 396 (21.1) 264 (17.7)
Medical speciality (n,%)
Internal medicine 416 (18.6) 349 (18.9)
Pulmonology 1731 (77.4) 1426 (77.1)
Co-morbid conditions (n, %)
COPD or asthma 962 (43.0) 880 (47.6)
Cardiovascular disease 300 (13.4) 259 (14.0)
Diabetes mellitus 389(174) 315(17.0)
Malignancy 239 (10.7) 185 (10.0)
PSI score (median, IQR) 89 (70-112) 91 (72-113)
PSl risk class | (n, %) 101 (4.5) 73(3.9)
PSI risk class Il (n, %) 473 (21.2) 357 (19.3)
PSl risk class Il (n, %) 581 (26.0) 493 (26.7)
PSl risk class IV (n, %) 823 (36.8) 722 (39.0)
PSl risk class V (n, %) 257 (11.5) 204 (11.0)
CURB-65 score (median, IQR) 2(1-2) 2(1-2)
Had radiologically confirmed CAP (n, %) 1689 (75.6) 1377 (74.5)
Blood culture obtained (n, %) 1602 (71.7) 1387 (75.0)
Sputum culture obtained (n, %) 888 (39.7) 784 (42.4)
PUAT performed (n, %) 965 (43.2) 1173 (63.4)
LUAT performed (n, %) 1297 (58.0) 1255 (67.9)

COPD chronic obstructive pulmonary disease, PUAT pneumococcal urinary antigen test , LUAT legionella urinary antigen test, PSI
pneumonia severity index, IQR interquartile range, CURB-65 pneumonia severity score based on presence of confusion, blood
ureum levels, respiratory rate, blood pressure, and age, CAP community-acquired pneumonia

All-cause 90-day mortality was 10.9% (242/2228) in the control period and 10.8%
(199/1841) in the intervention period (Figure S2). In the ITT analysis, the adjusted risk
difference in 90-day mortality was 0.4% (90% Cl -2.7% to 2.4%). As the confidence
interval does not contain the pre-specified non-inferiority margin of 3% we conclude
that the intervention is non-inferior to the control period (Figure 3). Sensitivity analyses
for patients with radiologically confirmed CAP yielded similar results. Results were
comparable in the as-treated and CACE analysis (Table S6).
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Control

B Narrow-spectrum
I Broad-spectrum

% of patients
g

2 3 5 8 10 12 14
Days since admission

Intervention

M Narrow-spectrum
I Broad-spectrum

% of patients
g

0.25

0.00

[ 8 10 12 1
Days since admission

Figure 2 Proportion of patient receiving narrow-spectrum antibiotics (green) or broad-spectrum

antibiotics (red) in days since hospital admission.

Intention-to-treat — - +—
As-treated H——
0,6 0,3 0 03 0,6
— >
Mortality in control period higher Mortality in intervention period higher

Figure 3 Non-inferiority plots

SECONDARY OUTCOMES

All-cause 30-day mortality was 6.9% (n=154) in the control and 6.7% (n=123) in the
intervention period (Table 2). Results were comparable in the as-treated and CACE
analysis (Table S7). Median length of hospital stay was 5 (IQR 3-8) days in the control
and 5 (IQR 3-8) days in the intervention period. Comparable rates were observed for
ICU-admissions (94, 4.2% control vs 38, 2.1% intervention), hospital readmissions (243,
11.3% control vs 203, 11.4% intervention), complications (380, 17.0% control vs 332,
18.0% intervention) (Table S8), Clostridioides difficile associated disease (2, 0.1% control
vs 6, 0.3% intervention), and i.v. to oral switches (1469, 80.8% control vs 1262. 83.8%
intervention). Switches from broad to narrow-spectrum occurred in 26.4% (n=421) in
the control and 41.3% (n=413) in the intervention period.
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Table 2 Secondary outcomes

Control Intervention Crude estimates  Adjusted estimates
(n=2,240) (n=1,844) (95% CI) (95% CI)
30-day mortality 154 (6.9%) 123 (6.7%) RD -0.3 RD -11
(n, %) (-1.6-1.1) (-31-07
Length of hospital stay 5(3-8) 5(3-8) HR 1.0 HR 1.1
(days, median, IQR) (1.0-11) (1.0 -13)
Intensive care unit admissions 94 (4.2%) 38 (2.1%) ORO0.5 ORO0.3
(n, %) (03-0.7) (0.2 - 0.6)
Hospital readmissions 243 (11.3%) 203 (11.4%) OR1.0 OR1.2
(n, %) (0.8-12) (0.8-17)
Antibiotic switches
Switch from BS to NS 421 (26.4%) 413 (41.3% OR 2.0 OR21
(n, %) (17 -2.3) (1.5 -28)
Switch from NS to BS 148 (23.0%) 195 (23.0%) OR 1.0 OR 1.0
(n, %) (0.8 -1.3) (0.7 - 15)
Switch from i.v. to oral 1469 (80.8%) 1262 (83.8%) OR1.2 OR13
(n, %) (1.0 -15) (0.9 -18)
Switch from oral to i.v. 44 (10.6%) 26 (7.6%) ORO0.7 ORO0.7
(n, %) (04 -12) (0.3-18)

BS broad-spectrum antibiotics, NS narrow-spectrum antibiotics, i.v. intravenous, RD risk difference, HR hazard ratio, OR odds ratio

DISCUSSION

In this stepped wedge cluster randomised trial a multifaceted antimicrobial stewardship
intervention based on education and audit and feedback resulted in a 27% reduction
in broad-spectrum antibiotic use in patients hospitalized with moderate-severe CAP
without compromising patient outcome at day 90 after hospital admission.

The stewardship intervention bundle contained elements that are considered effective
in optimizing antibiotic use®™®. In meta-analysis the risk difference for guideline
adherent prescription after implementation of antimicrobial stewardship interventions
was 15% (95% Cl 14%-16%)"3. Compared to this, our bundle was more effective.
However, heterogeneity was large between hospitals, with reductions ranging from
21% to 37%. Heterogeneity might have resulted from different barriers (reasons) for
not prescribing narrow-spectrum antibiotics between hospitals. Therefore, even
though the components of our bundle are evidence based, it might be a more optimal
use of resources to first identify barriers for non-adherent prescribing and tailor the

intervention to the specific setting based on behaviour change theory!e.

The optimal empiric treatment for moderate-severe CAP is still subject to debate.
Thus far, two high quality RCTs have investigated the effects of empirical coverage for
atypical pathogens on patient outcome®* In a multicentre non-inferiority RCT beta-
lactam monotherapy was not non-inferior to beta-lactam macrolide combination
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therapy for the time till reaching clinical stability. Patients randomized to beta-lactam
monotherapy had a 7.6% higher absolute risk for not being clinically stable at day 7. The
one-sided 90% Cl was 13% which crossed the pre-defined non-inferiority margin of
8%. In a multicentre cluster randomised cross-over trial a strategy of preferred empiric
treatment with beta-lactam monotherapy was compared to strategies with beta-lactam
macrolide combination therapy and fluoroquinolone monotherapy. In this study, the
beta-lactam monotherapy strategy was non-inferior to the broader regimens regarding
90-day mortality (2 sided 90% CI not overlapping the non-inferiority margin of 3%).

The equipoise is also reflected in international guideline recommendations for empiric
treatment of moderate-severe CAP. American and British guidelines recommend beta-
lactam macrolide combination therapy or fluoroquinolone monotherapy®”  while
Swedish, Danish and Dutch guidelines recommend narrow-spectrum beta-lactam
monotherapy®=. The rationale for empiric treatment with narrow-spectrum beta-
lactam monotherapy is, first, that the most common causative pathogen in CAP,
Streptococcus pneumoniae, is susceptible to these antibiotics, and second that the
severity of disease allows escalation within 48 hours to broader antibiotic therapy based
on diagnostic testing or lack of clinical improvement. Thus far, two RCTs have evaluated
the efficacy of narrow-spectrum beta-lactams in moderate-severe CAP patientstol,
Petitpretz et al. compared moxifloxacin to amoxicillin in patients with mild-to-moderate
suspected pneumococcal CAP and clinical success rates were 86.5% (173/200) and
82.2% (171/208) in the moxifloxacin and amoxicillin treated patients, respectively. In
the other RCT clinical cure rates were 83.6% (133/159) and 84.7% (144/170) in adult
patients with community-acquired suspected pneumococcal pneumonia treated with
sparfloxacin and amoxicillin, respectively. Yet, in clinical practice physicians apparently
are reluctant to use narrow-spectrum beta-lactams, as demonstrated by the low
adherence to current guideline recommendations in the control period of this study.
Our findings provide further evidence that more patients with moderate-severe CAP
can be safely empirically treated with narrow-spectrum antibiotics, which contributes
to more prudent use of antibiotics.

Our study has several limitations. First, because we implemented a multifaceted
bundle of multiple stewardship interventions it is not possible to estimate the effect
of the individual components. However, the approach reflects clinical practice, where
stewardship interventions are usually implemented as bundles. Second, the nature
of the intervention precluded a blinded evaluation, and, therefore, information bias
cannot be excluded. To minimize the impact of information bias we chose objective
primary outcomes and used trained research nurses and standardized methodology

for data collection. Third, in cluster randomized stepped wedge designs selection
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bias may occur if different patients are included in both study periods. Yet, baseline
characteristics of patients in the control versus intervention period were similar and we
adjusted for important prognostic factors. The cluster randomized design has major
advantages because it reduces contamination of the intervention and better reflects
clinical practice where a stewardship bundle gets implemented, than individual patient
randomization. As a result, the study design as used has high generalizability. Fourth, the
inclusion of patients without radiologically confirmed CAP may have diluted the effect
to non-inferiority for mortality. However, as the study focusses on effectiveness rather
than efficacy, the chosen study population (i.e., those being treated for presumed CAP)
closely represents clinical practice. In addition, studies using low-dose CT scanning in
addition to chest X-ray have demonstrated that radiological infiltrates are not apparent
on chest radiographs in approximately 30% of patients with CAP based on CT findings!?%.
This implies that many patients with CAP would be excluded if enrolment was based on
presence of chest X-ray findings. Moreover, in the current study similar results were
obtained in the subset of patients with radiologically confirmed CAP. Fifth, the study
was performed in a setting with low prevalence of antimicrobial resistance and atypical
pathogens, which may limit generalisability to settings with more resistance and
atypical pathogens. However, Streptococcus pneumoniae with reduced susceptibility
to penicillin can still be successfully treated with high dose penicillin'sf!.

To conclude, a multifaceted antimicrobial stewardship intervention focused on
education and audit and feedback reduced broad-spectrum antibiotic use by 27% in
immunocompetent patients hospitalized with moderate-severe CAP and was non-
inferior in terms of all-cause 90-day mortality. These results indicate that more patients
with moderate-severe CAP can be safely treated with narrow-spectrum antibiotics.

LIST OF ABBREVIATIONS

BS; broad-spectrum antibiotics, CACE; Complier Average Causal Effect , CAP;
Community-acquired pneumonia , CAP-PACT, Community-Acquired Pneumonia
increasing Protocol adherence by Antibiotic stewardship in a stepped-wedge Cluster-
randomized Trial, DOT; days of therapy, HR; hazard ratio, ICU; intensive care unit, IQT;
interquartile range, ITT; intention-to-treat, iv.; intravenous, NS; narrow-spectrum

antibiotics, OR; odds ratio, PSI; pneumonia severity index, RD; risk difference.
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SU PPLEMENTARY MATERIAL Table S2 Stewardship implementation

Intervention (n=1,849)

Education
Table S1 Bacterial pathogens E-learnings completed 235 (45.2%)
Control (N = 2235) Intervention (N = 1849) Clinical lessons performed 54
Proven Possible Proven Possible Audit and feedback
Streptococcus pneumoniae 205 (9.1%) 46 (2.0%) 188 (10.2%) 49 (2.7%) Patients eligible for feedback 591 (32.0 %)
Staphylococcus aureus 9 (0.4%) 32 (1.4%) 11 (0.6%) 45 (2.4%) Recommendations given 330 (55.8%)
Other gram-positives 19 (0.9%) 18 (0.8%) 24 (1.3%) 5(0.3%) Accepted 197 (59.7%)
Haemophilus influenzae 4(0.2%) 137 (6.1%) 7 (0.4%) 137 (74%) Rejected 133 (40.3%)
Moraxella catarrhalis - 20 (0.9%) - 29 (1.6%) Reasons for rejection advice:
Escherichia coli 17 (0.8%) 29 (1.3%) 13 (0.7%) 22 (1.2%) Antibiotics discontinued 5(38%)
Klebsiella pneumoniae 3(0.1%) 11 (0.5%) 1(0.1%) 18 (1.0%) Patient discharged or deceased 4 (3.0%)
Pseudomonas aeruginosa 2(0.1%) 35 (1.6%) - 29 (1.6%) Penicillin allergy 2(1.5%)
Other gram-negatives 8 (0.4%) 65 (2.9%) 13 (0.7%) 78 (4.2%) Legionella risk factors 2(1.5%)
Legionella pneumophila 28 (1.2%) - 22 (1.2%) - Advice of microbiologist 1(0.8%)
Mycoplasma pneumoniae - - - 2(0.1%) Severe pneumonia by PSI/CURB score / clinical deterioration 9 (6.8%)
Mycobacteria - 2(0.1%) - 2(0.1%) COPD* 11 (8.3%)
Aspergillus species - 16 (0.7%) - 22 (1.2%) Suspected resistant pathogen 9 (6.8%)
Candida species - 17 (0.8%) - 25 (1.4%) Treatment based on resistant pathogen in new culture 6 (4.5%)
Other fungi / yeast - 2 (0.1%) 1(0.1%) 3(0.2%) Treatment based on resistant pathogen in old culture 2(1.5%)
No pathogen 811 (36.3%) 519 (23.2%) 650 (35.2%) 419 (22.7%) Pneumococcal urine antigen test is negative 8 (6.0%)
Proven pathogens: based on pathogens detected in blood cultures, pleural fluid cultures, and urinary antigen tests (BINAX Now for Pneumococcal urine antigen test forgotten 5(3.8%)
S. pneumoniae and L. pneumopbhila). Possible pathogens: based on pathogens detected in sputum cultures, bronchoalveolar lavage Supervisor wants to continue antibiotics 7(5.3%)
fluid cultures, and serology. Reason not clear 52 (39.0%)
Other reasons! 10 (7.5%)
Recommendations given by
Telephone 244 (74.0%)
Medical record 17 (5.1%)
Both 69 (20.9%)
No recommendations given 261 (44.2%)
Reasons for no advice given
Severe pneumonia by PSI/CURB score / clinical deterioration 56 (21.5%)
COPD" 12 (4.6%)
Suspected resistant pathogen 21(8.0%)
Treatment based on resistant pathogen in old culture 39 (14.9%)
No time to give advice / missed 42 (16.1%)
Reason not clear 28 (10.7%)
Other reasons? 63 (24.1%)
Patients not eligible for feedback 1258 (64.0%)
Reasons for not eligible
Started with narrow-spectrum antibiotics 866 (68.8%)
Switched to narrow-spectrum antibiotics 89 (7.1%)
Antibiotics discontinued 11 (0.9%)
Patient discharged or deceased 31(2.5%)
Penicillin allergy 125 (9.9%)
Legionella risk factors 107 (8.5%)
Advice of microbiologist 29 (2.3%)
Second recommendations given 13 (3.9%)
Accepted 3(0.9%)
Rejected 10 (3.0%)
Recommendations given by
Telephone 6 (46.2%)
Medical record 5 (38.5%)
Both 2 (15.4%)

* Chronic Obstructive Pulmonary Disease, 1: Other reasons for rejecting advice; due to hospital-acquired pneumonia (not according
to official risk factors), due to possible other focus, due to recurrent pneumonia, post-obstructive pneumonia, bronchiectasis or
awaiting culture results.

2: Other reasons for no advice given: hospital-acquired pneumonia (not according to guideline risk factors), patient
immunocompromised (not according to our definitions), suspected empyema, patient is agitated, possible other focus, awaiting
culture results, post-obstructive pneumonia, due to legionella risk factors (not according to guideline risk factors), all cultures
negative, possible abscess, continuing treatment of general practitioner.
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Table S3 Crude, adjusted for design and fully adjusted relative risk reductions in broad-spectrum
DOT

Control Intervention Crude RRR Adjusted for design RRR* Fully adjusted** RRR
(n=2,240) (n=1,844) (95% ClI) (95% CI) (95% CI)
Median (IQR) Median (IQR)

Broad-spectrum 6(2-9) 3(0-8) 20.2% 28.1% 284%

DOT (9.2% - 29.8%) (15.5% - 38.9%) (16.2% - 38.9%)

* Adjusted for design and time, ** also adjusted for possible confounders.

Table S4 Crude intervention effect stratified per hospital

Broad-spectrum DOT
(median, IQR)

Empirical narrow-spectrum (proportion)

Control Intervention Adjusted risk difference Control Intervention

Hospital

A 4(1-9) 4(1-9) 0,225 29,2 281
B 4(0-8) 3(0-8) 0,170 479 52,0
C 2(0-7) 0(0-5) 0,167 59,2 69,1
D 8(3-9) 5(2-9) 0,286 14,7 273
E 8 (3-11) 3(0-8) 0,393 16,2 43,6
F 4 (0-8) 3(0-8) 0,219 39,1 49,5
G 8 (4-11) 2(0-8) 0.376 20,5 48,3
H 6 (0-9) 3(0-8) 0,259 318 60,0
| 7(2-9) 2(0-8) 0,284 26,7 63,6
Total 6 (2-9) 3(0-8) 0,284 28,8 45,9
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Table S5 Specification of antibiotics given as empirical treatment

Control (n=2,235) Intervention (n=1,849)

Beta-lactams

Macrolides

Penicillin

Amoxicillin

Amoxicillin - clavulanic acid
Ceftriaxone

Cefuroxime

Cefotaxime

Ceftazidime

Cefazolin
Piperacillin/tazobactam

Azithromycin
Clarithromycin
Erythromycin

Fluoroquinolones

Moxifloxacin
Levofloxacin
Ciprofloxacin

Tetracycylines

Other

Doxycycline

Co-trimoxazole
Clindamycin

Combination therapy

Amoxicillin + ciprofloxacin

Penicillin + ciprofloxacin

Amoxicillin— clavulanic acid + ciprofloxacin
Ceftriaxone + ciprofloxacin

Cefuroxime + ciprofloxacin

Cefuroxime + erythromycin

Cefuroxime + clarithromycin

Amoxicillin + cefuroxime

Amoxicillin + penicillin + ciprofloxacin
Amoxicillin— clavulanic acid + penicillin + ciprofloxacin
Other*

19 (0.9%) 29 (1.6%)
548 (24.5%) 745 (40.3%)
426 (19.0%) 244 (13.2%)
114 (5.1%) 111 (6.0%)
149 (6.7%) 91 (4.9%)
12 (0.5%) 6(0.3%)
1(0.0%) -
10 (0.4%) 2(0.1%)
9 (04%) 3(0.2%)
10 (0.4%) -
- 1(0.1%)
62 (2.8%) 22 (1.2%)
4(0.2%) -
20 (0.9%) 13 (0.7%)
73(3.3%) 66 (3.6%)
10 (0.4%) 12 (0.6%)
2(0.1%) -
153 (6.8%) 122 (6.6%)
211 (9.4%) 159 (8.6%)
99 (4.4%) 60 (3.2%)
40 (1.8%) 20 (1.1%)
33 (1.5%) 11 (0.6%)
25 (1.1%) 5(0.3%)
23 (1.0%) 1(0.1%)
14 (0.6%) 14 (0.8%)
12 (0.5%) 9 (0.5%)
13 (0.6%) 12 (0.6%)
103 (5.6%)

*All other combination therapies below N = 10.
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RANDOMISED ANTIMICROBIAL STEWARDSHIP TRIAL

Table S6 Crude, adjusted for design and fully adjusted risk differences in 90-day mortality 2016 2017
90-day mortality Control Intervention  Crude RD Adjusted for design Fully adjusted** RD Hospital ~ 20-jan 23-aug
(n=2,240) (n=1,844) RD* A
N (%) 242 (10.9%) 199 (10.8%) B
Intention-to-treat C
90%Cl -0.09% (-1.7% ; 1.5%) 0.9% (-2.3% ; 3.2%) 04% (-2.7% ; 24%) D
95%ClI -0.09% (-2.0% ; 1.8%) 0.9% (-2.9% ; 3.7%) 04% (-3.3% ; 2.8%) E
As-treated F
90%Cl -31% (-4.6% ; -1.4%) -3.1% (-4.8% ; -1.4%) 0.07% (-1.8% ; 1.7%) G
95%Cl -3.1% (-4.9% ; -1.1%) -3.1% (-5.1% ; -1.1%) 0.07% (-2.1% ; 2.1%) H
CACE*** |
90%Cl -0.5% (-12.6% ;10.1%)  54% (-13.9% ; 19.1%) 2.2% (-15.8% ; 13.7%) ]
95%Cl -0.5% (-15.0% ; 12.1%) 54% (-17.0% ; 22.7%) 2.2% (-19.2% ; 16.4%) K
* Adjusted for design and time, ** also adjusted for possible confounders, *** Complier Average Causal Effect. L

control
Table S7 Crude, adjusted for design and fully adjusted risk differences in 30-day mortality =intewention
30-day mortality Control Intervention Crude RD Adjusted for design RD* Fully adjusted** RD
(n=2,240) (n=1,844)
N (%) 154 (6.9%) 123 (6.7%) Figure S1 Stepped-wedge randomisation scheme
Intention-to-treat
90%Cl -0.3% (-1.6% ; 1.1%) -0.7% (-2.9% ; 1.2%) -11% (-3.1% ; 0.7%)
95%Cl -0.3% (-1.8% ; 1.3%) -0.7% (-3.3% ; 1.6%) -1.1% (-3.5% ; 1.1%)
As-treated
90%Cl -2.6% (-4.0% ; -14%) -2.6% (-4.0% ; -1.4%) -0.3% (-1.8% ; 1.1%)
95%Cl -26% (-4.2% ; -1.1%)  -2.6% (-4.2% ; -1.1%) -0.3% (-2.0% ; 1.4%) 1.001 M
CACE*** "
90%Cl -1.5% (-9.1% ; 6.1%) -3.9% (-17.0% ; 7.6%) -6.4% (-18.5% ; 4.2%) i =
95%Cl -1.5% (-10.6% ; 7.5%)  -3.9% (-19.4% ; 10.0%) -6.4% (-20.8% ; 6.3%)
* Adjusted for design and time, ** also adjusted for possible confounders, *** Complier Average Causal Effect. = 0.75
=
2
o
Table S8 Complications £.0.50+
Control (n=2,235) Intervention (n=1,849) g
Pleural effusion 398 (17.8) 326 (176) =
Organ failure 78 (3.5) 87 (4.7) w ]
Empyema 22 (1.0) 23(1.2) 0.25
Septic shock 12 (0.5) 4(0.2) == Pre-intervention
Acute respiratory distress syndrome 10 (0.5) 7(0.4) == |ntervention
Pneumothorax 9(04) 3(0.2) 0.00-
Lung abscess 9(04) 1(0.1) )
Other 244 (10.9) 205 (11.1) 0 15 30 45 60 75 90

Time

Figure S2 Kaplan Meier Curve
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CHAPTER 10

GENERAL DISCUSSION

The studies presented in this thesis focus on the methodology of antimicrobial
stewardship interventions and on the implementation of antimicrobial stewardship on
optimising antibiotic use in moderate-severe community-acquired pneumonia patients
(CAP). In the general discussion | would like to focus on the implications and future
direction of antimicrobial stewardship and the management of moderate-severe CAP
patients.

PART I: ANTIMICROBIAL STEWARDSHIP

Many antimicrobial stewardships studies that are being performed are of insufficient
methodological quality to inform clinical practice. Systematic reviews on the effect
of stewardship interventions recognize this problem?*2. Still, systematic reviews often
select studies based on a limited number of pre-specified quality criteria, which are only
fulfilled by <50% of published studies®. The quality of studies not fulfilling these quality
criteria has never been described in detail. In chapter 2, we are the first to perform
a comprehensive systematic review including all stewardship studies to assess their
design quality®. This is important in order to identify areas of antimicrobial stewardship
in which there is most need of improvement. The majority of studies were single center
(63%) and used uncontrolled before-after study designs (50%). Studies fulfilled a median
of 3 of the 10 (IQR 2-5) quality features and none of the studies fulfilled all 10. Only
44% of the studies reported clinical and 26% reported microbiological outcomes. Many
of these studies are of insufficient methodological quality and therefore do not inform
clinical practice. In fact, poorly conducted studies lead to considerable research waste®*.
This suboptimal use of valuable resources could be reduced by improving research
design and scientific rigor®. A recent international working group identified optimizing
the design of antimicrobial stewardship a top research priority®. Specifically, conducting
robust evaluations of antimicrobial stewardship interventions and defining a balanced
set of outcomes to measure the impact of antimicrobial stewardship interventions
were identified as top priorities. Therefore, it is clear that guidance on how to optimize
the design of stewardship studies is urgently needed. For this purpose, we formed an
international working group containing clinical and academic specialists in antimicrobial
stewardship and clinical trial design with the goal to provide recommendations about
the optimal design for antimicrobial stewardship intervention studies (chapter 3)’. In
a consensus procedure recommendations were formulated in three main domains:
outcomes, objectives and study design. An important design aspect to consider is to
where the study to be conducted fits on the efficacy-effectiveness-implementation
spectrum. On this spectrum, efficacy and effectiveness studies investigate ‘what’
antibiotic prescribing practices should be adopted and implementation studies
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investigate 'now’ these practices should be implemented®. This considerationisimportant
because it determines how outcomes are selected and prioritized. In general, research
on healthcare interventions starts with proving efficacy, followed by effectiveness and
ultimately implementation of the intervention®. Similarly, in antimicrobial stewardship,
efficacy/effectiveness of the antimicrobial has to be established (e.g. antibiotic A is
effective for disease B — the ‘what’) before interventions that improve adherence to
this antimicrobial can be evaluated (e.g. stewardship intervention to improve adherence
to antibiotic A in disease B — the 'how’). However, in practice the certainty of the
efficacy of the antimicrobial, measured in clinical outcome of the patient (i.e. mortality,
clinical cure), depends on the type of antimicrobial, infection, and specific patient
setting under evaluation. Accordingly, the importance of evaluating efficacy or safety
of the antimicrobial stewardship intervention is depend on ‘what’ the antimicrobial
stewardship is set out to achieve. For example: if an antimicrobial stewardship
intervention is aiming to increase compliance to amoxicillin use in moderate-severe
CAP patients, and the evidence supporting the efficacy amoxicillin in this particular
patient group is not well established, it is important to evaluate non-inferiority regarding
safety in clinical outcomes. In contrast, if the antimicrobial stewardship intervention
is aimed to increase adherence to a treatment that is clearly established as safe by
high quality evidence in a similar patient population it might be justified to focus on
process measures as the primary outcome. This is dependent on what the antimicrobial
stewardship intervention aims to achieve. For example: the possibility for harm of an
intervention aimed to increase adherence to stopping treatment or narrowing antibiotic
spectrum might be higher than an intervention aimed to increase adherence to targeted
treatment based on culture results. For this reason, meta-analyses that pool the results
of clinical outcomes of different antimicrobial stewardship interventions with different
aims, targeting adherence to different antibiotics, in different patients, diseases, and

clinical settings are misleading®.

The reproducibility crisis shows us that many results from randomised controlled
trials (RCTs) can not be reproduced®. Therefore, it is important to continue collecting
information and evidence on the efficacy and effectiveness of treatments. It is important
to realize that efficacy studies (RCTs) on antimicrobials are generally performed in highly
selected patient populations while antimicrobial stewardship interventions are generally
performed in broader patient populations. Also, the sample size of RCTs is often not
large enough to have sufficient power for important subgroup analyses. Non-inferiority
trials require even larger sample sizes and novel methodologies such as the Response
Adjusted for Days of Antibiotic Risk (RADAR) to increase the efficiency of these trials are
not successful (chapter 4)!. As a result, the possibility of harm in the broader population,
or in subgroups (for example immunocompromised patients), needs to be considered
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even when efficacy of the antibiotic was demonstrated in RCTs. Studies that focus
both on the efficacy/effectiveness of the antibiotic therapy and implementation of the
antimicrobial stewardship intervention are called hybrid designs®. The major advantage
of hybrid antimicrobial stewardship designs is that besides provdiing information on
implementation, establishing safety of the antimicrobial stewardship intervention provides
additional evidence of the efficacy of the antibiotic treatment that is implemented.
Normally, estimating the treatment effect in observational studies is problematic due to
residual confounding by indication. However, estimating unbiased treatment effects is
possible with methods using instrumental variables. Instrumental variables are variables
that are associated with the exposure (in our case what we are trying to achieve with our
antimicrobial stewardship intervention, i.e. adherence to antibiotic A) but not associated
with the outcome, except through its association with the exposure!?. In designs
where implementation of the antimicrobial stewardship intervention is randomised,
the randomisation variable itself may be used as an instrumental variable to estimate
the efficacy of the antibiotic therapy being implemented using a method called the
complier average causal effect (CACE)™*. The efficiency of this method depends on
the amount of change in antibiotic therapy achieved by the antimicrobial stewardship
intervention. For example: if an antimicrobial stewardship intervention changes the
targeted antibiotic use from 20% to 40% the estimated CACE is not precise (resulting in
wide 95% confidence intervals), while if the antibiotic use changed from 10% to 90% the
estimated CACE is precise (narrow 95% confidence intervals). Yet, even if the change
in antibiotic use was minimal, precise estimates can be obtained with large sample
sizes. In the era of big data, where large quantities of routinely collected healthcare
data can be automatically extracted, increasing the sample size should become less
of a problem. Therefore, using appropriate methodology, there is great opportunity of
future antimicrobial stewardship implementation hybrid studies to not only contribute
knowledge on optimizing implementation but also build evidence on efficacy of what
the antimicrobial stewardship intervention is set out to achieve (i,e, antibiotic therapies),
both in broader patient populations and specific subgroups where randomized
controlled trials are not feasible.

PART II: COMMUNITY-ACQUIRED PNEUMONIA

The optimal treatment of patients with moderate-severe CAP is subject to discussion.
The choice of preferred empirical therapy varies globally. Guidelines in The United States
of America recommend beta-lactam macrolide combination therapy or a respiratory
fluoroquinolone?®, British guidelines recommend amoxicillin macrolide combination
therapy®®, and Dutch, Swedish and Danish guidelines recommend amoxicillin/
penicillin monotherapy'*. Two high quality RCTs compare beta-lactam monotherapy
with beta-lactam macrolide combination therapy providing different conclusions.
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One randomised controlled non-inferiority trial failed to show non-inferiority with a
nonsignificant increase in 30-day mortality of 1.4% (p=.42), but with more rapid clinical
stability in beta-lactam macrolide combination therapy (4.5 days) compared to beta-
lactam monotherapy (5 days)*. The other, called the CAP-START trial, was a cluster
randomised non-inferiority trial that showed non-inferiority of a strategy of preferred
empirical treatment with beta-lactam monotherapy compared to beta-lactam macrolide
combination therapy and fluorogquinolone monotherapy regarding 90-day mortality°.
If we focus on mortality as an outcome, one study provides evidence for the safety
of beta-lactam monotherapy while the other is inconclusive. Surprisingly, a prominent
international systematic review published after these two studies concluded that
empirical treatment for moderate-severe CAP should consist of beta-lactam macrolide
combination therapy or fluoroquinolone monotherapy?. This conclusion was largely
based on observational studies and therefore discarded the only high quality conclusive
trial available, which is the CAP-START trial. In addition, the international community has
expressed several points of critique on the CAP-START trial??. First, in the beta-lactam
monotherapy group broader-spectrum antibiotics with atypical coverage were used
in 27% of the patients. However, the reduction in the use of antibiotics with atypical
coverage by 57% to 62% compared to the other strategies was not appreciated. In
addition, the trial pragmatically evaluated an empirical strategy where deviation from
the strategy was possible. This closely resembles clinical practice, where guidelines are
not followed blindly but deviations are possible. This point is therefore not a limitation
but increases generalizability of the study results. Second, the chosen non-inferiority
of 3% was considered to be inappropriately large for an event rate of 10%. However,
compared to other recent clinical trials where a non-inferiority margin of 10% on an
event rate of 10%, and a non-inferiority margin of 5% on an event rate of 5% were used,
the non-inferiority margin was actually quite stringent?*2*. Thirdly, the study included
patients with a clinical diagnosis of CAP and this included patients without radiological
evidence of pneumonia on chest X-ray. However, recent findings from a study using
low-dose CT scanning in addition to chest X-ray demonstrated that in ~30% of patients
with CAP radiological infiltrates are not apparent on chest radiographs, meaning that
many CAP patients may be missed if only radiologically confirmed CAP patients are
enrolled?®. Lastly, the choice for 90-day mortality as the primary endpoint was deemed
inappropriate because for non-severe CAP mortality due to uncontrolled infection is
unlikely and probably caused by acute cardiovascular events or chronic comorbidities.
Yet, the 90-day mortality was 10% which is not negligible and it is possible that acute
cardiovascular events and exacerbation of chronic comorbidities are triggered by the
underlying infection. Also, in cluster randomised trials where blinding is not feasible,
selecting objective outcomes such as all-cause mortality is required to avoid information
bias and therefore more subjective outcomes such as clinical cure are not appealing.
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Ultimately, these misconceptions about the CAP-START trial led to the study not even
being mentioned in the latest update of the CAP guideline by IDSA®.

The CAP-START trial showed that beta-lactam monotherapy is non-inferior to beta-
lactam macrolide combination therapy and fluoroquinolone monotherapy. However,
the recommended empirical therapy in Dutch, Swedish and Danish guidelines is
even more narrow, namely narrow-spectrum beta-lactam monotherapy (amoxicillin
or penicillin). Even though this was also the recommended empirical therapy during
the CAP-START beta-lactam monotherapy periods, only 22% of the patients were
actually treated with narrow-spectrum beta-lactam monotherapy (unpublished). Most
patient in the beta-lactam monotherapy period received amoxicillin-clavulanic acid or
cephalosporins. Therefore, the CAP-START trial teaches us nothing about the efficacy
of narrow-spectrum beta-lactams. Thus far, two RCTs investigated the efficacy of
narrow-spectrum beta-lactams compared to respiratory fluoroquinolones?¢?’. One RCT
compared moxifloxacin to amoxicillin in patients with mild-to-moderate suspected
pneumococcal CAP, which showed similar clinical success rates of 86.5% (173/200)
and 82.2% (171/208) in the moxifloxacin and amoxicillin treated patients, respectively?®.
In the other RCT, sparfloxacin showed clinical cure rates of 83.6% (133/159) compared
to 84.7% (144/170) with amoxicillin in similar patients?”. However, both studies included
only patients with mild disease and one used a fluoroquinolone no longer used in clinical
practice. Therefore, it is unclear how these results translate to clinical practice and
the wider population of moderate-severe CAP patients. The rationale to recommend
narrow-spectrum beta-lactam monotherapy as empirical therapy is twofold. First, the
most commonly identified pathogen in moderate-severe CAP patients is Streptococcus
pneumoniae, which is virtually always susceptible to narrow-spectrum beta-lactams. In
addition, it is assumed that a large proportion of culture negative CAPs is also caused
by Streptococcus pneumoniae. Second, the severity of illness in these patients allows
to start with narrow-spectrum therapy and evaluate the clinical response and escalate
when patients do not improve or change to targeted therapy based on diagnostic results.
However, the confidence of clinical doctors in the recommendation to start with narrow-
spectrum beta-lactam is low, which is reflected by low guideline adherence®. We
performed a stepped-wedge cluster randomised antimicrobial stewardship intervention
trial in 12 hospitals in the Netherlands with the aim to reduce broad-spectrum antibiotic
use (Days of Therapy (DOT)) and show that this reduction is safe for patients (90-day
mortality)(chapter 9). In this trial, we included immunocompetent adult patients with
moderate-severe CAP. After a baseline period where standard care was measured, we
implemented a multifaceted antimicrobial stewardship intervention bundle in a stepwise
fashion. The multifaceted intervention consisted of (1) education, (2) motivating opinion

leaders, and (3) audit and feedback. The intervention reduced the median broad-
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spectrum DOT from 6 (interquartile range (IQR) 2 — 9) in the control period to 3 (IQR 0
— 8) in the intervention period. The adjusted relative reduction in broad-spectrum DOT
during intervention was 26.9% (95% Cl: 15.4%-37.4%). The 90-day mortality was similar
during control and intervention period, with an adjusted absolute difference of 0.4%
(90% Cl: -2.7 to 2.4) for the control versus intervention period, indicating non-inferiority
for all-cause mortality and safety of the intervention. These results indicate that doctors
may safely prescribe more narrow-spectrum beta-lactam therapy in patients with
moderate-severe CAP. However, how many patients can be empirically treated with
narrow-spectrum beta-lactam antibiotics before safety becomes an issue? Guidelines
are not made to be strictly followed without deviations. In CAP patients there are certain
medical reasons where deviation from narrow-spectrum beta-lactam is appropriate,
such as risk factors for Legionella and not showing clinical improvement on earlier
beta-lactam therapy. Future studies on the treatment of moderate-severe CAP patients
should therefore focus on clearly defining in which patients narrow-spectrum beta-
lactam is safe and which patients require broader-spectrum antibiotics, similar to the
principles of personalized medicine.

One patient group that has been investigated for possibly benefitting of broader-
spectrum treatment are patients with recent contact to healthcare. Pneumonia in these
patients is described as Healthcare-associated pneumonia (HCAP). Due to their recent
contact with healthcare, patients with HCAP may be atincreased risk for being colonized
with antibiotic-resistant and healthcare associated pathogens. To investigate this, we
performed a post-hoc analysis of a cohort of patients with moderate-severe CAP in
which we compared the in vitro susceptibility of causative pathogens in CAP patients
versus HCAP patients for amoxicillin and broad-spectrum antibiotics (chapter 6)%.
Indeed, HCAP predicts for higher non-susceptibility to amoxicillin but we considered
the difference too little to justify treating all these patients with broad-spectrum
antibiotics. In another explorative post-hoc analysis of three international prospective
cohorts of non-severe CAP patients we investigated whether various clinical variables
could predict better treatment effects for empirical treatment with either beta-lactam
monotherapy, beta-lactam macrolide combination therapy or fluoroquinolone-based
therapy (chapter 7)°. After correcting for confounders, older age was associated with
lower effectiveness of fluoroquinolones for 30-day mortality (interaction OR 1.67, 95%
Cl11.23-2.29) and beta-lactam macrolide combination therapy with lower effectiveness
for length of stay (interaction effect ratio 1.14, 95% Cl 1.06-1.22). Current smoking was
associated with lower effectiveness of fluoroquinolones for 30-day mortality (interaction
OR 2.36, 95% Cl 1.34-4.17). These results indicate that older age and smoking could
possibly modify the effect of empirical antibiotic treatment. Future RCTs are needed to
investigate whether these predictors could be used to individualize antibiotic treatment
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in patients with CAP.

Improvements in diagnostics will change the way future CAP patients will be treated.
Faster identification of causative pathogens by Point-of-Care (PoC) diagnostics means
that antibiotic treatment can be switched from empirical to targeted, often more
narrow, treatment earlier. Rapid tests can therefore make an important contribution
to antimicrobial stewardship. Surprisingly, the use of Legionella and Pneumococcal
urine antigen testing for moderate-severe CAP is discouraged in the latest IDSA CAP
guideline®>. They argue that urine antigen tests do not provide a direct benefit on
clinical outcomes such as mortality. However, they fail to recognize the antimicrobial
stewardship opportunity that antigen testing provides, as often therapy can be
narrowed significantly if the test results are positive. In CAP patients, there is still much
diagnostic uncertainty. In up to 50% of patients a causal pathogen is not identified?°.
New PoC Multiplex Polymerase Chain Reaction (PCR) tests are able to quickly identify
bacteria and viruses in respiratory samples. This may allow for rapid targeted therapy or
discontinuation of antibiotic therapy if a viral pathogen is identified and therefore viral
pneumonia is suspected. In addition, as mentioned previously, with the introduction of
novel imaging techniques such as low-dose CT, we observe that many CAP patients
are misdiagnosed using conventional chest X-ray®. In a recent study, low-dose CT
scans revealed no infiltrate in 30% of patients with an infiltrate on chest X-ray, while
an infiltrate was detected in 33% of patients without an infiltrate on chest X-ray®. As a
consequence, it is possible that implementation of low-dose CT instead of chest X-ray
will have consequences for the antibiotic therapy of patients as alternative diagnoses
need to be considered. How PoC PCR testing and low-dose CT scans will influence the
antibiotic management and clinical outcomes of patients with moderate-severe CAP
patients is currently being investigated (NCT03360851).

CONCLUSION

To conclude, the methodology to evaluate the efficacy of antimicrobial stewardship
interventions needs to be improved. With concrete recommendations and appropriate
methodology, implementation of antimicrobial stewardship has the opportunity to
generate high quality evidence for implementation and for the efficacy of antibiotic
strategies. Antimicrobial stewardship is an effective tool to optimize antibiotic treatment
in moderate-severe CAP patients. More patients with moderate-severe CAP can be
treated with narrow-spectrum beta-lactam monotherapy without compromising
patient outcomes. Future studies should focus on determining which patients can be
safely treated with narrow-spectrum beta-lactam and which patients would benefit
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from broader treatment. New diagnostic strategies such as PoC PCR and low-dose CT
can help to optimize management of moderate-severe CAP patients and move to a
more individualized approach.
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Infecties door bacterién kunnen behandeld worden met antibiotica. Indien bacterién
in contact komen met antibiotica dan bestaat er een kans dat deze bacterién resistent
worden voor deze antibiotica. Wanneer de antibiotica niet meer werkt, noemt men
dit antibioticaresistentie. De mate van antibioticaresistentie is de afgelopen jaren sterk
toegenomen. Eén van de redenen van de toename van antibioticaresistentie is het
overmatig en onjuist gebruik van antibiotica. Overmatig antibioticagebruik kan teveel
antibiotica betekenen of antibiotica met een onnodige brede werking (spectrum).
Onder juist antibioticagebruik verstaan we dat er een balans moet zijn tussen het geven
van te weinig antibiotica en het geven van teveel antibiotica. Bij het geven van te weinig
antibiotica wordt de onderliggende infectie niet goed behandeld, terwijl bij het geven
van teveel antibiotica onnodige resistentie ontstaat. Het nastreven van dit passende
antibioticagebruik wordt antimicrobial stewardship genoemd. In de praktijk zijn er
verschillende antimicrobial stewardship methoden om antibioticagebruik te verbeteren.
De meest gebruikte en bewezen effectieve methoden zijn: educatie voor dokters die
antibiotica voorschrijven, en terugkoppeling geven aan voorschrijvende dokters in het
geval dat ze een verkeerd antibioticum voorschrijven. In het eerste gedeelte (hoofdstuk
2, 3 en 4) van dit proefschrift richten we ons op antimicrobial stewardship. Door de
toename in antibioticaresistentie wordt het uitvoeren van antimicrobial stewardship
steeds belangrijker. Het is dan ook niet verwonderlijk dat er de afgelopen jaren veel
wetenschappelijke studies zijn verschenen over de effectiviteit van antimicrobial
stewardship. In veel van deze studies wordt gekeken hoe effectief bepaalde antimicrobial
stewardship interventies zijn (zoals bijvoorbeeld educatie) in het verbeteren van
het antibioticagebruik. Veel van deze studies zijn echter van lage wetenschappelijke
kwaliteit. In hoofdstuk 2 beschrijven we de wetenschappelijke kwaliteit van studies
over antimicrobial stewardship interventies en identificeren we de tekortkomingen
in de wetenschappelijke kwaliteit. Deze tekortkomingen vormen de basis voor de
samenkomst van een internationale groep experts op het gebied van antimicrobial
stewardship, onderzoeksmethodologie en statistiek. Het doel van deze expertgroep
is om een consensus document te ontwikkelen waarin concrete aanbevelingen staan
om kwalitatief goede wetenschappelijk studies te doen naar antimicrobial stewardship
interventies. Deze aanbevelingen worden beschreven in hoofdstuk 3. Eén van de meest
opvallende tekortkomingen is dat veel wetenschappelijke studies naar antimicrobial
stewardship interventies niet kijken of het verminderen van antibioticagebruik ook
daadwerkelijk veilig is voor patiénten. Het is namelijk mogelijk dat door het verminderen
van antibioticagebruik er uiteindelijk niet goed genoeg behandeld wordt. Hierdoor
kan de onvoldoende behandelde infectie zorgen voor nadelige gevolgen voor de

patiént, bijvoorbeeld een langere ziekenhuisopname of zelfs overlijden ten gevolge van
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de infectie. Een studie kan succesvol zijn in het verminderen van antibioticagebruik,
maar als er twijfel is of dit veilig is voor patiénten dan zullen dergelijke antimicrobial
stewardship interventies niet snel worden toegepast in de klinische praktijk. Eén van
de aanbevelingen is dan ook dat er van tevoren goed moet worden nagedacht over
mogelijk nadelige gevolgen voor patiénten, en indien hier twijfel over bestaat altijd data
te verzamelen over klinische uitkomsten van patiénten. In hoofdstuk 4 onderzoeken
we een gepubliceerde methode die de uitkomstmaten van minder antibioticagebruik
weet te combineren. Bij deze nieuwe methode wordt een samengestelde uitkomstmaat
gemaakt die zowel antibioticagebruik als patiénten uitkomsten bevat. We passen deze
nieuwe methode toe op data van een eigen antimicrobial stewardship interventie
onderzoek om te zien of de methode in staat is om slechtere uitkomsten van patiénten
te identificeren. Onze conclusie is dat de nieuwe methode dit niet goed kan en we
adviseren daarom deze methode niet als belangrijkste uitkomst te gebruiken in

antimicrobial stewardship interventie onderzoek.

Het tweede gedeelte (hoofdstuk 5, 6, 7, 8, 9) van dit proefschrift gaat over het toepassen
van antimicrobial stewardship bij patiénten met longontsteking. Longontsteking
is een ontsteking van de lagere luchtwegen die zowel mild als ernstig kan verlopen.
Indien patiénten buiten het ziekenhuis een longontsteking oplopen noemen we
dat een thuis-opgelopen longontsteking. Dit in tegenstelling tot de ziekenhuis-
opgelopen longontsteking. Dit onderscheid is belangrijk omdat de verschillende
soorten longontsteking doorgaans door verschillende bacterién worden veroorzaakt.
In ons onderzoek richten wij ons uitsluitend op mensen met een thuis-opgelopen
longontsteking. Patiénten die in het ziekenhuis belanden met een thuis-opgelopen
longontsteking hebben een aanzienlijke kans om aan deze aandoening te overlijden.
De hoeksteen van de behandeling van patiénten met thuis-opgelopen longontsteking
is antibiotica. Meestal weten we nog niet door welke bacterie de longontsteking
veroorzaakt wordt wanneer een patiént wordt opgenomen met longontsteking. De
antibiotica die in eerste instantie wordt gegeven is daarom altijd gericht op de groep
bacterién die het vaakst voorkomen, dit zijn vaak breed-spectrum antibiotica (werkzaam
tegen een breed spectrum van bacterién). Tijdens de opname wordt er vervolgens
onderzoek verricht, zoals het kweken van de bacterie, om erachter te komen welke
bacterie de daadwerkelijke veroorzaker is. Als er een bacterie gevonden wordt, dan
zal het antibioticum aangepast worden naar een antibioticum die specifiek gericht is
op deze bacterie, dit zijn vaak smal-spectrum antibiotica (werkzaam tegen een smal
spectrum van bacterién). Dit toespitsen van de antibiotica op de gevonden bacterie
noemen we het de-escaleren van de antibiotica. Er worden veel wetenschappelijke
onderzoeken gepubliceerd die onderzoeken of dit de-escaleren veilig is voor patiénten.

In hoofdstuk 5 van dit proefschrift bespreken we wederom de wetenschappelijke
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tekortkomingen van gepubliceerde studies, dit keer van studies die de veiligheid van
de-escalatie onderzoeken. In 2005 werd er in Amerika een nieuwe categorie van
longontstekingen benoemd, een tussenvorm van thuis-opgelopen longontsteking en
ziekenhuis-opgelopen longontsteking. Dit betrof patiénten die de longontsteking wel
thuishadden opgelopen, maar frequentinaanraking zijn geweest met zorg. De gedachten
hierachter was dat door het zorgcontact deze patiénten meer resistente bacterién bij
zich zouden dragen en dat deze resistente bacterién de oorzaak zouden kunnen zijn
van de longontsteking, waardoor er andere antibiotica nodig is. Deze categorie werd
zorg-gerelateerde-longontsteking genoemd. In hoofdstuk 6 onderzoeken we of in
Nederland de longontsteking van patiénten die binnen de categorie zorg-gerelateerde-
longontsteking vallen ook veroorzaakt wordt door meer resistente bacterién en of er
daarom andere antibiotica nodig is. Uit ons onderzoekt blijkt dat er kleine verschillen
zijn in de bacterién die zorg-gerelateerde-longontsteking veroorzaken, maar dat deze
verschillen niet groot genoeg zijn om al deze patiénten anders te behandelen. In
hoofdstuk 7 onderzoeken we of er bepaalde patiéntkarakteristieken zijn die kunnen
voorspellen of een patiént beter zal reageren op een bepaald soort antibioticum. Uit
dit onderzoek blijkt dat oudere patiénten en patiénten die roken wellicht baat zouden
kunnen hebben van andere antibiotica in vergelijking met jongere patiénten en
patiénten die niet roken. In hoofdstuk 8 beschrijven we mogelijke manieren om door
middel van antimicrobial stewardship het antibioticagebruik bij patiénten met thuis-
opgelopen longontsteking te verbeteren. Tot slot, in hoofdstuk 9, presenteren we de
resultaten van een studie waarbij we in 12 Nederlandse ziekenhuizen een antimicrobial
stewardship interventie implementeren om het antibioticagebruik bij patiénten met
thuis-opgelopen longontsteking te verbeteren. Het merendeel van de thuis-opgelopen
longontsteking wordt veroorzaakt door de bacterie Streptococcus pneumoniae.
Deze bacterie is goed te behandelen met de smal-spectrum antibiotica penicilline of
amoxicilline. Dit is de reden dat Nederlandse richtlijnen adviseren om deze patiénten
initieel met deze smal-spectrum antibiotica te behandelen, ook als we de daadwerkelijke
veroorzakende bacterie van de longontsteking nog niet hebben aangetoond. In
de praktijk blijkt echter dat dokters vaak breed-spectrum antibiotica geven, wat kan
leiden tot onnodige vorming van antibioticaresistentie. In onze studie proberen we
het breed-spectrum antibioticagebruik te verminderen door middel van educatie
voor artsen en door terugkoppeling indien er onnodig breed-spectrum antibiotica
is gegeven. Daarnaast willen we aantonen dat deze reductie in breed-spectrum
antibiotica veilig is voor patiénten en dat we de patiénten hierbij niet onderbehandelen.
Onze antimicrobial stewardship interventie was in staat om het breed-spectrum
antibioticagebruik met 27% te verminderen, zonder dat dit nadelige effecten had voor
patiénten. Deze resultaten kunnen ervoor zorgen dat dokters meer vertrouwen krijgen

in het voorschrijven van smal-spectrum antibiotica bij pati€énten met thuis-opgelopen
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longontsteking, wat zal zorgen voor minder onnodige toename in antibioticaresistentie.
Dit proefschrift laat zien dat antimicobial stewardship een effectieve manier is om
antibioticagebruik te verbeteren. De wetenschappelijke kwaliteit van antimicrobial
stewardship interventie studies kan echter beter. We hebben nu concrete aanbevelingen
om deze kwaliteit te verbeteren. Antimicrobial stewardship interventies zijn in staat om
bij patiénten met thuis-opgelopen longontsteking het gebruik van breed-spectrum
antibiotica aanzienlijk te verminderen, zonder dat dit nadelige gevolgen heeft voor
patiénten. Door verstandiger om te gaan met het gebruik van antibiotica kan de toename

in antibioticaresistentie geremd worden.
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