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Basel ‚ Beijing ‚ Wuhan ‚ Barcelona ‚ Belgrade ‚ Novi Sad ‚ Cluj ‚ Manchester
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Department of

Clinical Pharmacy

University of Szeged

Szeged

Hungary

Editorial Office

MDPI AG

Grosspeteranlage 5

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal

Antibiotics (ISSN 2079-6382) (available at: www.mdpi.com/journal/antibiotics/special issues/

Healthcare Settings).

For citation purposes, cite each article independently as indicated on the article page online and

using the guide below:

Lastname, A.A.; Lastname, B.B. Article Title. Journal Name Year, Volume Number, Page Range.

ISBN 978-3-7258-1534-0 (Hbk)

ISBN 978-3-7258-1533-3 (PDF)

https://doi.org/10.3390/books978-3-7258-1533-3

© 2024 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license. The book as a whole is distributed by MDPI under the terms

and conditions of the Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

license (https://creativecommons.org/licenses/by-nc-nd/4.0/).

www.mdpi.com/journal/antibiotics/special_issues/Healthcare_Settings
www.mdpi.com/journal/antibiotics/special_issues/Healthcare_Settings
https://doi.org/10.3390/books978-3-7258-1533-3


Contents

Gaetano Iaquinto, Giuseppe Mazzarella, Carmine Sellitto, Angela Lucariello, Raffaele
Melina and Salvatore Iaquinto et al.
Antibiotic Therapy for Active Crohn’s Disease Targeting Pathogens: An Overview and Update
Reprinted from: Antibiotics 2024, 13, 151, doi:10.3390/antibiotics13020151 . . . . . . . . . . . . . . 1

Carmen Hidalgo-Tenorio, Inés Pitto-Robles, Daniel Arnés Garcı́a, F. Javier Membrillo de
Novales, Laura Morata and Raul Mendez et al.
Cefto Real-Life Study: Real-World Data on the Use of Ceftobiprole in a Multicenter Spanish
Cohort
Reprinted from: Antibiotics 2023, 12, 1218, doi:10.3390/antibiotics12071218 . . . . . . . . . . . . . 14

Marcella Sibani, Lorenzo Maria Canziani, Chiara Tonolli, Maddalena Armellini, Elena
Carrara and Fulvia Mazzaferri et al.
Antimicrobial Stewardship in COVID-19 Patients: Those Who Sow Will Reap Even through
Hard Times
Reprinted from: Antibiotics 2023, 12, 1009, doi:10.3390/antibiotics12061009 . . . . . . . . . . . . . 30

Loni Schramm, Mitchell K. Byrne and Taylor Sweetnam
Antibiotic Misuse Behaviours of Older People: Confirmation of the Factor Structure of the
Antibiotic Use Questionnaire
Reprinted from: Antibiotics 2023, 12, 718, doi:10.3390/antibiotics12040718 . . . . . . . . . . . . . . 42

Juliane Hauschild, Nora Bruns, Elke Lainka and Christian Dohna-Schwake
A European International Multicentre Survey on the Current Practice of Perioperative
Antibiotic Prophylaxis for Paediatric Liver Transplantations
Reprinted from: Antibiotics 2023, 12, 292, doi:10.3390/antibiotics12020292 . . . . . . . . . . . . . . 56
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Abstract: Crohn’s disease (CD) is a multifactorial chronic disorder that involves a combination of
factors, including genetics, immune response, and gut microbiota. Therapy includes salicylates,
immunosuppressive agents, corticosteroids, and biologic drugs. International guidelines do not
recommend the use of antibiotics for CD patients, except in the case of septic complications. In-
creasing evidence of the involvement of gut bacteria in this chronic disease supports the rationale
for using antibiotics as the primary treatment for active CD. In recent decades, several pathogens
have been reported to be involved in the development of CD, but only Escherichia coli (E. coli) and
Mycobacterium avium paratubercolosis (MAP) have aroused interest due to their strong association with
CD pathogenesis. Several meta-analyses have been published concerning antibiotic treatment for CD
patients, but randomized trials testing antibiotic treatment against E. coli and MAP have not shown
prolonged benefits and have generated conflicting results; several questions are still unresolved
regarding trial design, antibiotic dosing, the formulation used, the treatment course, and the outcome
measures. In this paper, we provide an overview and update of the trials testing antibiotic treatment
for active CD patients, taking into account the role of pathogens, the mechanisms by which different
antibiotics act on harmful pathogens, and antibiotic resistance. Finally, we also present new lines of
study for the future regarding the use of antibiotics to treat patients with active CD.

Keywords: Crohn’s disease; Escherichia coli; Mycobacterium avium paratuberculosis; antibiotic therapy

1. Introduction

Current data suggest that Crohn’s disease (CD) results from dysregulation of the
mucosal immune system in genetically predisposed individuals, leading to strong and
ongoing activation of the immunological response to intestinal microflora [1].

What triggers the onset of CD is still an open question, despite the progress that
has been made in defining the genetic and environmental risk factors and understanding
the pathways linked to the immune response regarding the inflammation aspect of the
pathology. Several pathways are proposed to drive the disease [2].

The overall inflammatory response in CD could be an additional risk factor responsible
for the development of the disease. In this regard, specific molecular events that regulate
the production of cytokines, such as the loss of function mutations in the genes encoding
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interleukin (IL)-10 and its receptor (IL-10R), can cause early onset of CD. In addition, the
regressive inheritance of rare and low-frequency deleterious NOD2 variants contributes to
7–10% of CD cases [3].

The inflammatory response in CD is due to the balance between key pro- and anti-
inflammatory cytokines: tumor necrosis factor alpha (TNFα), IFN-γ, interleukin (IL)-1,
IL-18, IL-33, IL-36, and IL-38, which have pro-inflammatory effects, and IL-10, IL-4, IL-6,
IL-11, IL-13, and transforming growth factor beta (TGF-β), which have anti-inflammatory
effects [3].

The cardinal symptoms of CD are severe abdominal pain, diarrhea, bleeding, bowel
obstruction, and a variety of systemic symptoms affecting the mouth, eyes, joints, and skin.
For decades, aminosalicylates, immunosuppressive agents, and corticosteroids have been
the standard of care for active CD to control inflammation and induce clinical remission.
The biological drugs that target cytokines, such as anti-TNFα, JAK inhibitors, monoclonal
α4β7 integrin antibody, and anti-IL-12/IL-23, are part of the armamentarium to obtain
clinical and endoscopic remission.

Regarding therapy for CD, the route of administration, how to choose the first and
second biologics, the potential of combination therapy with biologics, and the safety of
biologics have been recently reported in several articles [4–6]. However, the use of anti-
TNFα therapy has not yielded the expected declines in hospitalization and intestinal
resection in IBD [7].

In the last decades, several pathogens (Table 1) have been found to have a role in the
pathogenesis of CD [8,9], but only E. coli [10–13] and Mycobacterium avium paratubercolosis
(MAP) [14,15] have aroused interest due to their strong association with CD pathogenesis.
In 1998, a new pathovar strain of E. coli, defined as adherent invasive E. coli (AIEC), was iso-
lated from the ileal mucosa of CD patients, as that was assumed to be a potential etiological
source of the disease [16]. AIEC was found to adhere to gut epithelial cells, invade mucosa,
penetrate and replicate into macrophages, and release inflammatory cytokines [13,17–19].

Table 1. Pathogens potentially involved in CD.

Bacteria References

X Yersinia enterocolitica [2]
X Helicobacter species [2]
X Campylobacter species [2]
X Listeria monocytogenes [2]
X E. coli species [8–13]
X Mycobacterium avium paratubercolosis [14,15]

It has been demonstrated that invasive E. coli strains isolated from CD patients are
able to survive and replicate in large vacuoles within macrophages without inducing cell
death. To survive and replicate in the harsh environment inside this compartment, AIEC
strains utilize several adaptation mechanisms that permit them to resist phagocytosis and
persist within macrophages, releasing large amounts of TNF-α [20].

Several independent studies, using different methods, reported an increased presence
(from 25% to 55%) of mucosa-associated AIEC in CD patients [21–23]. AIEC was also
recovered from 65% of chronic lesions and nearly 100% of biopsies from early lesions of CD
patients [16]. In two recent reviews, AIEC was found in 23% and 29% of colonic mucosa
biopsies from 69 and 304 CD patients, respectively [2,24]. All of these studies support the
growing evidence that AIEC may be strongly involved in CD pathogenesis. Until now, few
studies have been performed related to antibiotic treatment for active CD patients targeting
AIEC. Unfortunately, the overall results are still scarce and unimpressive [25,26].

In addition to the presence of AIEC, several studies [27–29] reported the presence of
MAP in intestinal biopsies of active CD patients, and for many years, it was also supposed
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that there may be an association between MAP and CD. Mycobacteria, like AIEC, survive
and persist within host macrophages, and effective anti-mycobacterial agents require
intracellular penetration.

Recently, Khan et al. [2], using the RT-PCR method, found a significantly increased
prevalence of MAP (23.2%) in biopsy samples from CD patients compared with non-IBD
controls. Mycobacterial tuberculosis and MAP show different antibiotic sensitivities [30].
Several anti-MAP trials have been performed, some using a single drug and others using
up to four drugs [31]. Although some trials and several case reports described mucosal
healing and eradication of MAP [32], randomized trials with anti-MAP antibiotic treatment
did not show any prolonged benefit for CD patients [33–36].

Townsend et al. showed that the outcome of short-term antibiotic treatment, which is
useful for induction and remission of active CD, was uncertain [37]. Long-term antibiotic
treatment trials have been also performed, but several questions were raised about the
factors that could limit the effectiveness of antibiotic treatment: trial design, duration of
treatment, dose, and combination of antibiotics. Until now, the choice of antibiotic treatment
has always been arbitrary, and the primary endpoint was clinical and endoscopic remission.

In this paper, we provide an overview and update of the data from trials on antibiotic
treatment of active CD, taking into account the role of pathogens in the progression of the
disease and the mechanism of action of different antibiotics on harmful pathogens. This
review takes a brief look at the past, present, and future of antibiotic-based therapies for
patients with active CD.

Since we cannot exclude that the etiopathogenesis of CD may involve AIEC in some
cases and MAP in others, we suggest that the choice of antibiotic treatment for active CD
needs to consider the target pathogens. In fact, if the cause of the pathology is the presence
of a specific bacterial species, eradication of that species would necessarily be beneficial for
the regression of inflammation.

In the end, we tried to present new lines of study for the use of antibiotics with
personalized therapy for CD patients, taking into account the presence or absence of a
specific bacterial species.

2. Literature Search Strategy

A literature search was conducted using the National Institute of Health (NIH) web-
site (http://www.clinicaltrials.gov, accessed on 8 December 2023) focused on antibiotic
treatment targeting MAP and AIEC as an intervention in human trials with CD patients.
There were no restrictions regarding language, research location, and research race. We
carried out the bibliographic search from 2002 to 2023.

The NIH database was chosen because it registers clinical trials around the world and
the information is updated daily, and all of them are reviewed and approved by ethics
committees or appropriate agencies and obey the appropriate national/state health agency
regulations. We used an advanced search without any language restriction. The term
“antibiotic Crohn” was entered into the search box. Studies that had no relation to antibiotic
treatment were excluded.

3. Antibiotic Treatment Targeting MAP in Active CD Patients

Several meta-analyses have been published concerning long-term antibiotic treatment
targeting MAP in patients with active CD (Table 2).
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Table 2. Long-term antibiotic treatment targeting MAP in patients with active CD.

Author Number
of Trials

Number
of Patients Antibiotics Duration Placebo or Other

Comparators
Primary

Outcome OR

Borgoankar
[33]

6
317 Anti-MAP +

corticosteroids (2 trials) 6–24 months - CDAI < 150 1.10 (0.69–1.74)
(all trials)

865 Anti-MAP + standard
therapy (4 trials)

3.37 (1.38–8.24)
(2 trials)

Feller [34] 16

58 Rifaximin (1 trial) 3 months Placebo CDAI < 150 2.07 (0.71–6.06)

206 Nitroimidazole (3 trials) 3–24 months Placebo CDAI < 150 3.54 (1.94–6.47)

322 Clofazimine (4 trials) 3–24 months Placebo CDAI > 70
from baseline 2.86 (1.67–4.88)

287 Clarithromycin alone or
in combination (4 trials) 3–24 months Placebo CDAI < 150 0.58 (0.29–1.18)

107 Anti-tuberculosis drugs
(3 trials) 3–24 months Placebo CDAI < 150 11.3 (2.60–48.8)

47 Ciprofloxacin (1 trial) 6 months Placebo CDAI < 150 0.85 (0.73–0.99)

Khan [35] 10 1160

Macrolides,
fluorochinolones,
5-nitromidazole,

Rifaximin alone or
in combination

1–4 months Placebo CDAI < 150 0.85

Selby [38] 1 213 Rifabutin, clarithromycin,
and clofazimine (AMAT) 16–104 months

Placebo + 16
weeks tapering

course
Prednisolone

At least
1 relapse

between 16
and 52 weeks

2.04 (0.84–4.93)

Graham
[39] 1 331

RHB104: rifabutin,
clarithromycin, or

Clofazimine + anti-TNF
or azatioprine or

6-mercaptopurine + 5
ASA corcorticosteroids
(tapering after 8 weeks)

12 months Placebo CDAI < 150 at 26 weeks

Agrawal
[40] 1 16

Rifabutin, clarithromycin,
clofazimine +

metronidazole
or ciprofloxacin

5 months - wPCDAI: 47.5 -

OR, odds ratio; CDAI, Crohn’s Disease Activity Index; and wPCDAI, Weighted Pediatric Crohn’s Disease
Activity Index.

Borgaonkar et al. [33] identified six randomized controlled trials (RCTs) using anti-
MAP therapy for 6 to 24 months. Two trials that used corticosteroids in combination with
antimicrobial therapy yielded a pooled odds ratio (OR) of 3.37 for maintenance of remission
in treatment versus control, which was statistically significant (95% CI: 1.38–8.24; p = 0.013).
The subgroup analysis of the other four trials, which did not use corticosteroids to induce
remission, yielded a pooled odds ratio of 0.69 (95% CI: 0.39–1.21) for maintenance of remis-
sion in treatment versus control, which was not statistically significant (p = 0.25). The pooled
OR for maintenance of remission in treatment versus control for all six studies was 1.10
(95% CI: 0.69–1.74) in favor of treatment, which was not statistically significant (p = 0.78).
These results suggest that antimicrobial therapy is effective in maintaining remission in
patients with CD after a course of corticosteroids combined with anti-MAP therapy.

Feller et al. [34], in a systematic review and meta-analysis of placebo-controlled trials,
examined 13 treatment regimens in 865 patients. The average duration of treatment was
6 months. The outcomes were remission in patients with active disease and relapse in
patients with inactive disease. The trials using nitroimidazoles showed benefits, with an OR
of 3.54, and the OR for the four trials using clofazimine was 2.86. On the contrary, no benefit
was found for classic drugs against tuberculosis (OR = 0.58). The results for clarithromycin
were mixed (p = 0.005), and in three trials with rifaximin the OR was 2.07. The conclusion of
this study was that long-term treatment with nitroimidazoles, clofazimine, or ciprofloxacin
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appeared to be effective in patients with active CD, while little evidence of benefits was
found for clarithromycin and the classical tuberculosis drugs.

Khan et al. [35], in a systematic review including 10 RCTs and 1160 patients, evaluated
the effect of antibiotics on remission and relapse of adult patients with active CD. Different
kinds of antibiotics were tested, including macrolides, fluoroquinolones, 5-nitroimidazole,
and rifaximin, either alone or in combination, for 4 to 16 weeks. There was a statistically
significant effect of antibiotics on inducing remission in patients with active CD compared
with placebo (OR = 0.85; 95% CI: 0.73–0.99).

Selby et al. [38], in a double-blind, placebo-controlled trial, studied 213 patients with
active CD randomized to a 2-year course of daily clarithromycin, rifabutin, and clofazimine
or placebo in addition to a 16-week course of prednisolone. The primary endpoint was at
least one relapse by 12, 24, or 36 months. Of 122 patients who entered the maintenance
phase, 39% who took antibiotics experienced at least one relapse between weeks 16 and 52,
compared with 56% who took a placebo (OR = 2.04; p = 0.054). The differences between
antibiotics and placebo were not statistically significant. The authors concluded that the
study did not support a significant pathogenic role for MAP in most CD patients.

The Graham multicenter MAP US study [39] was the first global randomized trial to
assess the efficacy of anti-MAP therapy (RHB-104) for 12 months in active CD patients. The
anti-MAP therapy, in addition to standard therapy, demonstrated a clinically meaningful
and statistically significant treatment effect in the protocol, in which the primary endpoint
was defined as remission (CDAI < 150) at week 26, and the secondary endpoint was early
remission at week 16 and durable remission through week 52. The remission rate with or
without anti-TNF therapy at 26 weeks was significantly higher than placebo (37% vs. 23%,
p = 0.07). At week 16, the remission rate was 42% vs. 29% (p = 0.015).

Agrawal et al. [40], studying a small cohort of pediatric CD patients, concluded
that anti-MAP therapy may be more effective than the currently utilized therapies for
inducing clinical and endoscopic remission. Although only 47% of patients achieved
clinical remission by their first clinical follow-up, 93% of patients achieved remission by the
subsequent follow-up appointments after an average of 5 months of treatment (p < 0.001).

Lastly, several case series have also been published concerning long-term antibiotic
treatment targeting MAP [41,42]. In the Agrawal case series, CD patients experienced
profound remission and required no further treatment for 3–23 years [41]. However, the
trials and case series produced conflicting results, and no definitive conclusions could be
drawn about the favorable effect of anti-MAP therapy on putative MAP infections in CD
patients. Moreover, prophylactic antitubercular therapy was found to accelerate disease
progression in patients with CD receiving anti-TNF-α therapy [43].

4. Antibiotic Treatment Targeting AIEC in Patients with Active CD

Most infections due to intracellular bacteria respond poorly to antibiotic treatment [44].
The lack of antibacterial activity is due to inactivation by the low pH of the phagolysosomes
in which antimicrobial bacteria live [45]. Like Coxiella burnetii, Tropheryma whipplei, and
several other bacteria, AIEC also replicates into macrophage phagolysosomes.

Wiseman et al. [46] first described the effect of pH on the inhibitory activity of chloro-
quine against E. coli. Recently, hydroxychloroquine (HCQ) was found to enhance antibiotic
efficacy and macrophage killing of AIEC due to its alkalizing effect on the pH of phagolyso-
somes [47]. In a study by Flanagan [48], HCQ showed synergistic effects with doxycycline
and ciprofloxacin, which are effective antibiotics against intracellular AIEC. Moreover,
both HCQ and vitamin D caused dose-dependent inhibition of intramacrophagic AIEC
replication 3 h after infection [48].

Rodhes et al. [49], in a randomized trial investigating the treatment of patients with
active CD, evaluated prolonged antibiotic treatment with ciprofloxacin, doxycycline, and
HCQ for 4 weeks followed by 20 weeks of doxycycline and HCQ, and compared antibiotics
with budesonide treatment. The results, including crossover results, showed remission
in 9 out of 24 patients treated with HCQ/antibiotics versus only 1 out of 32 patients
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treated with budesonide. Overall, the results on the efficacy of antibiotic treatment for
AIEC-positive CD patients are still scarce and unimpressive. Further clinical trials will be
necessary to assess the efficacy of combinations of antibiotics targeting AIEC.

5. Short-Term Antibiotic Treatment

Several RCTs utilizing short-term antibiotic treatment for induction and remission of
CD produced conflicting results. Steinart et al. [50], analyzing RCTs including 134 patients
treated with metronidazole and ciprofloxacin in combination with budesonide, found no
differences in remission rates compared with placebo (OR = 1.02; CI: 0.62–1.66) (Table 3).
Rahimi et al. [51], in a meta-analysis of broad-spectrum antibiotics, found that patients
who received antibacterial therapy for 2 to 24 weeks were 2.257 times more likely to have
clinical improvement than those who received placebo (Table 3). Six randomized placebo-
controlled trials were included in the meta-analysis. Pulling the results from these trials
yielded an OR of 2.157 (CI: 1.678–3.036) for antimicrobial therapy compared with placebo.
The conclusion from this study was that broad-spectrum antibiotics improved clinical
outcomes in patients with CD.

Table 3. Short-term antibiotic treatment for patients with active CD.

Author Number
of Trials

Number of
Patients Antibiotics Duration

Placebo or
Other

Comparators

Primary
Outcome OR

Steinhart
[50] 1 134

Metronidazole,
ciprofloxacin,
budesonide

8 weeks Placebo CDAI < 150 -

Rahimi [51] 6 804

Metronidazole,
ciprofloxacin,

Cotrimoxazole
alone (2 trials) or
in combination

(4 trials)

2–24 weeks Placebo CDAI < 150 2.257

Prantera
[52] 1 402 Rifaximin 12 weeks Placebo CDAI < 150 -

Wang [53] - 83

Ciprofloxacin,
metronuidazole

alone or in
combination,

rifaximin,
clarithromycin

2–16 weeks Placebo CDAI < 150 1.35

Su [54] 15 1407

Ciprofloxacin,
fluoroquinolones,

clarithromycin,
metronidazole,

rifaximin

at least
4 weeks Placebo CDAI < 15 1.35

Townsend
[37] 13 1303

Rifaximin,
clarithomycin,
metronidazole,
cotrimoxazole,

Anti-MAP alone or
in combination

with budesonide

6–14 weeks Placebo alone or
in combination CDAI < 150 0.77 to

0.33

OR, odds ratio; CDAI, Crohn’s Disease Activity Index.

Prantera et al. [52] studied 402 CD patients after 12 weeks of rifaximin treatment in a
clinical trial. After the treatment, 62% of the patients were in clinical remission (p < 0.005)
(Table 3). Wang et al. [53], in a meta-analysis of broad-spectrum antibiotic therapy, noted
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clinical improvement in 56% of patients in the antibiotic group and 37.9% in the placebo
group after 2–16 weeks of treatment (OR = 1.35 for clinical improvement) (Table 3). Su
et al. [54], in a systematic review and meta-analysis, examined 1407 CD patients who
received antibiotics for at least 4 weeks, including ciprofloxacin, clarithromycin, metronida-
zole, and rifaximin. Pooled analysis revealed that, compared with the placebo group, CD
patients benefited to a certain extent (RR = 1.32; p < 0.00001). However, subgroup analysis
showed that there was no significant difference between ciprofloxacin and control (Table 3).
Townsend et al. [37] analyzed 13 eligible RCTs comparing antibiotics with a placebo or
an active comparator in adult CD patients. Ciprofloxacin, rifaximin, metronidazole, clar-
ithromycin, and cotrimoxazole, alone or in combination, provided only a modest benefit
for the induction and maintenance of remission (OD ratio = 0.86 at 6–10 weeks and 0.77 at
10–14 weeks) (Table 3).

Due to the relatively low number of high-quality studies on antibiotics and the high
variability in the tested antibiotics, treatment course, and outcome measures, drawing firm
conclusions remains difficult.

6. Other Therapeutic Strategies Targeting AIEC

Since antimicrobial resistance was observed to affect antibiotics considered to be
effective against intracellular AIEC, other possible strategies targeting AIEC have also been
proposed:

- Anti-adhesive molecules

Monovalent mannosides are promising candidates for use in an alternative and com-
plementary approach for CD patients colonized by AIEC [55]. Type-1 pili are utilized by
Gram-negative bacteria to adhere to the host tissue and thus are a key virulence factor
in CD. The type-1 pilus was found to mediate the recognition and attachment of AIEC
strain to the host [56]. A mannoside recognizing Fim H adhesion, blocking the adhesion of
bacteria to cells, was found in the type-1 pilus. A large panel of mannoside-derived Fim H
antagonists has been tested to assess the ability of the antagonists to inhibit E. coli adhesion
to host cells [57].

- Fecal microbiota transplantation

Fecal microbiota transplantation (FMT) is an emerging approach for IBD treatment to
restore essential components of the intestinal flora. Modifying the microbial environment by
FMT offers an alternative approach that could indirectly influence the host’s immune system
in a safe way. One of the newest and least explored methods of modifying the GI microbiota
in IBD involves FMT. In the last decade, FMT has undergone a promising transformation,
from being considered an alternative form of treatment lacking sufficient medical evidence
to be held in reserve, to being accepted as a primary effective therapeutic option.

The FMT procedure involves transferring processed feces from a donor into the
gastrointestinal tract of a patient. A recent systematic review and meta-analysis investigated
596 pediatric and adult IBD patients who were enrolled to receive FMT therapy [58]. The
pooled estimated clinical remission for CD patients was 30% (CI: 11–52%).

Recently, the efficacy of FMT has been demonstrated in CD patients in independent
studies [59–62]. In a systematic review and meta-analysis, Cheng et al. [63] evaluated the
efficacy and safety of FMT treatment in CD patients. Twelve trials were analyzed: after
FMT treatment, 0.62% of patients (CI: 0.48–0.51) achieved clinical remission and 0.79% (CI:
0.71–0.89) demonstrated a clinical response. Other adverse events were minor and resolved
on their own.

- Probiotics, prebiotics, and postbiotics

The administration of probiotics with presumed anti-inflammatory activity has been
tested in CD patients [64], and the efficacy and safety of probiotics for the induction
and remission of CD have been reported. As reported in the Cochrane Database of Sys-
tematic Reviews [65], after 6 months of treatment there were no significative differences
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between probiotic treatment and placebo for the induction of remission in CD (OR = 1.06;
CI: 0.65–1.71).

Colicin, a species-specific antibiotic, was also investigated. Colicin enters AIEC-
containing vacuoles within macrophages and can be delivered either as a purified protein
or through colic-producing bacteria. The use of E. coli Nissle 1917 as a colicin-producing
prebiotic allowed the bacteria to secrete the selected colicin, which is toxic to the AIEC
strain [66]. Colicin could potentially be useful to target specific pathogens such as AIEC,
where maintaining a healthy microbiome is desirable.

- Phage therapy

Phage therapy is a biological treatment against bacterial infection; however, it tar-
gets only a limited number of bacterial strains. An interesting study showed that LF82-
P2, LF82-P6, and LF82-P8 phages were effective against AIEC in a mouse model [67].
Galtier et al. [68] found that a single day of oral treatment with bacteriophages significantly
decreased intestinal colonization by AIEC strain LF82. Phage therapy has been explored as
a promising tool for the eradication of AIEC in CD [69]. Moreover, phage therapy against
AIEC in CD patients was found to be safe and effective [70].

- Stem cells

Nowadays, stem cell therapy is widely used to treat CD. Although mesenchymal- and
adipose-derived stem cells have proven to be safe for treating CD, there is still a lack of evi-
dence on the efficacy of stem cell therapy for active CD. Moreover, there are still debates on
the optimal protocol to use for such therapy in these patients. [71]. Recently, the mechanism
of healing of CD patients after mesenchymal stem cell therapy has been reported.

7. Discussion

Based on the effectiveness of antibiotics as well as their favorable adverse effect profile
and lower cost compared with biologic drugs or immunomodulators, they provide a more
attractive therapeutic option for the treatment of moderate or severe active CD. Generally,
traditional antibiotics have shown poor efficacy in active CD, so they are mostly indicated
for treating septic complications in the postoperative setting. The rationale for using
antibiotics as the primary treatment for CD is based on the increased evidence implicating
gut bacteria in the pathogenesis of the disease. However, since the target organism and
site of action (intracellular or extracellular) are unknown, the choice of antibiotics can
only be arbitrary, and the use of a single antibiotic for short-term treatment can result in
antibiotic resistance [44].

Overall, according to the Antimicrobial consumption in the EU/EEA (ESAC-Net) Annual
Epidemiological Report for 2021 [72], in the European Union, E. coli was the most common
bacterial species (39.4%), with antimicrobial resistance in all reported cases. Antimicrobial
agents such as penicillins, cephalosporins, and aminoglycosides, which penetrate poorly into
macrophages, are generally ineffective against diseases induced by pathogens that are present
within macrophages (Figure 1). On the contrary, azithromycin, ciprofloxacin, clarithromycin,
rifampin, sulfamethoxazole, tetracycline, and trimethoprim have been shown to be effective
against pathogens such as E. coli and MAP internalized by macrophages (Figure 1).

For these reasons, combination therapy using antibiotics that penetrate macrophages
may provide a more effective treatment when targeting AIEC [73]. It has been reported
that the acid condition of phagolysosomes, in which E. coli is located, inhibits antibiotic
activity. HCQ, an alkalinizing agent, demonstrated synergistic effects with doxycycline
and ciprofloxacin, enhancing the antibiotic efficacy against intramacrophagic AIEC [47,48].
Rodhes et al. [49] found no significant differences in remission or response rates between
the antibiotic/HCQ combination and a standard 12-week course of budesonide at 10, 24, or
52 weeks when assessed by intention-to-treat analysis. In that study, to eradicate AIEC in
CD patients, ciprofloxacin was used only for 4 weeks and doxycycline was used alone for
20 weeks, which is too short a time to obtain a favorable response. It is our opinion that the
unfavorable results of Rhodes’s trial were due to antibiotic resistance.
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Dogan et al. [74] showed that AIEC resistance to one or more antimicrobial agents
was present in 75% of CD patients colonized with AIEC and 60% of patients with normal
ileum colonized with AIEC (p < 0.05). None of the strains were simultaneously resistant to
ciprofloxacin, tetracycline, and trimethoprim. AIEC resistance to ciprofloxacin, tetracycline,
clarithromycin, rifampicin, and trimethoprim–sulfamethoxazole was found in 25%, 50%,
37.5%, 37.5%, and 50% of CD patients colonized with AIEC, respectively [73].

According to a review by Ledder and Turner, the use of ciprofloxacin with or without
metronidazole in perianal CD could be valuable as an adjunct to biologics; once again,
metronidazole offered benefit in preventing postoperative recurrence in CD patients [75].

It has also been supposed for years that there may be an association between MAP
and CD. Several RCTs showed favorable but conflicting results regarding the clinical
remission of CD patients after prolonged therapy with multiple anti-MAP drugs [39–41].
Unfortunately, in a few trials, MAP detection was performed before treatment, often using
inconsistent methods such as culture techniques, which have many limitations, including
poor sensitivity. Moreover, in all trials, the primary endpoint of antibiotic treatment was
always clinical and endoscopic remission or relapse, evaluated by CDAI and SES-CD.

8. Conclusions

In light of the data in the literature, we cannot exclude the notion that the etiopatho-
genesis of some CD patients may be due to AIEC in some cases and MAP in others, and
that the choice of antibiotic treatment for patients with active CD needs to consider the
target pathogens. In patients with active CD colonized by AIEC or MAP, a combination
of antibiotics that penetrate macrophages should be administered for at least 6 months
to avoid antimicrobial resistance. The primary treatment endpoint should be the eradi-
cation of pathogens. The secondary endpoint could be clinical and endoscopic remission
according to CDAI and SES-CD.

9. Future Directions

For all patients with a new diagnosis of CD based on clinical and endoscopic find-
ings, we recommend the detection of AIEC and MAP in ileal/colonic mucosal biopsies
using RT-PCR. In patients with active CD and associated AIEC, antibiotic therapy could
be administered as a combination of multiple macrophage-penetrating antibiotics. To
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avoid antibiotic resistance, HCQ could also be used in combination with ciprofloxacin,
tetracycline, and trimethoprim for at least 6 months (Figure 2).
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For patients with active CD and associated MAP, we suggest long-term (up to 6
months) anti-MAP treatment with rifabutin, clarithromycin, and clofazimine (Figure 2).
For all CD patients colonized with AIEC or MAP treated with antimicrobial therapy, the
primary treatment endpoint should be the eradication of AIEC or MAP, as assessed by
RT-PCR (Figure 2). The secondary endpoint should be clinical and endoscopic remission,
as evaluated by CDAI and SES CD.

Finally, conventional therapy could be suggested only for CD patients without associ-
ated AIEC or MAP (Figure 2).
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Abstract: Background: Ceftobiprole is a fifth-generation cephalosporin that has been approved in
Europe solely for the treatment of community-acquired and nosocomial pneumonia. The objective
was to analyze the use of ceftobiprole medocaril (Cefto-M) in Spanish clinical practice in patients
with infections in hospital or outpatient parenteral antimicrobial therapy (OPAT). Methods: This
retrospective, observational, multicenter study included patients treated from 1 September 2021 to
31 December 2022. Results: A total of 249 individuals were enrolled, aged 66.6 ± 15.4 years, of
whom 59.4% were male with a Charlson index of four (IQR 2–6), 13.7% had COVID-19, and 4.8%
were in an intensive care unit (ICU). The most frequent type of infection was respiratory (55.8%),
followed by skin and soft tissue infection (21.7%). Cefto-M was administered to 67.9% of the patients
as an empirical treatment, in which was administered as monotherapy for 7 days (5–10) in 53.8%
of cases. The infection-related mortality was 11.2%. The highest mortality rates were identified for
ventilator-associated pneumonia (40%) and infections due to methicillin-resistant Staphylococus aureus
(20.8%) and Pseudomonas aeruginosa (16.1%). The mortality-related factors were age (OR: 1.1, 95%CI
(1.04–1.16)), ICU admission (OR: 42.02, 95%CI (4.49–393.4)), and sepsis/septic shock (OR: 2.94, 95%CI
(1.01–8.54)). Conclusions: In real life, Cefto-M is a safe antibiotic, comprising only half of prescriptions
for respiratory infections, that is mainly administered as rescue therapy in pluripathological patients
with severe infectious diseases.
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1. Introduction

There has been a disturbing increase in multi-resistant microorganisms worldwide
over the past decade [1], presenting clinicians with major diagnostic and therapeutic
challenges. This phenomenon has been associated with a rise in the failure of empirical
antibiotic therapies [2] and with a delay before the administration of an effective drug [3],
thereby increasing mortality rates [4]. The rate of carbapenemase-resistant Pseudomonas
spp. is currently >20% in Spain [1], mainly due to efflux pumps and porin losses. There-
fore, carbapenem sparing strategies are recommended to attempt to decrease the rate of
carbapenemase-producing Enterobacteriaceae. A randomized controlled trial (MERINO)
reported a lower mortality rate using meropenem than using piperacillin/tazobactam
in patients with ceftriaxone-resistant Escherichia coli or Klebsiella pneumoniae bloodstream
infections. The findings did not support the utilization of piperacillin-tazobactam against
these infections [5]. This has fostered the administration of bactericide antibiotics other
than piperacillin/tazobactam to treat gram-negative bacteria such as P. aeruginosa, includ-
ing ceftobiprole. Ceftobiprole medocaril (Cefto-M) is a broad-spectrum, fifth-generation
cephalosporin against gram-negative cocci and bacilli, ranging from methicillin-resistant
S. aureus (MRSA) to ampicillin-susceptible Enterococcus faecalis, faecium, and P. aeruginosa. It
is not affected by efflux pumps or porin losses [6]. It has a spectrum of potential interest
for the treatment of catheter-related bacteremia, endocarditis, or complicated urine infec-
tions. In an experimental study, the bactericide capacity of Cefto-M in biofilm was higher
than that of linezolid, vancomycin, or daptomycin against infections caused by MRSA,
methicillin-susceptible S. aureus (MSSA), or coagulase-negative staphylococci (CoNS) [7]. It
may, therefore, be useful for treating infections related to devices (intracardiac, cranial leads,
etc.), prosthetic valves, endoprostheses, or osteosynthesis materials. It has demonstrated a
similar effectiveness to that of other antibiotics in skin and soft tissue infections [8]. Never-
theless, it has only been approved in Europe for the treatment of community-acquired (CAP)
and nosocomial (NP) pneumoniae, excluding ventilator-associated pneumonia (VAP).

Clinical trials are the gold standard for approving novel pharmaceutical products
or therapies. However, they can differ from actual clinical experience due to their strict
eligibility criteria and optimal conditions. Real-world data can help bridge this gap, thereby
supporting and accelerating the incorporation of effective new therapies and technologies
into routine clinical practices [9]. However, sample sizes have been limited in previous
real-life studies on Cefto-M [10]. With this background, this real-life study in Spain was
designed to examine the routine administration of Cefto-M in patients with any type
of infection in hospital or receiving outpatient parenteral antimicrobial therapy (OPAT),
considering the health and safety outcomes and the mortality-related factors.

2. Results
2.1. Cohort Description

The study included 249 individuals with a mean age of 66.6 ± 15.4 years. A total of
59.4% were male and 92.8% were Caucasian with a mean age-adjusted Charlson index of
four (IQR 2–6) and 49.4% had cardiovascular risk factors, primarily cardiovascular disease
(31.3%), arterial hypertension (29.3%), and diabetes mellitus (28.1%). A total of 20.9% were
immunosuppressed, 14.1% had chronic kidney failure, and 11.6% had chronic obstructive
pulmonary disease (COPD) (Table 1). The infection origin was nosocomial/healthcare-
related in 57% of the patients. Cefto-M was administered in hospital to 95.6% of the patients
(80.4% in the medical department) and as OPAT in 4.4% of the patients. Sepsis was present
in 26.5%, septic shock in 4.4%, and concomitant COVID-19 infection in 13.7% of the patients.
The median number of foci was one (IQR: 1–1). The type of infection was respiratory in
55.8% (CAP in 24.1%, NP in 24.9%, and VAP in 2%); skin and soft tissue infection (SSTI) in
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21.7%; and bacteremia in 17.7% of the patients (catheter-related in 2.8% and no focus in
14.9%) (Table 1).

Table 1. Epidemiological characteristics, comorbidities, and infection pathways.

Cohort N = 249

Age, mean (years), (±SD) 66.6 (±15.4)

Charlson index, median (IQR) 4 (2–6)

Sex, n (%)
Male 148 (59.4)
Female 101 (40.6)

Ethnicity, n (%)
Caucasian 231 (92.8)
Latin 17 (6.8)
African 1 (0.4)

Acquisition of the infection, n (%)
Community-acquired infection 107 (43)
Nosocomial/Nosohusial infection 142 (57)

Presence of sepsis or septic shock, n (%)
Sepsis 66 (26.5)
Septic shock 11 (4.4)

Inpatient departments, n (%) 238 (95.6)
Medical department 188 (75.5)
Intensive care unit 12 (4.8)
Surgical department 38 (15.2)
Outpatient antibiotic treatment, n (%) 11 (4.4)

Co-infection with SARS-CoV-2 (COVID-19), n (%) 34 (13.7)

Comorbidities

Cardiovascular risk factors, n (%) 123 (49.4)
Hypertension 73 (29.3)
Dyslipidemia 11 (4.4)
Obesity 1 (0.4)
≥2 Risk factors 38 (15.2)

Cardiovascular disease, n (%) 78 (31.3)
Ischemic heart disease 26 (33.3)
Heart failure 9 (11.5)
Atrial fibrillation/flutter 15 (19.2)
Pacemaker carrier 1 (1.3)
Dilated cardiomyopathy 1 (1.3)
Other conditions 9 (11.5)
≥2 Conditions 17 (21.8)

Respiratory diseases, n (%) 74 (29.7)
Chronic obstructive pulmonary disease (COPD) 29 (39.2)
Obstructive sleep apnea (OSA) 9 (12.2)
Thromboembolic pulmonary vascular disease (TPVD) 4 (5.4)
Bronchiectasis 8 (10.8)
Asthma 4 (5.4)
Interstitial lung disease 3 (4.1)
Other conditions 6 (8.1)
≥2 Conditions 11 (14.9)
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Table 1. Cont.

Cohort N = 249

Gastrointestinal and hepatic diseases, n (%) 45 (18.1)
Chronic liver disease 18 (40)
Liver cirrhosis 8 (17.8)
Peptic ulcer disease 6 (13.3)
Inflammatory bowel disease 3 (6.7)
Liver transplantation 3 (6.7)
Other conditions 7 (15.6)

Chronic kidney disease, n (%) 35 (14.1)

Active solid malignancy, n (%) 20 (8)

Active hematologic malignancy, n (%) 33 (13.3)

Metabolic disorders, n (%) 83 (33.3)
Diabetes mellitus 70 (84.3)
Hypothyroidism 11 (13.3)
Adrenal insufficiency 2 (2.4)

Neurological diseases, n (%) 21 (8.4)

Stroke, n (%) 14 (5.6)

Psychiatric conditions, n (%) 9 (3.6)

Immunocompromised patients, n (%) 52 (20.9)

Immunosuppressant drugs therapy, n (%) 43 (17.3)

Infection pathway

Bloodstream infection, n (%) 44 (17.7)
Primary bacteremia 37 (14.9)
Catheter-associated bloodstream infection 7 (2.8)

Infective endocarditis, n (%) 3 (1.2)

Respiratory tract infections, n (%) 139 (55.8)
Nosocomial pneumonia 62 (24.9)
Community-acquired pneumonia 60 (24.1)
Ventilator-associated pneumonia 5 (2)

Soft tissue and skin infection, n (%) 54 (21.7)
Diabetic foot infection 20 (37)
Cellulitis 10 (18.5)
Soft tissue abscess 7 (13)
Infected pressure ulcer 7 (13)
Surgical wound infection 6 (11.1)
Myositis 2 (3.7)
Other type 2 (3.7)

Urinary tract infection, n (%) 10 (4)
Complicated UTI (pyelonephritis) 5 (50)
Non-complicated UTI 3 (30)
Renal abscess 2 (20)

Central nervous system infection, n (%) 8 (3.2)
Ventriculoperitoneal shunt infection 3 (37.5)
Epidural abscess 2 (25)
Cerebral abscess 2 (25)
Meningitis 1 (12.5)

Intra-abdominal infection, n (%) 9 (3.6)
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Table 1. Cont.

Cohort N = 249

Bone and joint infection, n (%) 14 (5.6)
Prosthetic joint Infection 6 (42.9)
Osteomyelitis 4 (28.6)
Infectious tenosynovitis 3 (21.4)
Septic arthritis 1 (7.1)

Spondylodiscitis, n (%) 3 (1.2)

Other type of infection, n (%) 4 (1.6)

2.2. Microbiological Isolation

Microbiological isolates were obtained from 137 patients (55%) and were polymicrobial
in 56 (40.6%). Among the isolates, 87 (35.3%) were gram-positive cocci (GPC), 20 (22.9%) of
which were coagulase-negative staphylococci (CoNS), including 13 (65%) that were methicillin-
resistant. A total of 46 (18.4%) were S. aureus, including 21 (45.6%) methicillin-susceptible
S. aureus (MSSA) and 24 (52.3%) methicillin-resistant S. aureus (MRSA) isolates. A total of nine
(10.3%) were Enterococcus spp., including eight (88.9%) E. faecalis and one (11.1%) ampicillin-
susceptible E. faecium isolates. A total of 10 (11.5%) were Streptococcus spp., including five
(50%) S. pneumoniae and five (50%) Streptococci of other species. A total of 49 were gram-
negative bacilli (GNB), including 13 (26.5%) multi-susceptible Enterobacteriaceae, 31 (63.3%)
non-fermenting GNB (100% P. aeruginosa), and five (10.2%) GNB of other species (Hemophilus
influenzae [2], Morganella spp. [2], and Moraxella spp. [1]). Table 2 lists the other variables.

Table 2. Microbial isolates.

Cohort N = 249

General microbial profile, n (%)
No isolation 111 (45)
Positive microbial samples 137 (55)

Microbial profile of isolates, n (%)
Monomicrobial infection 81 (59.2)
Polymicrobial infection 56 (40.8)

Gram-positive cocci, n (%) 87 (63.5)
Staphylococus aureus 46 (52.9)

MRSA 24 (52.2)
MSSA 21 (45.6)
Non-categorized Staphylococcus aureus 1 (2.2)

CoNS 20 (22.9)
Staphylococcus epidermidis 15 (75)
Staphylococcus hemolyticus 2 (10)
Staphylococcus hominis 2 (10)
Staphylococcus schleiferi 1 (5)

Enterococcus spp. 9 (10.3)
Enterococcus faecalis 8 (88.9)
Enterococcus faecium 1 (11.1)

Streptococcus spp. 10 (11.5)
Streptococcus pneumoniae 5 (50)
Streptococcus anginosus 4 (40)
Streptococcus peroris 1 (10)

Other cocci 2 (2.3)
Rhottia spp. 2 (100)
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Table 2. Cont.

Cohort N = 249

Gram-positive bacilli, n (%) 1 (0.7)

Cutibacterium acnes 1 (100)

Gram-negative bacilli, n (%) 49 (35.8)
Enterobacterales 13 (26.5)
Klebsiella pneumoniae 5 (38.5)
Escherichia coli 4 (30.8)
Klebsiella oxytoca 1 (7.7)
Proteus mirabilis 1 (7.7)
Proteus vulgaris 1 (7.7)
Non-fermenting gram-negative bacilli 31 (63.2)
Pseudomonas aeruginosa 31 (100)
Other gram-negative bacilli 5 (10.2)
Morganella spp. 2 (40)
Hemophilus influenzae 2 (40)
Moraxella catarrhalis 1 (20)

S. aureus: Staphylococcus aureus. MRSA: methicillin-resistant Staphylococcus aureus. MSSA: methicillin-susceptible
Staphylococcus aureus. CoNS: coagulase-negative Staphylococcus spp.

All the isolated microorganisms treated with Cefto-M were susceptible to this drug
(three MRSA, three MSSA, one enterococcus, one streptococcus, and 10 GNB, including
four P. aeruginosa). Among the GPC, 97.2% (n = 35) were susceptible to vancomycin (100%
of MRSA, 93.3% of MSSA, and 100% of both enterococci and streptococci). In terms of the
GNB susceptibility, 83.3% of the P. aeruginosa isolates were susceptible to meropenem, 40%
to cefepime, and 70% to piperacillin/tazobactam (Table 3).

Table 3. Susceptibility of microbial isolates.

Microorganisms, n (%) Vanco-S Cloxa-S Dapto-S Ceftobi-S Cefe-S Mero-S Pip/Taz-S

Staphylococcus aureus 46 (18.4) 35 (97.2) 14 (41.2) 21 (67.7) 6 (100)
MRSA 24 (9.6) 21 (100) 0 (0) 16 (80) 3 (100)
MSSA 21 (8.4) 14 (93.3) 14 (100) 5 (45.5) 3 (100)

Enterococcus spp. 10 (4) 5 (100) NT 0 (0) 1 (100)
Streptococcus spp. 10 (4) 3 (100) NT NT 1 (100)

GNB 49 (20.5) 10 (100) 4 (33.3) 5 (83.3) 16 (84.2)
Enterobacteriaceae 13 (5.2) 5 (100) 1 (50) NT 6 (100)
Pseudomonas aeruginosa 31 (12.4) 4 (100) 2 (40) 5 (83.3) 7 (70)
Hemophilus influenzae 2 (0.4) 1 (100) 1 (100) NT NT

GNB: gram-negative bacilli. Vanco-S: vancomycin-susceptible; Cloxa-S: cloxacillin-susceptible; Dapto-S:
daptomycin-susceptible; Ceftobi-S: ceftobiprole-susceptible; Cefe-S: cefepime-susceptible; Mero-S: meropenem-
susceptible; Pip/Taz-S: piperacillin-tazobactam-susceptible. NT: not tested.

2.3. Outcomes

The median (IQR) stay was 20 (13–32) days. The total Cefto-M dose per patient was
10.5 (7.5–15) g for 7 days (5–10), what was administered in monotherapy to 134 patients
(53.8%). It was prescribed as an empirical antibiotic treatment in 67.9% of the patients,
and was appropriate in 82.8% of these. It was used as a first-line antibiotic in 74 (29.7%)
patients and a second-line or more in 176 (70.3%). It was administered due to the failure of
previous antibiotic therapy in 33.7% of the patients and after receiving the microbiology
results from 26.1%. The death of 54 patients (21.7%) during the 6-month follow-up was
directly attributable to infection in 28 (11.2%) patients, 17 (60.7%) of whom died during
the first 14 days, nine (32.1%) between days 15 and 28, and two (7.1%) between day 29
and 6 months. Readmission for the same reason was recorded in 15 patients (6%) and for
recurrence during the first month of follow-up in three (1.2%) (Table 4).
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Table 4. Outcomes.

N = 249

Total dose of ceftobiprole, median (IQR) 10.5 (7.5–15)

Duration of antibiotic therapy, median (IQR) 7 (5–10)

Treatment regimen, n (%)
Ceftobiprole monotherapy 134 (53.8)
Antibiotic combination 115 (46.2)
Ceftobiprole + Daptomycin 27 (23.5)
Ceftobiprole + Vancomycin 4 (3.5)
Ceftobiprole + Linezolid 8 (7)
Ceftobiprole + Dalbavancin 1 (0.9)
Ceftobiprole + Clindamycin 2 (1.7)
Ceftobiprole + Tigecycline 4 (3.5)
Ceftobiprole + Cloxacillin 3 (2.6)
Ceftobiprole + Ceftazidime 1 (0.9)
Ceftobiprole + Ceftaroline 2 (1.7)
Ceftobiprole + Ceftriaxone 2 (1.7)
Ceftobiprole + Ceftazidime/Avibactam 2 (1.7)
Ceftobiprole + Meropenem 9 (7.8)
Ceftobiprole + Levofloxacin 10 (8.7)
Ceftobiprole + Ciprofloxacin 4 (3.5)
Ceftobiprole + Piperacillin/Tazobactam 2 (1.7)
Ceftobiprole + Amikacin 6 (5.2)
Ceftobiprole + Azithromycin 10 (8.7)
Ceftobiprole + Metronidazole 13 (11.3)
Ceftobiprole + Trimethoprim/Sulfamethoxazole 7 (6.1)
Ceftobiprole + Doxycycline 2 (1.7)
Ceftobiprole + Fosfomycin 1 (0.9)
Ceftobiprole + Antifungal agents 6 (5.2)
Ceftobiprole + Antiviral agents 2 (1.7)

Length of hospital stay, median (IQR) 20 (13–32)

Ceftobiprole as empirical treatment, n (%) 169 (67.9)

Appropriate empirical treatment, n (%) 140 (82.8)

Prescription of Ceftobiprole, n (%)
As first-line treatment 74 (29.7)
As second-line or more 175 (70.3)

Reason for switching to Ceftobiprole, n (%)
Failure of previous antibiotic treatment 84 (48)
Toxicity/adverse effects of previous antibiotic treatment 3 (1.7)
Guided by microbiological results 65 (37.1)
Other reasons (or combination of previous) 23 (13.1)

Recurrence and readmission, n (%)
Recurrence of infection (in the first month) 3 (1.2)
Hospital readmission 15 (6)

Mortality, n (%)
Total mortality 54 (21.7)
Non-related-to-infection mortality 26 (10.4)
Related-to-infection mortality 28 (11.2)

14-day mortality 17 (60.7)
28-day mortality 9 (32.1)
6-month mortality 2 (7.1)

The mortality rate by infection type was 16.7% (10/60) for CAP, 14.5% (9/62) for NP,
40% (2/5) for VAP, 11.4% (5/44) for bacteremia, 5.6% (3/54) for SSTI, and 20% (7/34) for
concomitant COVID-19 infection (Figure 1).
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CAP: community-acquired pneumonia; NP: nosocomial pneumonia; VAP: ventilator-associated
pneumonia; UTI: urinary tract infection; CNS: central nervous system; IAI: intra-abdominal infection;
Exitus: death.

The mortality rate was 9.1% (8/88) for infections caused by GPC (MRSA 20.8% [5/24],
E. faecalis 12.5% [1/8], MSSA 9.5% [2/21], CNS-MR 0% [0/13], Pneumococcus 0% [0/5],
E. faecium S-ampicillin 0% [0/1], S. pneumoniae 0% [0/5], and Streptococcus spp. 0% [0/5]).
The mortality rate was 11.8% (6/51) for infections caused by GNB (P. aeruginosa 16.1%
[5/31], multi-susceptibility Enterobacteriaceae 0% [0/12], and other non-fermenting GNB 0%
[0/2]), and 0% in infections by gram-positive bacilli (0/1) (Figure 2).
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2.4. Adverse Effects

No adverse effect was recorded in 96.4% of the treated patients, a mild effect in 1.6%,
and a moderate effect in 1.6%. No patient abandoned the treatment due to adverse effects.
Mild hypertransaminasemia was reported in 1.2% of the patients; diarrhea, nausea, and
vomiting in 0.8%; and skin rash in 0.4% (Table 5).

Table 5. Adverse drug effects.

N = 249

Total adverse effects, n (%) 9 (3.6)

Severity of adverse effects, n (%)
Mild 4 (1.6)
Moderate 4 (1.6)
Severe 1 (0.4)

Adverse effects by symptoms, n (%)
Elevated liver enzymes 3 (1.2)
Gastrointestinal symptoms 2 (0.8)
Urticaria-like cutaneous rash 1 (0.4)

2.5. Bi- and Multivariate Analyses of Mortality-Related Factors

In the bivariate analysis, mortality was associated with higher age (76.7 ± 13.3 vs.
65.3 ± 15.2 yrs.; p = 0.0001), ICU admission (28.6 vs. 2.1%; p = 0.001), cardiovascular risk
factors (78.6 vs. 45.7%, p =0.001), underlying neurological disease (21.4 vs. 6.8%; p = 0.019),
immunodepression (35.7 vs. 19%; p = 0.04), sepsis/septic shock (57.1 vs. 27.6%; p = 0.0001),
VAP (7.1 vs. 1.4%, p = 0.04), fewer days of Cefto-M treatment (six [P25–P75: 3–8.5] vs. seven
[P25–P75: 5–10] days, p = 0.029), and a lower total dose (in mg) of Cefto-M (nine [4.5–12.75]
vs. 10.5 [7.5–15], p = 0.049). Hospitalization in a department/unit of infectious diseases
emerged as a protective factor (24.9% vs. 7.1%; p = 0.035).

In the multivariate analysis, the factors associated with infection-related mortality
were age (OR: 1.1 95% CI [1.04–1.16]), sepsis/septic shock (OR 2.94, 95% CI [1.01–8.54]),
and ICU admission (OR 42.02, 95% CI [4.49–393.4]) (Table 6).

Table 6. Mortality risk factors: bivariate and multivariate analyses.

Non-Survivor
N = 31

Survivor
N = 219

Bivariate
p *

Multivariate
HR, 95% IC

Age (±DS) 76.7 (±13.3) 65.3 (±15.2) 0.0001 1.1 (1.04–1.16)
Charlson index, mean (IQR) 4.5 (4–6.75) 4 (2–6) 0.253
Sex, n (%)
Men 20 (71.4) 128 (57.9) 0.17
Women 8 (28.6) 93 (44.1)
Ethnicity, n (%)
Caucasian 27 (96.4) 204 (92.3)
Latin 1 (3.6) 16 (7.2) 0.718
African 0 (0) 1 (0.5)

Inpatient department, n (%) 26 (83.9) 212 (95.9) 0.9
Medical services 24 (92.3) 167 (78.8)
Infectious diseases 2 (7.1) 55 (24.9) 0.035 0.19 (0.03–1.2)
Internal medicine 9 (32.1) 43 (19.5) 0.12
Pneumology 2 (7.1) 37 (16.7) 0.27
Intensive care unit 8 (28.6) 4 (1.8) 0.001 42.02 (4.49–393.4)
Hematology 1 (3.6) 10 (4.5) 0.25
Oncology 2 (7.1) 14 (6.3) 0.27
Surgical services 2 (7.1) 36 (16.3) 0.27
OPAT, n (%) 2 (7.1) 9 (4.1) 0.36
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Table 6. Cont.

Non-Survivor
N = 31

Survivor
N = 219

Bivariate
p *

Multivariate
HR, 95% IC

Comorbidities, n (%)
Cardiovascular risk factors 22 (78.6) 101 (45.7) 0.001 1.67 (0.49–5.62)
Cardiovascular disease 6 (21.4) 72 (32.6) 0.231
Pulmonary disease 10 (35.7) 64 (29) 0.461
Gastrointestinal and hepatic disease 5 (17.9) 40 (18.1) 0.975
Chronic kidney disease 4 (14.3) 31 (14) 0.97 0.94 (0.21–4.33)
Active solid malignancy 3 (10.7) 17 (7.7) 0.526 1.81 (0.289–11.41)
Hematological malignancy 4 (14.3) 29 (13.1) 0.864 1.21 (0.24–6.16)
Metabolic disorders 11 (39.3) 72 (32.6) 0.478
Neurological diseases 6 (21.4) 15 (6.8) 0.019 2.59 (0.69–9.85)
Psychiatric disorders 0 (0) 9 (4.1) 0.6
Stroke 3 (10.7) 11 (5) 0.199
Immunosuppression 10 (35.7) 42 (19) 0.04 2.03 (0.52–7.88)

COVID-19 superinfection, n (%) 7 (25) 27 (12.2) 0.063 2.08 (0.43–10.12)

Number of pathway infection, mean
(IQR) 1 (1–1) 1 (1–1) 0.945

Pathway infection, n (%)
Bloodstream infection 5 (17.9) 39 (17.6) 0.978
Infective endocarditis 1 (3.6) 2 (0.9) 0.223
Communitary-acquired pneumonia 10 (35.7) 50 (22.6) 0.127
Nosocomial pneumonia 9 (32.1) 53 (24) 0.347
Ventilator-associated pneumonia 2 (7.1) 3 (1.4) 0.04 0.12 (0.004–3.89)
Skin and soft tissue infection 3 (10.7) 51 (23.1) 0.135
Urinary tract infection 0 (0) 10 (4.5) 0.251
Central nervous system infection 0 (0) 8 (3.6) 0.306
Intra-abdominal infection 1 (3.6) 8 (3.6) 0.99
Bone and joint infection 1 (3.6) 13 (5.9) 0.617
Spondylodiscitis 0 (0) 3 (1.4) 0.535
Other type of infection 0 (0) 4 (1.8) 0.473
Sepsis or shock 16 (57.1) 61 (27.6) 0.0001 2.94 (1.01–8.54)

Microbiology and acquisition of the
infection, n (%)
Microbial isolation 0.758
Monomicrobial infection 9 (32.1) 84 (38)
Polymicrobial infection 6 (21.4) 50 (22.6)
Place of acquisition of the infection 0.762
Communitary-acquired infection 12 (42.9) 95 (43)
Nosocomial infection 10 (35.7) 90 (40.7)
Nosohusial infection 6 (21.4) 36 (16.4)
GPC 8 (28.6) 80 (36.2) 0.426
MRSA 5 (17.9) 19 (8.6) 0.118
MSSA 2 (7.1) 19 (8.6) 0.794
CoNS 0 (0) 20 (9) 0.097
Enterococcus faecalis 1 (3.6) 7 (3.2) 0.909
Streptococcus pneumoniae 0 (0) 5 (2.3) 0.421
GNB 6 (21.4) 45 (20.4) 0.895
Pseudomonas aeruginosa 5 (17.9) 26 (11.8) 0.358
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Table 6. Cont.

Non-Survivor
N = 31

Survivor
N = 219

Bivariate
p *

Multivariate
HR, 95% IC

Antimicrobial therapy
Total dose of ceftobiprole (mg), mean
(IQR) 9 (4.5–12.75) 10.5 (7.5–15) 0.049 0.91 (0.73–1.12)

Length of ceftobiprole therapy (days),
mean (IQR) 6 (3–8.5) 7 (5–10) 0.029 1.08 (0.82–1.4)

Therapy regimen:
Ceftobiprole monotherapy, n (%) 16 (57.1) 118 (53.4) 0.708
Antibiotic combination, n (%) 12 (42.9) 103 (46.6)
Prescription of ceftobiprole:
First-line, n (%) 6 (21.4) 68 (30.8) 0.308 1.34 (0.4–4.49)
Rescue therapy, n (%) 22 (78.6) 153 (69.2)
Empirical treatment, n (%) 22 (78.6) 146 (66.1) 0.183

OPAT: outpatient parenteral antibiotic therapy; GPC: gram-positive cocci; CoNS: coagulase-negative staphylococ-
cus; GNB: gram-negative bacilli; MRSA: methicillin-resistant Staphylococcus aureus; MSSA: methicillin-susceptible
S. aureus. HR: hazard ratio, 95% CI: 95% confidence interval. * p < 0.05 as significant.

3. Discussion

The patients in this real-life study were elderly, largely male, and pluripathological,
with a high comorbidity index and a predominance of cardiovascular risk factors. Around
one in five were immunodepressed, one in seven had kidney failure, and one in ten
had COPD. More than half of the infections were nosocomial or healthcare-related, and
approx. 5% received OPAT. As in the case of other beta-lactams, the pharmacokinetics and
pharmacodynamics of Cefto-M favor its infusion for 24 h, making it a potentially useful
antibiotic for OPAT regimens in the patients with infections caused by GPC, including
MRSA and ampicillin-susceptible Enterococcus spp., and by non-ESLB-producing GNB such
as Pseudomonas spp. [11].

More than one-third of the participants had sepsis/septic shock, and one-seventh were
co-infected with SARS-CoV-2 (COVID-19). Septic shock was described as an independent
mortality risk factor with an increase in the risk of up to 12% for every hour in shock,
regardless of the focus, isolate, type of poly/monomicrobial infection, or presence/absence
of bacteremia [12]. A multicenter study of more than 5000 individuals with septic shock
reported a mortality rate of approx. 50% when the antibiotic treatment was appropriate
and 89% when it was not [13]. Co-infection with SARS-CoV-2 in critical patients with NP
or VAP has been known to worsen the prognosis, although it does not increase the rate
of invasive fungal infection or change the type of microorganism isolated at respiratory
level [14]. In the present study, only approx. half of the patients received Cefto-M for
respiratory infections (half NP and half CAP), which is the sole indication for this antibiotic
in Spain [15]. One-fifth of the patients were treated for skin/soft tissue infections and
one-sixth for bacteremia. Cefto-M was effective against Enterococcus in a murine model
of a UTI [16] and was proposed as a possible treatment for a complicated UTI produced
by Pseudomonas spp. [17]. Three non-inferiority clinical trials in the patients with skin and
soft tissue infections reported no difference between Cefto-M and its comparators in terms
of clinical or microbiological responses or safety profiles [18]. The decisions of clinicians
to prescribe Cefto-M to the remaining patients in this real-life study were supported by
pharmacokinetic [19] and in vitro [20] studies. In addition, Cefto-M was used to treat gram-
negative bacterial (GNB) infections to avoid the utilization of carbapenems and help reduce
the incidence of carbapenemase-producing Enterobacteriaceae. Furthermore, in the cases of
infection caused by methicillin-resistant CGP such as MRSA, which were all susceptible
to vancomycin, Cefto-M was prescribed instead of this lipoglycopeptide due to its rapid
bactericidal activity, high volume of distribution to tissues, and excellent safety profile.
Only two real-life studies have been published on this issue, one with only 51 patients [10]

24



Antibiotics 2023, 12, 1218

and a recent study [21] with a smaller sample size (n = 198) than in the present investigation
(n = 249).

The total crude infection-related mortality in these patients was 11.2%, most frequently
due to VAP (40%), followed by pneumonia with COVID-19 co-infection (20%), CAP requir-
ing hospitalization (16.7%), NP (14.5%), bacteremia (11.4%), and skin/soft tissue infections
(5.6%). Among the microorganisms, the highest mortality rates were for MRSA (20.8%)
and P. aeruginosa (16.1%). The mortality rate was <1% in the clinical trials of Cefto-M in
the patients with CAP. The difference between the present findings might be explained by
their stricter eligibility criteria, with the exclusion of the patients receiving an antibiotic
for >24 h in the previous three days and those with aspiration pneumonia, viral respira-
tory infections, polymicrobial infections, or radiological or clinical suspicions of atypical
pneumonia [22]. In the trial for the patients with NP, the total mortality rate was 16.7% and
the infection-attribution rate was 5.9%. This major discrepancy with the present findings
can again be attributed to the trial eligibility criteria, which excluded the patients receiving
systemic antibiotic treatment for >24 h in the previous two days and those with severe
kidney failure or liver failure, evidence of infection with ceftazidime- or Cefto-M-resistant
pathogens, and clinical circumstances potentially hampering the evaluation of the effec-
tiveness, e.g., sustained shock, active tuberculosis, pulmonary abscess, or post-obstructive
pneumonia [23].

Only one patient (0.4%) had a severe complication. However, the treatment was not
withdrawn from any patient due to an adverse effect, similar to the findings of a single-
center real-life study on the use of Cefto-M in 29 patients with infections in a third-level
hospital [24].

Finally, the main factors related to mortality in this cohort of Cefto-M-treated patients
were older age (the mean age of the patients was 76.7 years), the presence of sepsis/septic
shock, and ICU admission, which have all been independently related to higher infection-
related mortality rates in the previous studies [25].

The study was limited by its retrospective design and possible selection bias. Its
strengths included its multicenter design, sample size (largest to date), and real-life nature,
reflecting as faithfully as possible the utilization of Ceftobiprole-M in routine clinical
practices in Spain.

4. Materials and Methods
4.1. Study Design

This real-life, retrospective, multicenter, observational, and descriptive study on the
use of Cefto-M included patients in hospital or receiving OPAT with nosocomial/nosohusial
or community-acquired infections from 12 Spanish centers in six autonomous communities
(Andalusia, Madrid, Cataluña, Valencia, Murcia, and Cantabria). The study period was
from the time of the drug’s approval in 2021 to 31 December 2022. The study was approved
by the Provincial Ethics Committee of Granada (ref: 0095-N-22), with no requirement for
the informed consent of the patients. All the data were gathered in accordance with the
Spanish personal data protection legislation (Organic Law 3/5 December 2018) and the
Declaration of Helsinki.

This descriptive study did not involve a pharmacological intervention. The treatments
were always prescribed by the attending physicians according to their clinical practice.

The inclusion criteria was as follows: age > 17 years; receipt of Cefto-M as the first-
line or rescue treatment for ≥48 h (≥six vials in the patients with normal renal function,
creatinine clearance-adjusted in the patients with kidney failure); and ≥30 days of follow-up
post-discharge or, in the case of the patients with osteomyelitis o endocarditis, ≥6 months
post-discharge.

The exclusion criteria was as follows: pregnancy, allergy to beta-lactams, or any
formulation excipient.
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4.2. Variables and Definitions

The variables of this study included the following: age, sex, ethnicity, days of hospital-
ization (dates of admission and discharge), prescribing hospital department, age-adjusted
Charlson index, and comorbidities.

The infection types in this study included the following: bacteremia (complicated/non-
complicated], endocarditis (definite/probable/suspected, native/early prosthetic/late
prosthetic/on pacemaker), respiratory infection (upper tract/CAP/NP/VAP), urinary
tract infection (UTI), central nervous system infection, spondylodiscitis, osteoarticular
infection, intra-abdominal infection, or other foci of infection. The etiology of the infections
in this study included the following: community or nosocomial/nosohusial/healthcare-
related; sepsis or septic shock, monomicrobial/polymicrobial infection, and co-infection
with SARS-CoV-2 (COVID-19).

In this study, Cefto-M was administration as monotherapy or combination therapy
(for the same infection); empirical or targeted administration; first-line or rescue (due to
poor response to previous antibiotherapy, microbiology results, or toxicity with previous
antibiotherapy), and was based on the days of administration, dose, and adverse events.

Previous antibiotic (for same infection) with treatment duration.
The microbiology for this study consisted of the microorganism causing the infection

and the antibiogram according to the EUCAST criteria [26]. The EUCAST cutoff points were
as follows for: Staphylococci (Vancomycin (S. aureus): 2; Vancomycin (CoNS): 4; Oxacillin
(S. aureus): 2; Oxacillin (CoNS): 0.25); Enterococci (Vancomycin: 4); Pneumococci (Cefepime: 1;
Ceftobiprole: 0.5; Vancomycin: 2; Meropenem: 2); Enterobacteriaceae (Cefepime: 1; Cefto-
biprole: 0.25; Meropenem: 2); and Pseudomonas aeruginosas (Cefepime: 0.001; Ceftobiprole:
insufficient evidence; Meropenem: 2).

Infection-related mortality at 14 and 28 days (at 6 months for endocarditis or os-
teomyelitis); readmission for the same reason during the first month; and relapse/recurrence
of the infection.

The definitions of the terms used in this study are as follows.

- Nosocomial infection: onset > 72 h after hospitalization.
- Nosohusial/nosocomial infection: healthcare-related (day hospital, residence, day

center for elderly).
- The age-adjusted Charlson comorbidity index was used to estimate the 10-year life

expectancy of the patients as a function of their age and the presence of comorbidities
at admission for the infectious episode [27].

- Sepsis/septic shock: refractory hypotension and end-organ perfusion dysfunction
despite adequate fluid resuscitation [28].

- Immunodepression: congenital or acquired immunodeficiency or receipt of immuno-
suppressive treatment [29].

- Relapse/recurrence of the infection was defined by a second episode within three
months [30].

- The adverse effect classification used in this study is as follows.

- Mild: required no antidote or treatment; brief hospitalization.
- Moderate: required treatment modification (e.g., dose adjustment, combina-

tion with another drug) but no interruption of drug administration. A longer
hospitalization or prescription of a specific treatment may be needed.

- Severe: threatened the life of the patient and mandated an interruption of the
drug administration and prescription of a specific treatment.

- Lethal: directly or indirectly contributed to the death of a patient.

4.3. Sample Size

A sample size of approx. 250 individuals was estimated to be adequate to analyze
the use of Cefto-M in routine clinical practices with a confidence interval of 95% and an
error of 5%. The information was obtained from the electronic records of the different
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hospital pharmacy departments, gathering the number of patients to whom the drug
was administered based on the type of infection. These data were introduced into an
anonymized database in an SPSS format, following the national data protection legislation
and the principles of the Declaration of Helsinki.

4.4. Statistical Analysis

In a descriptive analysis, the absolute and relative frequencies (%) were calculated
for the qualitative variables. The means with standard deviation were calculated for the
quantitative variables with a normal distribution and the medians were4 calculated with
an interquartile range (IQR) for the variables with a non-normal distribution (Kolmogorov–
Smirnov test).

In the bivariate analyses of the mortality-related factors, the chi-squared test was used
to compare the qualitative variables, the Student’s t-test was used for the quantitative
variables a with normal distribution, and the Mann–Whitney U test for those with non-
normal distribution. A multivariate logistic regression analysis considered the variables
that were statistically significant in a bivariate analysis or deemed relevant (i.e., chronic
kidney failure, active hematological or solid organ neoplasia, co-infection by SARS-CoV-2,
rescue/first-line treatment).

Ethics approval and consent to participate: This study was approved by the ethics
committee of the coordinating center and was exempted from the need to obtain informed
consent due to its retrospective design and large size. All the data were gathered in
accordance with Spanish personal data protection legislation.

5. Conclusions

Ceftobiprole-M is a safe antibiotic, comprising only half of the prescriptions for patients
with respiratory infection, that is mainly administered as rescue therapy in pluripathologi-
cal patients with severe infections. The infection-related mortality was 11.2%, which was
largely associated with higher age, the presence of sepsis/septic shock, and ICU admission.
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L.M., R.M., O.B.d.P., V.A.L.d.M., M.S.L., P.V., J.L.-T., A.A.G., L.M.N., M.M. and M.P.R.S.; formal
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Abstract: Background: Since the SARS-CoV-2 pandemic emerged, antimicrobial stewardship (AS)
activities need to be diverted into COVID-19 management. Methods: In order to assess the impact of
COVID-19 on AS activities, we analyzed changes in antibiotic consumption in moderate-to-severe
COVID-19 patients admitted to four units in a tertiary-care hospital across three COVID-19 waves.
The AS program was introduced at the hospital in 2018. During the first wave, COVID-19 forced the
complete withdrawal of hospital AS activities. In the second wave, antibiotic guidance calibration for
COVID-19 patients was implemented in all units, with enhanced stewardship activities in Units 1, 2,
and 3 (intervention units). In a controlled before and after study, antimicrobial usage during the three
waves of the COVID-19 pandemic was compared to the 12-month prepandemic unit (Unit 4 acted as
the control). Antibiotic consumption data were analyzed as the overall consumption, stratified by the
World Health Organization AWaRe classification, and expressed as defined-daily-dose (DDD) and
days-of-therapy (DOT) per 1000 patient-day (PD). Results: In the first wave, the overall normalized
DOT in units 2–4 significantly exceeded the 2019 level (2019: 587 DOT/1000 PD ± 42.6; Unit 2:
836 ± 77.1; Unit 3: 684 ± 122.3; Unit 4: 872, ± 162.6; p < 0.05). After the introduction of AS activities,
consumption decreased in the intervention units to a significantly lower level when compared to
2019 (Unit 1: 498 DOT/1000 PD ± 49; Unit 2: 232 ± 95.7; Unit 3: 382 ± 96.9; p < 0.05). Antimicrobial
stewardship activities resulted in a decreased amount of total antibiotic consumption over time and
positively affected the watch class and piperacillin-tazobactam use in the involved units. Conclusions:
During a pandemic, the implementation of calibrated AS activities represents a sound investment in
avoiding inappropriate antibiotic therapy.

Keywords: COVID-19; antimicrobial stewardship; antibiotic consumption

1. Introduction

The pandemic caused by the severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) has deeply impacted countless aspects of the national healthcare system. Among
others, the inappropriate use of antimicrobial agents, especially during the first phase
of the pandemic, raised special concern in terms of antibiotic stewardship (AS) [1] and
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the possible spread of multidrug-resistant (MDR) bacteria [2]. Several authors report an
increase in antibiotic consumption, particularly during the first months of the COVID-19
pandemic, with respect to pre-COVID-19 times [3–10].

Although several guidance documents for antibiotic usage have been developed to
recommend against routine usage of antibiotics in this population [11,12], the estimated
proportion of COVID-19 patients receiving antibiotic therapy is close to 60% [1,13]. Several
factors have been recognized as potential drivers of antibiotic overprescription: reduction
of AS activities due to personnel reallocation, decreased screening for MDR organisms,
shortage of specific antibiotics, difficulty in diagnosis of coinfections, and rapid turn-over
of personnel [14–16]. However, there is evidence reporting a very low rate of bacterial
coinfections in patients with SARS-CoV-2 infection. In a meta-analysis reviewing data up
to April 2020, Langford et al. [17] and Lansbury et al. [18] found a rate ranging between 4
and 6% of patients and up to 14% of healthcare-associated infections in critically ill patients
in intensive care units (ICU) [19]. Similarly, in a recent meta-analysis including studies
up to May 2021, the prevalence of confirmed bacterial coinfection was 4% in the overall
population and 12% in critically ill patients [1].

To tackle the misuse of antibiotics, various strategies have been proposed. However,
clear recommendations on AS in a pandemic or in infectious diseases with pandemic
potential have not been developed due to limited evidence [4,20–23].

Our work aims to substantially add to the existing evidence by evaluating the impact
of a multiphase and customized AS intervention in non-ICU COVID-19 wards during the
first three waves of the COVID-19 pandemic.

2. Results

Overall, the intervention included 1743 patients and 29,112 PD.

2.1. Antimicrobial Consumption

Nearly 40,000 individual drug administrations were analyzed. During the first pandemic
wave (March–June 2020), overall consumption largely exceeded the desirable consumption
estimate of 587 days of therapy (DOT)/1000 patient days (PD) (95% C.I. 559.4–613.7) (based
on the levels of consumption achieved after prepandemic AS intervention [24]) for all the
units (Unit 2: 836, 95% C.I. 143.0–1528; Unit 3: 684, 95% C.I. 489–878.1; Unit 4: 872, 95% C.I.
468.1–1275.9), but Unit 1, which was the last to be activated in April. Figure 1 shows the overall
anatomical therapeutic chemical classification system (ATC) J01 antimicrobial consumption
across the study period compared to the prepandemic consumption level.

After the intervention, consumption reduced in all the wards. Consumption in Units 1–
3 significantly reduced compared to the 2019 level, while in Unit 4 overall consumption data
fell in the referral range. The annual whole-hospital antimicrobial consumption expressed
by defined daily dose (DDD)/1000 PD was of 715, 811, and 732 in 2019, 2020, and 2021,
respectively. Table 1 summarized the mean overall consumption per wave and per unit,
compared to the referral consumption level.

Overall normalized antimicrobial consumption as expressed by DOT showed a sig-
nificant and progressive decrease across the three waves for Unit 1 (−29 DOT/1000 PD,
−5.5%), Unit 2 (−604 DOT/ 1000 PDs, −72%), and Unit 3 (−302 DOT/1000 PDs, −44%),
while no significant variation emerged for Unit 4 (control Unit). For Units 2 and 3, signif-
icant reductions over time occurred also for DDD, length of therapy (LOT), and World
Health Organization (WHO) watch class antimicrobials. Detailed data are provided in
Table 2. Antibiotic consumption according to WHO AwaRe classes is shown in Figure 2.
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Figure 1. Comparison of the overall ATC-J01 antimicrobial consumption in the prepandemic period
and during the COVID-19 pandemic: (a) Consumption trend (DOT/1000 PD) in the hospital’s medical
area targeted by the hospital’s AS program in the period 2017–2019 [24]; (b) consumption trends
(DOT/1000 PD) in the 4 COVID-19 dedicated wards; monthly consumption data in the COVID-19
period are provided in the table.

Table 1. Comparison of the overall antimicrobial consumption (DOT/1000 PD) to the desirable
consumption estimate for the Medical Area [21].

Antimicrobial Consumption (ATC J01)
DOT/1000 PD

Unit
Medical Area Desirable
Consumption Estimate

Mean (SD)

Wave 1
Mean (SD) p-Value * Wave 2

Mean (SD) p-Value * Wave 3
Mean (SD) p-Value *

Unit 1
(WHO Scale 5) 527 (±15.6) 0.082 515 (±55.3) 0.0168 498 (±49) 0.0037

Unit 2
(WHO Scale 3–4)

587 (±42.6)

836 (±77.1) <0.001 335 (±17.0) <0.001 232 (±95.7) <0.001

Unit 3
(WHO Scale 4) 684 (±122.3) 0.027 397 (±76.1) <0.001 382 (±96.9) <0.001

Unit 4 (C)
(WHO Scale 4–5) 872 (±162.6) <0.0001 628 (±40.7) 0.1496 665 (±159) 0.1236

* Student’s T test; C = control. WHO Scale = World Health Organization Ordinal Scale for clinical improvement in
COVID-19 patients: 1: ambulatory patients, no limitation of activities; 2: ambulatory patients, with limitation of
activities; 3: hospitalized patients, no oxygen therapy needed; 4: hospitalized patients, oxygen by mask or nasal
cannulae needed; 5: hospitalized, severe disease, noninvasive ventilation, or high flow oxygen needed.

When consumptions were stratified according to WHO AWaRe classes [25], we ob-
served substantial variation between units for watch antimicrobials: Unit 4 showed higher
consumption when compared to all the other wards in both waves two and three; the
difference in the amount of employed piperacillin-tazobactam had a similar trend, ac-
counting for 30–50% of the total watch variation. Amoxicillin-clavulanate was the most
prescribed antibiotic from the access class in all four wards and in all periods, accounting
for 68%, 82%, 49%, and 63% of total access consumption in Units 1, 2, 3, and 4, respec-
tively. Considering watch class, piperacillin/tazobactam accounted for one-third of the
consumption (32–44%), followed by ceftriaxone (20–27%) and meropenem (7–15%). In the
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reserve class, linezolid was the most commonly used agent (36–58%), followed by new
cephalosporins/beta-lactamase inhibitors (11–32%) and daptomycin (9–31%).

Table 2. Comparison of antimicrobial consumption data across waves and units.

Outcome Unit First Wave
Mean (DS)

Second Wave
Mean (DS)

Third Wave
Mean (DS) p-Value *

DOT/1000 PD

Unit 1 527 (±15.6) 515 (±55.3) 498 (±49) <0.05
Unit 2 836 (±77.1) 334.7 (±17.0) 232 (±95.7) <0.05
Unit 3 684 (±122.3) 397 (±76.1) 382 (±96.9) <0.05

Unit 4(C) 872 (±162.6) 628 (±40.7) 665 (±159) >0.05

DDD/1000 PD

Unit 1 635 (±217.1) 575 (±94.2) 533 (±80.9) >0.05
Unit 2 913 (±137.9) 319(±34) 219 (±96.3) <0.05
Unit 3 736 (±150.4) 408 (±67.9) 430 (±111.7) <0.05

Unit 4(C) 834 (±209.8) 576 (±42.7) 636 (±183.0) data

LOT/1000 PD

Unit 1 407 (±43.8) 444 (±49.0) 411(±38.6) >0.05
Unit 2 614 (±36.1) 294 (±15) 201 (±74.4) <0.05
Unit 3 524 (±73.5) 327 (±55.1) 307 (±69.7) <0.05

Unit 4(C) 702 (±95.6) 532 (±50.7) 514 (±102.8) data

ACCESS Unit 1 57 (±26.2) 101 (±23.6) 107.5 (±8.2) >0.05
(DOT/1000 PDs) Unit 2 157 (±31.8) 67 (±16.1) 52 (±47.9) >0.05

Unit 3 155 (±91.7) 84 (±35.1) 109 (±34.7) >0.05
Unit 4(C) 194 (±71.4) 60 (±29.5) 111 (±41.3) >0.05

WATCH Unit 1 369(±101.8) 379 (±61.5) 338.8 (±33.9) >0.05
(DOT/1000 PDs) Unit 2 640 (±72.2) 243 (±26.9) 172 (67.7) <0.05

Unit 3 456 (±83) 277 (±38.8) 245 (56.5) <0.05
Unit 4(C) 632 (±103.3) 513 (±116.6) 472 (82.3) >0.05

RESERVE Unit 1 101 (±91.2) 35 (±35.1) 52 (±13.9) >0.05
(DOT/1000 PDs) Unit 2 39 (±26.9) 25 (±14.4) 9 (±10.3) >0.05

Unit 3 72 (±9.9) 36 (±12.3) 29 (±22.0) >0.05
Unit 4(C) 46 (±22.9) 56 (±70.4) 81 (49.3) >0.05

PIPERACILLIN-
TAZOBACTAM Unit 1 93 (±55.2) 112 (±37.7) 143 (±49.6) >0.05

(DOT/1000 PDs) Unit 2 161 (±43.8) 124 (±15.5) 73.2 (±16.4) <0.05
Unit 3 142 (±63.6) 114 (±23.6) 103 (±29.9) <0.05

Unit 4(C) 276 (±32.8) 225 (±34.6) 212 (±39.0) <0.05

* ANOVA test for repeated measures; C = control.

2.2. Microbiological and Clinical Outcomes

Positive blood cultures were detected in 7% of patients and were stable over time for
each unit (ranging 3–10% in individual wards). Multidrug-resistant bacteria were etiological
agents in 2.7% of positive blood cultures, ranging from 1.1 to 4.0% according to the unit. C.
difficile infections were stable over the waves and compared with the prepandemic period
(23 cases in total, 0.8 cases/100 admitted patients, <1.5/1000 PD for every period analyzed).
No clusters were detected. No significant difference in microbiological outcomes emerged
when analyzed within or between the three units across time.

The mean mortality rate across all three periods was 16%; it was higher for Units 1
and 4. When analyzed over the three waves, no significant variation emerged for any
ward. The mean length of stay (LOS) was 7 ± 2, 7 ± 1.5, and 8 ± 3 days in the three waves,
respectively. No significant variation intra- or interunits could be identified.
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2.3. Qualitative Indicators

During the third wave (February–May 2021), 22 prospective audits were conducted in
the three units involved in AS activities, with 503 individual patient charts being reviewed.
The prevalences of patients receiving any antibiotic therapy on the audit day in Units 1,
2, and 3 were, respectively, 37%, 22%, and 24%. The overall prescribing appropriateness
ranging 67–74%. Targeted therapies accounted for 33–52% of the total prescription, with a
mean appropriateness of 78%.

3. Discussion

Several authors reported increasing antibiotic consumption in the first months of the
pandemic when compared to previous years and were early advocates of the AS principles
being applied and promoted even in this difficult situation [21]. Despite this, very few
AS studies were implemented in real-life COVID-19 patients. In this study, we showed
that an AS intervention calibrated for COVID-19 patients can control the risk of increased
inappropriate antibiotic therapy during a pandemic. Antimicrobial consumption in all
wards peaked in wave 1, exceeding the pre-pandemic consumption level in Units 2–4. After
AS intervention implementation, consumption tends to reduce, but significant variation
across the waves was observed only for Units 1–3 involved in the enhanced AS intervention,
where lower WHO watch antimicrobial consumption also occurred.

Published studies of antibiotic use during the COVID-19 pandemic mainly report
aggregate whole-hospital normalized antibiotic consumption [9,23,26,27] rather than assess-
ing specifically COVID-19 dedicated wards [28]. The whole-hospital consumption increase
has been reported up to 10–15% when compared to the prepandemic period [26,28]; in our
facility, we observed a +13% increase in the whole-hospital overall antibiotic consumption
(DDD/1000 PD) between 2019 and 2020, while focusing on the COVID-19 wards in the first
wave, the variation was between −10% and +48% (mean + 24%). Our reported level of
absolute consumption in the first wave was close to the one of 700.3 (±354.8) DDD/1000 oc-
cupied bed days (OBD) reported by Guisado-Gil et al. in a tertiary-care hospital in Spain
during the first COVID-19 wave [28]. Most of the studies also underline that the higher level
of consumption observed during the first months of the pandemic [4,20,22] was followed
by a sharp reduction after the immediate introduction of the simple AS bundle [22,29]. Y
Liew et al. [20] recorded an increase in defined daily dose (DDD)/100 patient-days (PD)
in the first months of 2020 vs. 2019 (54 vs. 47); nonetheless, by the third month into the
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pandemic, DDD/100 bed day gradually declined to settle at levels similar to the previous
year. A. Murgadella-Sancho et al. [4] noted that the mean consumption of antibiotics during
hospitalization was lower in 2020 than in 2019 (57.8 DDD/100 PD vs. 64.7 DDD/100 PD),
except for March 2020 (80 DDD/100 PD). M. Staub et al. [22] observed weekly duration of
therapy (DOT)/1000 PD in medical and ICU wards: the former experienced an increase of
145.3 DOT/1000 PD initially, followed by a decline (362 DOT/1000 PD) after implemen-
tation of a bundle of AS interventions; the latter experienced an initial rise of 204, then a
reduction of 226.3 DOT/10000 PD.

In our study, analyzing the decreasing consumption trend over subsequent COVID-19
waves, significant variation was identified only in the wards where enhanced AS activities
were implemented. The comparisons of DOT and LOT levels and trends for each ward
provide some useful insight: in both Units 2 and 3, the decrease in DOT between waves 1
and 2 largely overcomes the reduction in LOT, thus reflecting not only a reduction in
duration of therapy or prevalence of patients receiving antibiotics but also a substantial
reduction in combination therapies; the DOT to LOT differences of the last two waves
are pretty much closer, suggesting the further reduction in this last phase resulted from a
reduced start or duration of antibiotic course. In Unit 1, no significant reduction in LOT
emerged, suggesting that the reduction of combination therapies played a major role in the
overall reduction. The prevalence of patients receiving any antibiotic treatment as recorded
by audits performed in Units 1–3 during the third wave was below 40%, thus substantially
lower than reported in the first COVID-19 months [1,13] but in line with the literature
focusing on later pandemic phases [30].

Different patients’ case-mix (especially in terms of clinical severity and comorbidities)
and the level of care provided certainly strongly influenced the total consumption level
observed in each ward as well as the composition in terms of AwaRe classes. Units 2 and
3 admitted patients with lower clinical severity (WHO 3–4 severity index); prescribers in
these units were also the most trained in AS. Since the very beginning of wave 2, antibiotic
use has dramatically dropped and tended to stabilize at a level lower than expected in
the medical area. This low consumption probably reflects a judicious antibiotic use in the
COVID-19 moderately severe patients’ population, where a very low rate of coinfection
and hospital-acquired infections occurred. This was also confirmed by the high prescribing
appropriateness registered by audits. Units 1 and 4, on the contrary, cared mostly for
patients with a more severe presentation (WHO 5 severity index) and patients from the
ICU after clinical improvement. A higher rate of consumption could be forecast for this
setting. Interestingly, despite higher personnel and patient turn-over and bed capacity, Unit
1 showed a substantially lower overall, watch class, and piperacillin/tazobactam consump-
tion when compared to Unit 4. Unit 1 total normalized DOT was significantly lower than
expected in waves 2 and 3; piperacillin/tazobactam level was the lowest consumption in
wave 1 and showed the lowest mean across the whole 12-month period, thus preventing
a significant trend from emerging. In Unit 4, on the contrary, although decreasing, the
piperacillin-tazobactam DOT level represents the highest among the four wards in all the
waves, thus suggesting further room to curb wide-spectrum antibiotic overprescribing.

The significant reduction or stability of Watch antimicrobials in the context of reducing
consumption led to a favorable shift in the AWaRe relative composition of consumption, as
shown in Figure 2, with the access representing close to 30% and the watch not reaching 70%
of the total consumption in units involved in AS initiatives. Reserve antimicrobial prescription,
as for hospital policy, was restricted to infectious disease consultants, and limited to target
treatment of MDR-caused infections or specific indications based on the Italian Medicine
Agency requirement, thus, we did not regard them as a target for our AS initiative.

Even accounting for different patients’ case-mixes and other possible biases, an associa-
tion between AS activities and improved antibiotic use, both in quantitative and qualitative
terms, emerged from these considerations. Different baseline prescribing skills, restricted
resource availability and limited time availability suggested personalized AS activities for
each ward: a baseline, early, and diffuse intervention was aimed at increasing antibiotic

35



Antibiotics 2023, 12, 1009

guidelines usability through the dissemination of a mobile and web-based app; then pe-
riodical infectious disease (ID)-attendance to clinical rounds was introduced, prioritising
resources based on the context complexity and previous AS training; finally, prospective
audits were introduced to further focus on and ensure improvement not only in the amount
but primarily in the quality of prescriptions.

Bloodstream infections were uncommon and stable over time; C. difficile infections
were rare, and no clusters were detected. These observations appear to be in line with
the literature [17,26]. COVID-19 mortality was deeply entwined with the epidemic phase,
demographics, clinical presentation, and standard of care [31]. In our study, the crude
in-hospital mortality rate varied widely with unit and wave, with the higher rate observed
in units admitting more severe patients and providing higher intensity of care; overall mor-
tality rate of 16%, which is in line with published reports for in-hospital mortality [32–34].
No data suggested that reduced antibiotic use was associated with increased mortality,
thus confirming the safety of the intervention.

Strengths and Limitations

There are several strengths to this study. Most importantly, our AS intervention
consisted of simple and highly replicable actions: the introduction of internal guidelines,
the attendance of clinical rounds by an ID specialist, and the use of prospective audits.
Moreover, the process and the results of this intervention were evaluated using different
indicators, belonging to different domains, such as appropriateness of description through
audit, antimicrobial consumption summarized from prescription-level data, and microbi-
ological and clinical outcomes. Data were systematically collected through the hospital
data repository for the whole study period. Selected metrics of antibiotic consumption
were robust within each other and showed similar levels of consumption to independent
evaluations through audits.

This study is not without limitations. The full-time allocation of 1 ID specialist rep-
resented the most resource-consuming aspect of this intervention, limiting its feasibility,
especially in small hospitals. Specific to our setting, time-varying biases due to the pan-
demic’s continuously changing landscape limited the results’ generalizability. These biases
may be represented, for example, by changes in clinical practice, the case mix of patients,
and personnel turnover. In a rapidly evolving situation such as COVID-19, it remains
difficult to measure treatment effects, especially in the AS setting. The inconstant activation
of COVID-19 wards based on the extremely variable rate of hospitalization made data
collection time points intermittent and disjointed, thus preventing us from performing
interrupted time series analysis as generally recommended to evaluate AS initiative ef-
fectiveness. [35]. Microbiological outcomes were not tailored to the COVID-19 pandemic:
samples from the respiratory tract could have represented a better estimate of the incidence
of bacterial co-infection. The common pitfalls of AS studies that are present in our study are
the use of surrogate measures (e.g., rate of positive blood cultures representing infection
rate) and the use of aggregated data that limits the statistical approach.

4. Materials and Methods

A controlled before-and-after study was conducted in a 1350-bed tertiary care, univer-
sity hospital in Verona, Italy, from March 2020 to May 2021. For the purpose of the study
and data analysis, the COVID-19 pandemic was stratified in 3 waves: March–June 2020;
October 2020–January 2021; and February–May 2021.

Antimicrobial consumption in the COVID-19 wards was first compared to pre-COVID-
19 consumption data. Using the published data from the SAVE AS intervention [24], we
assumed that the normalized antibiotic consumption captured in the AS intervention
follow-up in 2019 would represent the desirable antimicrobial consumption for the medical
wards in our hospital.

The whole hospital’s annual antimicrobial consumption data from 2019–2021 was also
calculated to identify general trends and provide a benchmark.
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Then, we analyzed the antimicrobial consumption in the study wards across the
three pandemic waves to evaluate whether any variation occurred before and after the
implementation of an enhanced, COVID-19-calibrated AS intervention in 3 wards; another
COVID-19 ward, not involved in the enhanced AS activities, served as a control.

4.1. Setting

The study includes 4 units reserved for COVID-19 patients not requiring mechanical
ventilation: Unit 1 had a bed capacity ranging from 15 to nearly 50 and a 16-bed semi-
intensive section for patients requiring noninvasive ventilation (NIV) or high-flow nasal
cannula (HNFC) (WHO Ordinal Scale for clinical improvement level 5); Unit 2 admitted
both severe and moderate patients and was used as a “step-down” ward for post-acute
patients (WHO outcome scale 3–4) with a bed capacity increasing from 20 to 42; Unit 3
had 34-bed and provided standard care (low-flow oxygen to HNFC but no NIV), treating
predominantly severe COVID-19 patients (WHO Severity score 4); and Unit 4 admitted
subcritical and post-ICU patients with a bed capacity ranging from 10 to 20, selected as
control unit. The period of activity and patient days (PD) for each ward across the three
main pandemic waves occurring in our geographical area are shown in Figure 3.
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Figure 3. AS intervention timeline and patient days (PD) per unit per wave. *WHO SI = World
Health Organization Ordinal Scale for clinical improvement in COVID-19 patients: 1: ambulatory
patients, no limitation of activities; 2: ambulatory patients, with limitation of activities; 3: hospitalized
patients, no oxygen therapy needed; 4: hospitalized patients, oxygen by mask or nasal cannulae
needed; 5: hospitalized, severe disease, noninvasive ventilation, or high flow oxygen needed.

4.2. Intervention

The University Hospital of Verona implemented an AS team in 2018. In the same year, a
comprehensive AS intervention was implemented in 4 hospital medical wards and achieved
a significant reduction in antimicrobial consumption sustained beyond the intervention’s
completion in the 21-month post-intervention period. During 2019, consumption in the
included wards stabilized with a mean value of 587 DOT/1000 PDs (95% C.I. 559.4–613.7).
As extensive audits simultaneously detected high prescribing appropriateness, we assumed
this level would represent a fair estimate of the desired consumption level in the specific
context of the local medical area [24].

During the first COVID-19 wave, AS activities were interrupted as the AS teams
were fully dedicated to COVID-19 management. Formal internal guidelines addressing
COVID-19 treatment and antibiotic management in COVID-19 patients were disseminated
in all 4 units at the end of the first wave. No antibiotic treatment was routinely recom-
mended for COVID-19 patients, regardless of clinical severity. The guidelines limited
antibiotic therapy for those patients presenting with clinical, laboratory, or radiological
data, suggesting bacterial coinfection; in that case, referral to the already existing hospital
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guidelines for empiric antibiotic treatment was advised. ID consultations were available
upon request for all the non-ID-led units.

In the second wave, AS interventions were progressively re-established and calibrated
on the COVID-19 patients, with diversified enhanced activities in Units 1–3:

• Since October 2020, an ID specialist has attended daily Unit 1 clinical rounds to
support antibiotic prescription and withholding and advise on the diagnostic process.
Biweekly revision of ongoing antibiotic therapies was also resumed in Unit 2, already
involved in the pre-COVID-19 AS intervention, to refresh physicians’ diagnostic and
prescribing skills.

• Starting from the third wave, the COVID-19 guidelines as well as the hospital an-
tibiotic guidelines were made available through the Firstline app, available for iOS
and Android, and on the web (https://firstline.org/, accessed on 28 April 2023) for
Units 1–3, to increase their usability; local epidemiological data and monographs of
antibiotics were also accessible from the same platform.

• Prospective audits were conducted weekly in the three intervention units during the
third wave. All the patients receiving antibiotic therapy on the audit day had their elec-
tronic health records reviewed; quality indicators such as compliance with empirical
therapy guidelines and appropriateness of therapy were evaluated and recorded.

The intervention timeline is shown in Figure 3.

4.3. Outcomes

The primary outcome was the overall antibiotic consumption measured as defined
daily dose (DDD), days of therapy (DOT), and length of therapy (LOT) and normalized per
1000 patient days (PD). Defined daily dose is defined as the assumed average maintenance
dose per day for a drug used for its main indication in adults, which was calculated
according to the WHO ATC Index [36]. DOT is defined as the aggregate sum of days for
which any amount of a specific antimicrobial agent was administered to an individual
patient (i.e., if a patient receives more than one antibiotic, more than one DOT per day
would be counted), while LOT represents the number of days that a patient receives
systemic antimicrobial agents, irrespective of the number of different antibiotics [37].

For the 4 units, included in the study, antimicrobial consumption data encompassing
all the ATCJ01 drugs administered to patients were retrieved from the hospital’s electronic
prescribing system. Whole-hospital consumption data were retrieved by the pharmacy’s
annual report based on the drug dispensing database.

As secondary outcomes, we analyzed:

• consumption data broken down to a single agent and stratified by WHO AWaRe
classification (access, watch, reserve) [25].

• prescribing appropriateness as registered by prospective audits. All the patients
receiving antibiotic therapy on the audit day had their clinical charts reviewed for pre-
sumptive infective diagnosis, antimicrobial prescription, and microbiological results.
Appropriateness of therapy was defined as compliance with antibiotic guidelines for
empirical therapy and as adequate coverage plus de-escalation if needed for targeted,
microbiological-based, therapy. The prevalence of patients receiving antibiotics on the
audit day was also collected.

• Clinical outcomes, including in-hospital mortality (measured as crude rate in-hospital
mortality) and length of stay (LOS).

• microbiological outcomes, including total bloodstream infection (BSI), BSI caused by
MDR bacteria (i.e., methicillin-resistant S. aureus and S. epidermidis, carbapenem-resistant
Enterobacterales and P. aeruginosa, ESBL-producing gram-negative, vancomycin-resistant
Enterococci), and C. difficile infections (incidence per 100 admitted patients, deduplication
was applied, counting only the first isolates/positive tests per patient in a 28-day interval,
common contaminants were manually removed).

All the outcomes were measured monthly.
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4.4. Statistical Analysis

Descriptive statistics were used for antibiotic consumption.
A Student’s t-test was employed to compare the individual unit overall antimicro-

bial consumption in each of the three subsequent COVID-19 waves to the 2019 mean
consumption. Variation in consumption within each ward across the three periods was
appraised using an ANOVA for repeated measures. A p-value less than 0.05 was regarded
as significant. The analysis was carried out using STATA software (© StataCorp LLC,
College Station, TX, USA).

5. Conclusions

Even in a challenging context such as a pandemic, attentively allocating resources
to retain AS programs in place represents a sound investment in order to preserve the
quality of care and the patient’s safety. Essential enabling AS activities can be readapted to
effectively face the emerging need even in a resource-constrained setting to ensure that the
essential level of prescribing appropriateness is met.
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Abstract: Antibacterial resistance (AR) is responsible for steadily rising numbers of untreatable
bacterial infections, most prevalently found in the older adult (OA) population due to age-related
physical and cognitive deterioration, more frequent and long-lasting hospital visits, and reduced
immunity. There are currently no established measures of antibiotic use behaviours for older adults,
and theory-informed approaches to identifying the drivers of antibiotic use in older adults are lacking
in the literature. The objective of this study was to identify predictors of antibiotic use and misuse in
older adults using the Antibiotic Use Questionnaire (AUQ), a measure informed by the factors of
the Theory of Planned Behaviour (TPB): attitudes and beliefs, social norms, perceived behavioural
control, behaviour, and a covariate—knowledge. A measure of social desirability was included,
and participants scoring highly were excluded to control for social desirability bias. Confirmatory
Factor Analyses and regression analyses were conducted to test the hypotheses in a cross-sectional,
anonymous survey. A total of 211 participants completed the survey, 47 of which were excluded due
to incompletion and high social desirability scores (≥5). Results of the factor analysis confirmed that
some (but not all) factors from previous research in the general population were confirmed in the
OA sample. No factors were found to be significant predictors of antibiotic use behaviour. Several
suggestions for the variance in results from that of the first study are suggested, including challenges
with meeting requirement for statistical power. The paper concludes that further research is required
to determine the validity of the AUQ in an older adult population.

Keywords: antibiotic misuse; older adults; Theory of Planned Behaviour; antimicrobial resistance;
antibiotic stewardship

1. Introduction
1.1. Driving Factors of Antibiotic Resistance

Antimicrobial resistance (AMR), and in particular, antibiotic resistance (AR), is a grow-
ing concern in the health service provision [1]. AMR is described as the gradual changing of
organisms—such as bacteria, viruses, fungi, and parasites—such that they become resistant
to medicines and make infections harder to treat. These resistant organisms contribute
to the spread of disease and chronic illness, and increase the risk of death [2]. There are
heightened concerns around AR due to the apparent overuse of antibiotics in agricultural
and medical settings [3]. The indiscriminate use of antibiotics is thought to be a driver of
AR as bacterium develop defenses against antibiotics, resulting in a loss of efficiency in
disease treatment [4].

AR contributes to increased mortality globally and is estimated to result in approx-
imately 1600 Australian deaths annually [5]. As antibiotics become less effective, more
infections will require the use of increasingly limited medical treatments or simply be
untreatable [2]. The risk of AR infections and AR-related deaths is disproportionately
higher for older adults due to their increased susceptibility to age-related comorbidi-
ties, making this population a high priority when conducting research on antibiotic use
behaviours [6,7].
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Currently, Australia’s National Antimicrobial Resistance Strategy (NARS) has imple-
mented multiple interventions into Australian healthcare systems in an attempt to reduce
rates of unnecessary antibiotic use and increasing medical literacy amongst pharmacists and
GPs [5,8]. Still, antibiotic use in Australia ranks highly amongst other wealthy countries,
with prescribing rates in children approximately 30% higher than in the USA, and twice as
high in adults (per capita) than Sweden [9,10]. Antibiotics are still frequently prescribed
inappropriately for reasons unaligned with clinical practice guidelines. For example, 81%
of Australian patients in 2017 received antibiotic prescriptions for upper respiratory tract
infections, for which antibiotics are not recommended [1,11]. While prescriptions for antibi-
otics are decreasing annually, in 2019 over 26 million prescriptions were dispensed by GPs
to at least 40.3% Australians [1]. Drivers of antibiotic misuse within the community include
a lack of public health literacy and knowledge of AR/AMR, accessibility to non-prescribed
antibiotics, and the level of stewardship involving healthcare professionals [4].

1.2. Public Health Literacy of AR and Prevalence of Antibiotic Use in Older Adults

Health literacy describes the skills and knowledge of a person regarding their health
and healthcare systems [12]. It includes their ability to locate, interpret, and communicate
health-related information, and use their knowledge of health services to seek appropriate
care [12]. Lack of knowledge and awareness is a large contributor to the misuse of antibiotics
and is predominantly determined by both education level and accessibility to public
information [10]. In Machowski and Stålsby-Lundberg’s (2019) review, 57% of Europeans
in the general population were unaware of antibiotic ineffectiveness against viruses, 44%
were unaware of ineffectiveness against colds and influenza, and approximately 20%
considered it unlikely that AR would affect them or their family. The most common
misconception regarding AR among older adults was that only humans (and not bacteria)
become resistant to antibiotics with prolonged use, and therefore they would not contribute
to AR [10]. Overall, older adults were more likely to overestimate their AR knowledge,
with the belief that having previously taken specific antibiotics for familiar symptoms
meant they could take them again—with or without a prescription [13,14]. Demographic
predictors for antibiotic use behaviour varied by country: for some, use was reported as 7%
higher for those less educated and 13% higher for those in worse economic circumstances,
while other countries showed the opposite, with higher antibiotic use in higher-income
families [15]. These findings suggest that population-specific health education strategies
are essential for AR-focused interventions [7].

Older adults’ health anxiety and health needs surpass those of younger people, and the
incidence of GPs wrongly prescribing antibiotics is more frequent for older adults [16,17].
It is therefore particularly important to measure levels of health literacy and its influence
on antibiotic use behaviours in this population [6]. Common health conditions frequently
misconceived by older adults as requiring a prescription for antibiotics include upper
respiratory tract infections, urinary tract infections, seeking relief from pain symptoms,
and common colds and flu [18–20]. These misconceptions are likely driven from fear
of an increased risk to health, and worsening age-related health issues [21]. Compared
to younger adult age groups, clinical presentations of atypical infections, rapid disease
progression, risk of inappropriate treatment, and prolonged recovery periods are more
common in older adults, whose risk of exposure to AR is heightened if they live alone with
limited access to health information [22,23].

1.3. Antibiotic Misuse and Stewardship in Older Adults

According to the World Health Organization (WHO) (2021), inappropriate use of
antibiotics occurs when they are obtained or prescribed without appropriate diagnosis as
treatment for symptoms not included in the health guidelines, in doses that are excessive
(i.e., with treatment courses longer than the infection requires), with unnecessary repeat
prescriptions, and/or when antibiotic treatment information and risks are not adequately
communicated to the patient. Non-prescription antibiotic use, non-adherence to antibiotic
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use guidelines, and antibiotic hoarding are classified as misuse of antibiotics [24]. Despite
the WHO declaring antibiotics a prescription-only medicine and limiting their use to
specific conditions, research indicates that sociocultural, behavioural, and economic factors
influence antibiotic use that violates recommended guidelines [1,3]. Four major factors
relating to the misuse of antibiotics commonly identified globally in the literature include:
lack of health literacy regarding AR; ease of access to antibiotics without a prescription; the
role of health practitioners in providing prescriptions; and incomplete treatment courses
leading to the accumulation of leftover antibiotics [25].

Consumption of leftover antibiotics from earlier prescriptions is one of many antibiotic
misuse behaviours that are more likely to occur in older adults who may have limited
resources and inadequate health literacy regarding appropriate antibiotic use [20]. Reasons
for antibiotic misuse amongst older adults included having more medication than needed,
feeling better, experiencing side effects, forgetting to take them, or feeling no difference
in symptoms, with over 65% of older adults keeping their leftover antibiotics for them-
selves [20]. Additional research in the US, UK, Asia, and Africa suggests that over one-third
of antibiotic treatment courses/regimens are not adhered to in the general population—50%
prematurely cease adherence to antibiotic treatment when improved, and one-third store
leftover antibiotics for themselves or others’ future use [26,27].

The use of non-prescription antibiotics has also been influenced by an increased use of
technology, with evidence showing that telehealth sessions with a GP are associated with a
diminished capability to accurately diagnose and provide appropriate advice about the use
of antibiotics [28,29]. The availability of antibiotics being obtained through unauthorized
websites, or social media platforms, is also related to technological advances [30]. An
Australian investigation of consumer demand for non-prescription medications by Hope
et al. (2020) found that 71% of pharmacists were asked by customers for non-prescription
access to antibiotics daily or weekly. Up to 75% of pharmacists considered down-scheduling
antibiotics to non-prescription status, indicating that increased training in AR-related
stewardship policies for pharmacists is required [31].

1.4. Theory of Planned Behaviour

Multiple studies have used the Theory of Planned Behaviour (TPB) to try and explain
antibiotic use behaviours, with evidence suggesting that it can explain large proportions of
previously unexplained variance in these behaviours [4,32]. The TPB suggests three com-
ponents predict intention to act: perceived behavioural control (PBC), attitudes and beliefs,
and subjective norms [33]. Thus, the TPB can be used to identify behavioural, motivational,
and social factors that influence intention to misuse antibiotics (Figure 1) [4,34–36]. Indeed,
Byrne et al. (2019) found that behavioural intention for antibiotic use could be predicted by
the three TPB factors, and that knowledge of antibiotic use and AR significantly influenced
attitudes and beliefs. The authors developed the Antibiotics Use Questionnaire (AUQ) in
consultation with a multidisciplinary panel of experts from fields including psychology,
business, and heath. Following the analysis of 293 responses, eighteen items of the ques-
tionnaire were retained that reflected the three variables of the TPB, the outcome variable
of behaviour, and the covariate of knowledge. The results indicated that antibiotic use
behaviour could be significantly explained by each of the variables, and that the TPB model
explained 70% of the variance in antibiotic use and misuse.

1.5. Aim

The aim of the present study is to replicate the factor structure from Byrne et al. (2019)
within an older adult population. Should the factor structure be confirmed, the study
then seeks to investigate if the AUQ has the capacity to predict behavioural intentions of
antibiotic use and misuse in older adults using TPB constructs. It is hypothesized that
knowledge and intention to use antibiotics will be positively associated with the TPB
factors, replicating the findings of previous research [4].
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Figure 1. Theory of Planned Behaviour Model, adapted from Ajzen (1991) [35].

2. Materials and Methods
2.1. Participants and Procedure

To be eligible for the study, participants were required to live independently within
their community, be over 70 years of age, and have no known history of cognitive deficits.
The criteria of 70 years of age was selected over the usual older adult age-range of 65, as
recent research suggests that due to medical and technological advancements in health,
older adults are increasingly more independent, have less subjective cognitive decline, and
are overall healthier at older ages [37–39]. A power analysis for confirmatory factor analysis
(CFA) was conducted using the statistical programming language R [40]. The semPower
package [41] was used for the calculation, with power set at 0.8, alpha at 0.05, an estimated
degree of freedom of 148, and a root mean square error of approximation (RMSEA) of 0.5.
This estimated that at least 132 participants were required for our CFA [41].

Recruitment was undertaken via purposive sampling to identify individuals meeting
eligibility criteria. A total of 110 participants were recruited within the Darwin community
(Northern Australia) and surveyed in-person by the first author (labelled the ‘In-Person’
group). Recruitment took place at local community venues, social events, and local indepen-
dent living facilities for older adults. Ten participants in this group were given the survey
in hard-copy and completed it without the researcher present, returning it via pre-paid
mail. Participation was incentivized by entering all participant into a randomly drawn
raffle for a $50 Woolworths gift voucher. Eight ‘in-person’ participants were excluded due
to incompletion of the survey, leaving 102 persons in this sample. While most ‘in-person’
participants self-completed the survey, 26% of the ‘in-person’ group requested help (la-
belled as ‘had-help’) to complete it due to issues with reading ability and/or physical
impairments such as arthritis. For this group, questions were read aloud to the participant
and/or the survey was completed on behalf of the participant by the researcher as they
provided their answers.

To increase the sample size in line with our power calculation, an additional
93 participants were recruited using the online crowdsourcing platform M-Turk (labelled
‘M-Turk’ group). This group completed the survey online via the survey platform Qualtrics,
with an incentive of $2.00 in Amazon credit for completion of the survey. Bots were con-
trolled for by a forced-response question requiring visual logic ability (‘what is the third
word in the following sentence?’). Both groups provided informed consent before partici-
pation. This study was conducted in accordance with the National Statement on Ethical
Conduct in Human Research and approved by the Charles Darwin University Human
Research Ethics Committee (approval no. H22041).

2.2. Measures

The Antibiotics Use Questionnaire (AUQ) [4] includes a total of 30 items measured
using either dichotomous response options (true or false) or a 4-point Likert scale (strongly
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agree, agree, disagree, and strongly disagree). Six demographic items are included that
measure age, gender (male, female, or other), education (primary school, did not complete
secondary school, completed secondary school, TAFE, bachelor’s degree, or Post-Graduate
Degree), health training, having friends or family in health work, and postcode. Two
items are included for subjective norms (i.e., ‘my friends and family only use antibiotics
when prescribed’); four items each are included for behavioural intention, knowledge, PBC,
and attitudes and beliefs (i.e., ‘it is my right to ask for antibiotics from my doctor’); and
six items randomly selected from the Marlowe–Crowne Social Desirability Scale (SDS)
are used to measure the honesty and reliability of answers [42]. The knowledge factor
assesses the general understanding of antibiotic use and proximity or accessibility to
sources of health information (e.g., ‘antibiotics are needed for the common cold’). The
AUQ does not directly measure antibiotic use or behaviour but does measure behavioural
intentions related to antibiotic use and misuse (i.e., ‘I would take antibiotics without
consulting a doctor’). Please see the Supplementary Materials for a copy of the AUQ
(Supplementary Material Measure S1).

2.3. Statistical Analysis

All analyses were performed using the statistical software jamovi (version 2.3.9.0) [42].
Initial descriptive analyses and an independent sample t-tests were used to compare the
In-Person and M-Turk samples. Replicating the strategy used by Byrne et al. (2019), a
CFA using orthogonal principal component analysis with varimax rotation was used to
confirm the five-factor structure of the AUQ in our sample. Model fit was assessed with
several fit metrics including the Comparative Fit Index (CFI), Tucker–Lewis Index (TLI),
and RMSEA. CFI and TLI values above 0.95 and RMSEA values below 0.08 were used
to indicate good fit to the data [43]. To identify predictors of antibiotic use, an ordinary
least-squares regression analysis was used with the behaviour factor (i.e., intention to use
antibiotics) of the AUQ as the outcome variable. The predictors included in the model
were the three TPB factors (subjective norms, PBC, attitudes and beliefs), demographic
variables, and social desirability scores. The knowledge factor was included as a covariate,
to replicate prior research [5,34,37].

3. Results
3.1. Initial Findings

Descriptive analyses found that participants’ mean age was 74.3 years (SD = 3.98) and
their mean education level was a TAFE qualification (SD = 1.40). Social desirability scores
showed that 19% (N = 39) of all respondents scored ≥5 points (M = 3.75, SD = 1.03), and
these were subsequently excluded from the data, leaving 164 participants in total.

Upon closer analysis, the M-Turk and In-Person groups showed significant mean
differences in the education level, age, health training, and health worker in the family
factors (Table 1).

Using an Independent Samples T-Test, 14 TPB items out of the 18 also showed signifi-
cant differences in overall mean scores, with a Mann–Whitney-U test significant in 12 out
of 18 items and Shapiro Wilk significant for all items, suggesting a violation of normality
(see Table 2).

Due to the significant differences between groups, the results of the CFA were con-
ducted only on the In-Person group, the descriptive statistics of which are reported in
Table 3.

The In-Person group included two subgroups: Had Help (N = 21), or Self-Completed
(N = 58). Within the In-Person group, 10 TPB items showed differences in mean scores
between subgroups for social desirability, with the subgroup that had help demonstrating a
higher mean (M = 3.14, SD = 0.806) than the group that self-completed the survey (M = 3.43,
SD = 0.507).
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Table 1. Mean Differences Between Groups.

Survey
Platform N Mean SD T-Statistic p-Value

Education In-Person 79 3.49 1.395 −9.69 <0.001
M-Turk 85 5.19 0.779

Healthcare Training In-Person 79 1.80 0.404 10.09 <0.001
M-Turk 85 1.18 0.383

Healthcare Worker in Family In-Person 79 1.47 0.502 5.61 <0.001
M-Turk 85 1.11 0.310

Age In-Person 79 76.65 4.139 8.90 <0.001
M-Turk 85 72.09 2.175

Table 2. Independent Samples T-Test—Mann–Whitney U For TPB Items.

Statistic p

Q1. Abs Reduce Cold Symptoms Mann-Whitney U 3275 0.760
Q2. Friends & Family Follow AB Recommendations Mann-Whitney U 824 <0.001
Q3. Abs Are Needed for Colds Mann-Whitney U 3350 0.978
Q4. Abs Can Have Negative Side Effects Mann-Whitney U 855 <0.001
Q5. I Use Abs Without Dr. Consultation Mann-Whitney U 3162 0.490
Q6. I Use Leftover Abs Mann-Whitney U 3217 0.619
Q7. It’s My Right to Ask for ABs Mann-Whitney U 819 <0.001
Q8. Friends & Family Mann-Whitney U 1037 <0.001
Q.9 Know When I Need AB’s Mann-Whitney U 2158 <0.001
Q10. Use of ABs Without Prescription is Common Mann-Whitney U 1952 <0.001
Q11. Confident to Ask for AB’s Mann-Whitney U 995 <0.001
Q12. Abs Will be Less Effective in Future Mann-Whitney U 970 <0.001
Q13. I Consult Dr. Prior to Taking ABs Mann-Whitney U 417 <0.001
Q14. I Keep Leftover ABs Mann-Whitney U 2878 0.090
Q15. Easily Get Abs from Dr. Mann-Whitney U 1465 <0.001
Q16. Easily Get Abs Online Mann-Whitney U 2717 0.018
Q17. Easily Get Abs Family Mann-Whitney U 3147 0.438
Q18. Expect Abs from Dr. Mann-Whitney U 2553 0.004

Table 3. In-Person Group Descriptive Statistics for Demographics and TPB.

Self-Completed or Had Help Mean SD

Gender Self-Completed 1.67 0.482
Had Help 1.57 0.535

Education Self-Completed 3.71 1.654
Had Help 2.57 0.976

Age Self-Completed 78.17 3.435
Had Help 80.43 5.593

Health Training Self-Completed 1.83 0.387
Had Help 1.86 0.378

Health Worker in Family Self-Completed 1.50 0.511
Had Help 1.71 0.488

Behaviour Self-Completed 2.14 0.410
Had Help 2.54 0.419

Social Desirability Scale Self-Completed 5.13 0.338
Had Help 5.00 0.000

Knowledge Self-Completed 2.58 0.319
Had Help 2.64 0.378

Attitudes and Beliefs Self-Completed 2.54 0.588
Had Help 2.79 0.585

Subjective Norms Self-Completed 2.98 0.454
Had Help 2.86 0.244

Perceived Behavioural Control Self-Completed 1.82 0.486
Had Help 2.04 0.304
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3.2. CFA of the AUQ

Items loading significantly onto relative factors are displayed in Figure 2, showing
item loading scores ranging between 0.39 and 0.88 (p ≤ 0.05). The fit statistics indicated that
the TPB model was a mediocre fit to the data (χ2 = 231, p ≤ 0.001; CFI = 0.74; TLI = 0.68;
RMSEA = 0.10). While the factor structure was confirmed, not all items fit well onto the
factor structure, with multiple response items loading significantly onto several factors.
Table 4 highlights in red any standardized estimates above 3 to identify items that fit into
multiple factors.

Figure 2. Results of CFA on AUQ factors with standardized parameter estimates. Key: AaB = Attitudes
and Beliefs, SbN = Subjective Norms, Knw = Knowledge, Bhv = Behaviour.

Despite exclusion of the three items that loaded significantly on three or more factors,
the fit of the factor loadings remained mediocre. Cronbach’s Alpha demonstrated modest
but acceptable internal reliability for both groups (M-Turk and In-Person) for all factors
(Table 5).
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Table 4. CFA Modification Indices for In-Person Group Factor Loadings.

Attitudes &
Beliefs

Subjective
Norms

Perceived
Behavioural
Control

Knowledge Behaviour

Q7. It’s My Right to Ask for ABs 0.508 0.227 2.207 0.048
Q9. Know When I Need ABs 1.209 3.894 0.301 1.371
Q11. Confident to Ask for ABs 5.325 7.097 0.817 4.715
Q18. Expect Abs form Dr. 5.955 20.565 5.336 10.053
Q2. Friends & Family Follow AB
Recommendations 4.164 1.178 1.368 3.140

Q8. Friends & Family Only Use
Prescribed ABs 4.164 1.178 1.368 3.140

Q10. Use of Abs Without Prescription is
Common 0.798 3.309 1.885 3.664

Q15. Easily Get Abs from Dr. 6.717 0.014 0.001 9.237
Q16. Easily Get Abs Online 10.109 5.341 5.631 3.962
Q17. Easily Get Abs Family 0.087 3.224 0.581 7.848
Q1. Abs Reduce Cold Symptoms 0.002 2.682 0.664 2.476
Q3. Abs Are Needed for Colds 0.907 0.174 0.180 0.375
Q4. Abs Can Have Negative Side Effects 3.221 0.007 0.002 0.025
Q12. Abs Will be Less Effective in Future 0.235 2.674 3.329 7.758
Q5. I Use Abs Without Dr. Consultation 0.018 0.006 1.675 5.455
Q6. I Use Leftover ABs 1.386 0.452 0.064 1.434
Q13. I Consult Dr. Prior to Taking ABs 0.059 0.233 0.609 0.048
Q14. I Keep Leftover ABs 1.693 0.109 1.179 1.893

Table 5. Reliability and Descriptive Statistics for TPB Scales.

Survey
Platform Mean SD Cronbach’s α

Behaviour In-Person 2.76 0.56 0.68
M-Turk 2.32 0.69 0.77

Knowledge In-Person 3.03 0.53 0.70
M-Turk 2.73 0.54 0.53

Perceived Behavioural Control In-Person 2.02 0.40 0.48
M-Turk 2.03 0.53 0.59

Subjective Norms In-Person 2.83 0.55 0.59
M-Turk 2.86 0.76 0.75

Attitudes & Beliefs In-Person 2.76 0.56 0.68
M-Turk 2.32 0.69 0.77

3.3. Regression Analyses for the SDS, AUQ Factors and Behaviour

A regression analysis was completed using item means of the outcome variable
Behaviour and the AUQ factors within the In-Person group, which found that none of
the TPB factors significantly predicted behavioural intention (adjusted R2 ≤ 0.3, p ≥ 0.05).
This was the same for items measuring social desirability (adjusted R2 = 0.20, p ≥ 0.001).
Individually, the item related to healthcare training (β = 0.42, p ≤ 0.001), the two PBC items
(Q.10 and Q.17), two knowledge items (Q.3 and Q.12), and one attitude and belief item
(Q.1) were found to interact with the outcome variable related to behavioural intentions
(β = 0.25–0.40, p ≤ 0.05). The Shapiro–Wilks test was significant (p ≤ 0.71), and VIF
indicated low collinearity (VIF ≤ 1.7).

4. Discussion
4.1. Predictors of Antibiotic Misuse Behaviours

The present study aimed to replicate the factor structure of the Antibiotics Use Ques-
tionnaire designed by Byrne et al. [4] in a local, community-based Northern Territorian
older adult population. The study additionally aimed to investigate if the AUQ has the
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capacity to predict behavioural intentions of antibiotic use and misuse in older adults using
TPB constructs, with the inclusion of knowledge of AMR as a covariate.

The required sample size proved difficult to obtain, leading to the recruitment of
additional OA participants via M-Turk to meet the sample size requirements for a CFA.
This resulted in data from a second OA group being analyzed, whose mean demographic
and social desirability scores differed significantly from those of the local community-based
older adults. As the present study’s aim was to obtain a cohort of verifiably independently
living and local older adults whose age and cognitive function was verified through face-
to-face administration of the AUQ in public community venues, the M-Turk group was
selected for exclusion (in comparison) due to greater relevance of the In-Person group’s
demographics to the study’s inclusion criteria.

4.2. Comparison with Previous Research

The TPB factor structure from the original study by Byrne et al. (2019) was confirmed
in the current study’s local OA population; however, the poor fit of some items to the
factor structure indicates that the structure and items of the AUQ may require adaptation
to ensure its generalizability to an OA population. This is supported by comparing the
43% of participants in the Byrne et al. [4] study being less than 24 years of age and 58%
having reported as having a bachelor’s degree or higher, indicating a significant difference
in demographics between the original and current studies’ target populations. These cohort
variances may explain differences in item loadings. An alternative explanation of the
variance in results may be that the current study’s sample size was limited to 60% of the
required number of participants for the CFA. When compared between studies, items that
loaded poorly within the factor structure in the current study also showed small factor
loadings in the previous study (with standardized estimate coefficients between 0.41 and
0.52), suggesting further research is needed to establish more consistent results using the
AUQ [4].

Findings from the regression analysis, hypothesized to replicate Byrne et al.’s (2019)
research, found no association between the factors of the TPB, knowledge, or social de-
sirability items and behavioural intentions of antibiotic use, suggesting that in an OA
population, the AUQ is unable to reliably predict behavioural intention using factors of
the TPB. This contradicts the previous study’s findings, which found that TPB constructs
explained 70% of the variance in behavioural intentions related to antibiotic use [5]. Com-
paratively, Byrne et al. [4] found that demographic variables did not significantly predict
behavioural intention in their sample, whereas healthcare training showed a significant
interaction with behavioural intention in the current study—although similar in both stud-
ies, no other demographic variable was significantly correlated with behavioural intention.
The lack of correlation between the TPB factors of the AUQ and antibiotic use behaviour
in the current study may again be explained by the small sample size, or the differences
in population demographics between the two studies that potentially render the current
version of the AUQ unsuitable for use with older adults [4]. Contradictory to the current
study and the study conducted by Byrne et al. [4], other research has found significant
predictors of antibiotic use in demographic variables. For example, research has found that
having a healthcare worker as a friend or family member was associated with increased
antibiotic misuse [44–46]. These discrepancies in the findings further suggest the potential
generalizability and/or effect size issues with the population sample of the current and the
previous replicated study [4].

4.3. Older Adults and TPB Factors

Factors of the TPB model must be recognised as defining different areas of behavioural
intention for older adults, whose social, emotional, and economical contexts can differ
substantially from the younger populations [38]. In particular, PBC for older adults con-
stitutes a different factor within the TPB than for the younger population: physiological
impairment is a significant barrier to PBC and health-related self-efficacy, as conditions
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such as dementia, arthritis, heart disease, hearing loss, and diabetes largely affect mental
health, mobility, diet and nutrition, memory, and sleep [47–49]. These issues can impact
the independence of older adults, preventing them from driving, self-care, and essential
self-maintenance behaviours such as regular medication adherence [50]. Psychological
issues such as depression, anxiety, and prolonged grief are also common in older adults
due to these limiting and significant physiological, social, and environmental changes in
themselves and their relationships with loved ones [51]. Additionally, ageism reported in
research experienced by older adults in GP clinics and other healthcare settings, such as
pharmacies and hospitals, is suggested to affect the self-efficacy of older adults in being able
to communicate their needs effectively, and to feel supported and informed by healthcare
professionals [52]. PBC in accessing and using antibiotics with or without a prescription,
and adherence to appropriate guidelines for antibiotics, are likely to be impacted by each of
these factors for older adults, and in turn, affect attitudes and beliefs about their antibiotic
use, as well as subjective norms when relating to others.

The concept that PBC has greater influence on behavioural intention for older adults
contradicts previous research utilizing the TPB, which typically weights the TPB constructs
equally. However, it has been suggested that there is potential that PBC may serve as a
moderating variable for attitudes and beliefs and subjective norms [34,37,53]. A study by
La Barbera and colleagues [36] found that levels of PBC were positively associated with
attitudes and beliefs, and both negatively and positively associated with subjective norms.
This suggestion may explain the results in the original study by Byrne et al. [4], which found
that subjective norms had the weakest internal consistency compared to other factors and
contained only two items. This is supported by findings from Castanier et al. (2013), who
found that higher PBC was correlated with lower subjective norms (i.e., people who felt
more in control were less likely to be influenced by peer pressure) [54]. These findings may
relate to the current sample of older adults, in that the participants selected were assumed
to have higher-than-average PBC for their age group due to their active, engaged, and
independent participation in social clubs and events. Additionally, Sussman and Gifford
(2019) suggest the TPB can be interpreted as having a reverse-causal relationship, with
behaviour being influenced by the three base factors [53]. These potentially multidirectional
interactions between behavioural intention, knowledge, and PBC for older adults and
health beliefs may provide an additional alternative explanation for the differences in
factor structure loadings between the current study and the previous study by Byrne et al.
(2019) [4]. More broadly speaking, it may also provide further evidence of the complexities
of older adults’ choices and experiences regarding antibiotic use behaviours that must be
considered when constructing or adapting health behaviour intervention measures and
strategies for this population.

4.4. Strengths and Limitations

The current study benefited from the inclusion of a widely representative sample of OA
participants from all areas within the local community and from a wide range of cultural
backgrounds represented in Australia’s Northern Territory. Limitations of this study
include the challenges with obtaining an adequate sample size due to the low numbers
of independent and accessible local Northern-Territorian older adults. Furthermore, the
differences between the data collected through M-Turk and in person resulted in the
exclusion of participants recruited online, resulting in a smaller sample size being used
than what was required for a CFA.

Similarly, there was a potential for bias due to differences in cognitive ability, as
the current study did not include controls for diagnosed cognitive deficits or decline.
Differentiating these from naturally occurring, age-related subjective cognitive decline is
recognised as a complex issue in self-reported health behaviour research involving older
adults [55,56]; however, the inclusion of appropriate measures was beyond the scope of
the current study. Issues with validity related to the social desirability also arose, given
that the measure was self-reported, leading to a higher likelihood of falsified responses [57]
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within the In-Person group. The subgroup that was assisted with their survey responses
demonstrated higher scores for social desirability bias than the group that completed
the survey themselves, indicating that the assistance of the researcher likely resulted in
increased social desirability. Therefore, despite the benefit of increased survey accessibility
due to researcher assistance in completion of the survey, this assistance may have skewed
the data.

Lastly, the differences in perceived behavioural control compared to actual behavioural
control limits the ability to predict antibiotic use behaviour from intentions. It should also
be noted that intention to act on a behaviour does not guarantee the behaviour will be
acted upon (for example, people are unlikely to use antibiotics unless they are sick enough
or feel they need them, regardless of their intentions).

5. Conclusions

The primary aim of the study was to replicate the factor structure from Byrne et al.
(2019) [4] within an older adult population. Results from the current study show that
this factor structure is indeed confirmed. Despite these results, limitations due to sample
size and accessibility restricted the generalizability and validity of results, and no corre-
lation was found between behavioural intention and antibiotic use behaviours. Further
research is required to adapt AUQ items specifically for older adults and confirm this factor
structure in OA populations with a larger sample size, in-person recruitment, and more
accessible and efficient AUQ delivery. More accessible methods of conducting the survey
are recommended for this age group, such as assisted electronic delivery via tablet, where
questions are pre-recorded to be played out loud if needed, which would control for social
desirability bias found in the current study. Additionally, accounting for the differences
in PBC in the OA population is suggested when adapting items to better measure antibi-
otic use behaviours in older adults. Finally, future research involving older adults would
benefit from measures controlling for cognitive decline, such as a test of grip strength,
which has been shown to have good predictive validity, and the addition to the AUQ of an
item requesting an indication of severity of self-identified subjective cognitive decline [58].
Overall, these results suggest that the AUQ has the potential to become a valuable tool to
measure behavioural intentions for antibiotic use in older adults and supports research
that suggests that age-specific training and transparency regarding information on AMR is
required by health service providers when treating older adults.
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Abstract: (1) Background: Postoperative infections are major contributors of morbidity and mortality
after paediatric liver transplantation (pLTX). Evidence and recommendations regarding the most
effective antimicrobial strategy are lacking. (2) Results: Of 39 pLTX centres, 20 responded. Aminopeni-
cillins plus ß-lactamase inhibitors were used by six (30%) and third generation cephalosporins by
three (15%), with the remaining centres reporting heterogenous regimens. Broad-spectrum regimens
were the standard in 10 (50%) of centres and less frequent in the 16 (80%) centres with an infectious
disease specialist. The duration ranged mainly between 24–48 h and 3–5 days in the absence and
3–5 days or 6–10 days in the presence of risk factors. Strategies regarding antifungal, antiviral,
adjunctive antimicrobial, and surveillance strategies varied widely. (3) Methods: This international
multicentre survey endorsed by the European Liver Transplant Registry queried all European pLTX
centres from the registry on their current practice of perioperative antibiotic prophylaxis and antimi-
crobial strategies via an online questionnaire. (4) Conclusions: This survey found great heterogeneity
regarding all aspects of postoperative antimicrobial treatment, surveillance, and prevention of infec-
tions in European pLTX centres. Evidence-based recommendations are urgently needed to optimise
antimicrobial strategies and reduce the spectrum and duration of antimicrobial exposure.

Keywords: paediatric liver transplantation; perioperative prophylaxis; antibiotics; antibiotic exposure;
antimicrobials; infectious disease specialist; infection surveillance; infection prevention

1. Introduction

The first paediatric liver transplantations (pLTX) were performed in 1963, becoming
the treatment of choice for acute and chronic liver diseases that cannot sufficiently be
treated otherwise [1]. Today, the reported one-year survival exceeds 85% [2–4]. The
remaining causes of morbidity and mortality in children mainly comprise early post-
operative complications such as non- and poor-function of the liver, thrombosis of the
portal vein or hepatic artery, haemorrhage and infections [5–7]. Forty-seven to 82% of these
infections derive from bacterial origin [8–13] with long surgery times, transfusion of blood
products, medical immunosuppression and disturbance of the mucosal gut barrier as the
main risk factors. In a large registry study that included 2291 patients, 38% experienced
a bacterial or fungal infection within 30 days after transplantation, and 5.5% died as a
consequence of infection [14]. In a single centre study including 345 transplantations,
127 cases of sepsis, 22 cases of severe sepsis and 41 cases of septic shock were reported
within the postoperative paediatric intensive care unit stay. Within this study population,
septic shock was the leading cause of death [13,14].

Given the major influence of bacterial infections on the postoperative course after
pLTX, the importance of effective preventive strategies seems under-represented in the
literature and in guidelines. Perioperative antibiotic prophylaxis strategies as one example
of prophylactic measure differ between centres [9,12,13,15–18]. It aims to prevent mainly
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surgical site infections and bacteraemia, but optimal choice of antimicrobial agent and
length of therapy remains uncertain.

This study investigates the different anti-infective strategies and applications of an-
tibiotics of European paediatric liver transplantation centres based on an online-survey,
aiming to give an overview on anti-infective prevention measures.

2. Results
2.1. Demographics of Participating Centres

Out of 39 pLTX centres that were contacted, 23 (59%) questionnaires were answered,
of which 20 (87%) met the eligibility criteria for analysis. The self-reported region of
the participating centres was Western Europe (10/20; 50%), Central Europe (4/20; 20%),
Northern Europe (3/20; 15%), Southern Europe (2/20; 10%), and Eastern Europe (1/20;
5%). Most participating centers performed more than 10 pLTXs including a few high
urgency pLTXs and a varying number of living related pLTXs (Figure 1a–c). Immediate
postoperative care was performed on paediatric and mixed intensive care units (16/20
(80%) and 4/20 (20%), respectively).

Figure 1. Annual frequency of paediatric liver transplantations in the participating centres. (a) Total number
of annual transplantations. (b) Number of high urgency transplantations. (c) Living donor transplantations.
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2.2. Immunosuppression

Seventeen (85%) centres used basiliximab for induction of immunosuppression. All
centres included a calcineurin inhibitor (95% tacrolimus, 5% cyclosporine), and 13 (65%) cen-
tres used steroids as baseline immunosuppression with varying combinations of additional
immunosuppressive substances (Table 1).

Table 1. Standard immunosuppression strategies in the first three weeks after paediatric liver
transplantation in descending frequency.

n (%) Steroid Tacrolimus CSA MMF
10 (50%)
6 (30%)
2 (10%)
1 (5%)
1 (5%)

CSA = Cyclosporine, MMF = mycophenolic mofetil. Grey boxes indicate the prescribed immunosuppression.

2.3. Antimicrobial Strategies

Standard perioperative antibiotic prophylaxis varied greatly, using an aminopenicillin
plus beta lactamase inhibitor as most common choice (6/20; 30%) (Table 2). Eight centres
(40%) used narrow spectrum antibiotics only, whereas 10 (50%) centres applied broad spec-
trum regimens. One centre reported that prophylaxis was tailored individually according
to perioperative findings and another centre applied prophylaxis only to carriers of mul-
tidrug resistant bacteria. Antibiotics used to escalate treatment were mainly carbapenems,
vancomycin, and ureidopenicillin plus beta lactamase inhibitor (Table 2).

The standard duration of antibiotic treatment varied across centres and was further
adapted according to individual patients’ risk factors (Figure 2). Fourteen centres (14/20;
70%) gave detailed information about the considered risk factors. These were MDR coloni-
sation (9/14; 64%), presence of an abdominal patch (8/14; 57%), postoperative course of
c-reactive protein levels (7/14; 50%), postoperative course of procalcitonin levels (6/14;
43%), antibiotic treatment prior to transplantation (6/14; 43%), pre-existing conditions
(4/14; 29%), indwelling central lines (3/14; 21%), ascites after surgery (2/14; 14%), patient’s
age (1/14; 7%), length of hospitalisation prior to transplantation (1/14; 7%), and previous
surgical procedures (1/14; 7%). When stratified for the annual number of transplantations,
centres with lower numbers (≤20) and centres with higher numbers of transplant patients
(>20) showed similar duration of prophylaxis, but centres with lower numbers used a
narrow spectrum antibiotic more often (Supplementary Table S1).

Antifungal prophylaxis in the absence specific risk factors was performed by 12 (60%)
centres and included fluconazole, liposomal amphotericin B, micafungin, and caspofun-
gin with varying risk factors triggering antifungal prophylaxis in the remaining centres
(Supplementary Table S2). Cytomegalovirus (CMV) prophylaxis including aciclovir, gan-
ciclovir or intravenous immunoglobulins was routinely administered to all patients in
7 of 17 (41%) centres and depended on additional risk factors in the remaining centres
(Supplementary Table S2).

Infection surveillance strategies and non-pharmacological anti-infective measures
varied greatly across centres (Supplementary Table S2). The majority of centres did not
isolate the patients during the immediate postoperative course. Postoperative infectious
management was mainly driven by teams of specialists that included a paediatric gastroen-
terologist in 14 (70%) centres, a paediatric infectious disease specialist in 10 (50%) centres,
an infectious disease specialist in 6 (30%) centres, a paediatric intensive care specialist in
8 (40%) centres, a paediatric surgeon in 5 (25%) centres, an intensive care specialist in
3 (15%) centres, an anaesthetist in 2 (10%) centres and a surgeon, gastroenterologist or
specialist for rational antibiotic therapy in one (5%) centre each.
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Figure 2. Duration of perioperative antibiotic prophylaxis, and according to additional risk factors in
paediatric liver transplantation recipients. * Risk factors: defined by the treating physician/team, e.g.,
length of hospital stay, antibiotic treatment or intra-abdominal patch.

2.4. MDR Prevalence and Perioperative Prophylaxis

The prevalence of MDR bacteria was low in the majority of centres (Supplementary
Figure S1). Among MRSA low prevalence-centres, 7 (69%) applied broad-spectrum antibi-
otics as prophylaxis (Table 3). The duration of prophylaxis ranged between 3–5 days in
four of these centres and between 24–48 h in three centres. All centres with high MRSA
prevalence used narrow-spectrum antibiotic prophylaxis.

Table 3. Association of prophylaxis spectrum with prevalence of multidrug resistance and availability
of infectious disease specialists.

n (%)
Narrow-Spectrum

Prophylaxis
n (%)

Broad-Spectrum
Prophylaxis

n (%)

(Paediatric) infectious
disease specialist Yes 16 (80%) 9 (56%) 7 (44%)

No 4 (20%) 1 (25%) 3 (75%)
MRSA prevalence * Low (<5%) 11 (69%) 4 (36%) 7 (64%)

High (≥5%) 5 (31%) 5 (100%) 0 (0%)
ESBL prevalence * Low (<20%) 10 (63%) 8 (80%) 2 (20%)

High (≥20%) 6 (38%) 1 (17%) 5 (63%)
* Total number of answers n = 16.

In the majority of centres with low ESBL prevalence (<20%) a narrow-spectrum pro-
phylaxis (8 centres, 80%) was prescribed. The duration of the prophylaxis was limited
to 24–48 h in four of these centres. Five of six centres with high ESBL prevalence used
broad-spectrum antibiotics instead. Three of these centres limited the duration of the
prophylaxis to 3–5 days.

2.5. Availability of a (Paediatric) Infectious Disease Specialist and Perioperative Prophylaxis

Nine (56%) centres with involvement of an infectious disease specialist used narrow-
spectrum antibiotics as prophylaxis. The duration of prophylaxis was limited to either
24–48 h or 3–5 days in 31.3% of the cases, respectively. Of the four centres without infectious
disease specialist, three used broad-spectrum prophylaxis.
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3. Discussion

Children in the early phase after liver transplantation are at an increased risk for an
infection, but evidence on optimal prevention strategies and current practice is limited.
The results of this survey present an overview of anti-infective prevention strategies with
a focus on perioperative antibiotic prophylaxis used in 20 pLTX centres across Europe.
We observed striking differences between the centres especially regarding the choice and
duration of antibiotic application. For example, the duration of perioperative prophy-
laxis ranged between an intraoperative single shot and 6–10 days. Similar differences
were reported for antifungal, antiviral, non-pharmacological anti-infective measures and
surveillance strategies.

The observed differences reflect the under-represented topic of infection control and
especially perioperative antimicrobial prophylaxis in the current literature. Reviews and
state-of-the-art articles on paediatric liver transplantation neither include abstracts about
infection control measures nor give any recommendations [19,20]. In a book chapter on
early post-transplant management duration of postoperative prophylaxis is given for 5 days,
either cefuroxime or cefazoline [21].

In the absence of guidelines or recommendations, the observed differences might be
explained in part by centre specifics like prevalence of MDR pathogens, availability of
infectious disease specialists and the clinical experience of the staff taking care of children
after transplantation. Nevertheless, most centres in our study used longer antibiotic prophy-
laxis than the recommended standard in most of other major surgeries. This corresponds
to the results of previous point prevalence studies, which reported prolonged antibiotic
courses in critically ill children [22] and prolonged postoperative prophylaxis rates after
major surgeries of up to 87% [23]. In this context, it seems necessary to point out that the
potential harm of antibiotic is vast and must indispensably be outweighed against the
potential benefits [24].

Very likely, the potential of reducing exposure to antimicrobial substances is not fully
exploited. Early infectious complications after pLTX occurred in about 50% of cases in
patients with antibiotic prophylaxis duration <48 h [12,13] and ≥48 h [9,15,16]. A pre-
post design study on the implementation of standardized postoperative antimicrobial
prophylaxis after pLTX achieved a reduction of broad-spectrum antibiotics covering mainly
gram-negative bacteria for more than 48 h post-op from 77% to 44% and vancomycin use
from 50% to 7% without an increase in adverse events [18]. As surgical site infection is
one of the major contributors to complications in the early phase after pLTX, high quality
prospective studies are needed to collect further evidence on the optimal duration of
perioperative prophylaxis in order to optimize treatment effects and reduce harm from
inadequate antibiotic exposure. Possibly, non-pharmacological or intraoperative measures
and the improvement of surgery results carry the potential to further reduce surgical
site infections [25].

Another striking heterogeneity of our survey was the choice of antibiotic substances
used for perioperative prophylaxis. In the literature, similar heterogeneity has been
reported with regimens ranging from carboxypenicillin plus ß-lactamase inhibitor to
aminopenicillins plus third generation cephalosporins with or without metronidazole to
ureidopenicillin plus ß-lactamase inhibitor with or without aminoglycoside [9,12,13,15–18].
In all cited studies, the rate of postoperative infections was reported at around 50%. The
results of these studies suggest that the impact of specific antibiotic regimens on the de-
velopment of postoperative infections after pLTX is limited. This limited impact may
partially explain the different strategies between centres and at the same time carries the
potential to optimise perioperative prophylaxis by narrowing the spectrum and duration
of administered antibiotics to an acceptable minimum.

An important barrier to narrowing the spectrum of perioperative prophylaxis after pLTX
are MDR bacteria, as these pathogens constitute a clinically relevant cause of postoperative
infections, sepsis, and septic shock [3,8,12,13,16,18]. The participants of our survey stated
that they adapted antibiotic strategies according to the presence of MDR bacteria—centres
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with high prevalence of ESBL pathogens reported broader-spectrum regimens than low
prevalence-centres. Apparently, prophylactic regimens are adapted according to local
epidemiological considerations, which should also be taken into account when developing
guidelines or recommendations in the future. Possibly, individually tailored perioperative
prophylaxis is needed in MDR carriers.

Another factor that potentially influences the incidence and course of postoperative
and surgical site infections in pLTX patients is the integration of infectious disease specialists
in postoperative antimicrobial management. In this survey, 80% of the centres reported
that they had support by infectious disease specialists. These centres were less likely
to use broad-spectrum perioperative prophylaxis. Alongside optimised prescription of
antimicrobials, further non-pharmacological measures of surveillance and prevention may
play a role, such as routine cultures and swabs, isolation, and local antiseptic measures.
The answers from our survey yielded great heterogeneity regarding these measures. In
future prospective studies in the field of infectious complications after pLTX, these factors
should be harmonized in order to rule them out as confounding effects of these measures
and, if possible, gather evidence on their effectiveness.

The major limitation of our study is the small number of participants, limiting in
depth analyses on associations between different hospital characteristics and parameters of
interest. Further, the survey was conducted anonymously with the self-reported region
as only indicator of the geographical distribution of participating centres. This limitation
is especially important to highlight as the prevalence of MDR bacteria varies very much
across the regions, for ESBL from almost zero in Scandinavia to much higher percentages
in Southern European countries [26]. Due to the anonymity, we cannot rule out double
participation of a centre, even though we did not find duplicate answer profiles and no
double naming of a hospital in the voluntary question.

Nonetheless, this survey is an important contribution to understanding the current
practice of perioperative antibiotic prophylaxis in Europe. The diversity of antibiotic and
antimicrobial strategies and duration of prophylaxis we found is likely caused by local
epidemiologic situations regarding MDR prevalence and further promoted by the lack of
evidence-based recommendations. The availability of infectious disease specialists seems
to foster narrow-spectrum perioperative prophylaxis, whereas high prevalence of ESBL
pathogens was associated with broad-spectrum prophylaxis. The need to reduce harm from
unwarranted, too long or too broad antibiotic treatment for the individual pLTX patient,
critically ill children, and for society in general is high. This implies that prospective ran-
domized controlled trials on the minimally necessary duration of perioperative prophylaxis,
adequate substances, and effective additional measures after pLTX are urgently needed in
order to optimise postoperative infectious care of these vulnerable patients.

4. Materials and Methods
4.1. Study Design

The official contact persons of paediatric liver transplantation centres participating in
the European Liver Transplant Registry (ELTR) were queried via email to answer an online
survey (SurveyMonkey®) in December 2020 and in July 2021. Additionally, some centres
were contacted personally by using official contact addresses from the hospitals’ websites.
All questionnaires were filled in anonymously by the contact person from each centre with
voluntary naming of the respective hospital.

The questionnaire was based on personal experience and the study of Vandecasteele
on antimicrobial prophylaxis in adult liver transplantation [27]. It was reviewed, endorsed,
and officially promoted by the ELTR. The questionnaire consisted of 30 questions including
(i) the standard duration and type of antibiotic prophylaxis, the duration in patients with
high risk for infection, and antibiotic choices in case of escalation, (ii) the annual number of
total paediatric liver transplantations, living donor and high-urgency liver transplantations,
(iii) the prevalence of multi-drug resistant bacteria (MDR), availability of infectious disease
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specialists, (iv) the strategies of immunosuppression, perioperative care and antiseptic
measures, and (v) prophylactic antifungal and antiviral therapies (Supplementary File).

4.2. Data Analysis

Only questionnaires with at least the first four questions answered were eligible for
analysis. Data are summarized as counts and frequencies. Because not all questions were
answered by all participants, the denominator may vary and for that reason is given for
each individual item. Some answers were categorized, e.g., the number of transplantations
per year. All statistical analyses were performed with IBM SPSS Statistic for Windows,
version 27 (Armonk, NY, USA). Figures were produced using Microsoft Office Excel for
Mac Version 16.65 (Microsoft Corporation, Redmont, WA, USA).

4.3. Ethics Approval and Support

The European Liver Transplant Registry approved and supported the survey (accep-
tance letter 6 October 2020). The ethic committee of the medical faculty of Duisburg-Essen
waived the need for ethic approval because no patient data were involved.

5. Conclusions

To conclude, this survey is the first to give an overview on current perioperative an-
tibiotic prophylaxis after paediatric liver transplantation in Europe. We report inter-centre
heterogeneity regarding all aspects of postoperative antimicrobial treatment, surveillance,
and prevention of infections. The involvement of infectious disease specialists in post-
operative management of infections was widespread and was associated with a higher
proportion of narrow-spectrum perioperative prophylaxis. The results from this study
imply that evidence-based recommendations are urgently needed in order to optimise
pharmacological and non-pharmacological antimicrobial strategies and reduce exposure
antimicrobials to the necessary minimum in terms of duration and spectrum.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/antibiotics12020292/s1, Figure S1: Prevalence of multidrug resistant bacteria
in participating paediatric liver transplantation centres; Table S1: Duration and type of antibiotic
prophylaxis according to the number of annual transplantations; Table S2: Infection surveillance
strategies and non-antibiotic anti-infective measures.
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Abstract: Background: The European Centre for Disease Prevention and Control describes the
community pharmacist as the gatekeeper to the quality of antibiotic use. The pharmacist has the
responsibility to guard safe and effective antibiotic use; however, little is known about how this
is implemented in practice. Aims: To assess the feasibility of a method to audit the quality of
antibiotic dispensing in community pharmacy practice and to explore antibiotic dispensing practices
in Greece, Lithuania, Poland, and Spain. Methods: The Audit Project Odense methodology to audit
antibiotic dispensing practice was adapted for use in community pharmacy practice. Community
pharmacists registered antibiotic dispensing on a specifically developed registration chart and were
asked to provide feedback on the registration method. Results: Altogether, twenty pharmacists were
recruited in four countries. They registered a total of 409 dispenses of oral antibiotics. Generally,
pharmacists were positive about the feasibility of implementing the registration chart in practice.
The frequency of checking for allergies, contraindications and interactions differed largely between
the four countries. Pharmacists provided little advice to patients. The pharmacists rarely contacted
prescribers. Conclusion: This tool seems to make it possible to get a useful picture of antibiotic
dispensing patterns in community pharmacies. Dispensing practice does not seem to correspond
with EU guidelines according to these preliminary results.

Keywords: community pharmacy practice; dispensing quality; antibiotics; antimicrobial resistance;
Audit Project Odense

1. Introduction

Community pharmacists are in a unique position to positively impact antibiotic use
and reduce antimicrobial resistance [1,2]. The European Centre for Disease Prevention and
Control (ECDC) has established guidelines for the prudent use of antimicrobials for human
consumption, explicitly stating that community pharmacists are gatekeepers to antibiotic
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use [3]. As gatekeepers, community pharmacists can reduce unnecessary antibiotic use for
self-limiting infections and ensure optimal use of antibiotics [3]. In this role, pharmacists act
as a source of information for patients and prescribers on the safe, rational, and effective use
of antimicrobials [3]. This includes a responsibility to dispense antibiotics based on valid
prescriptions which includes checking the rationale for treatment, providing advice, and
performing safety checks of contraindications and interactions [3]. Correspondingly, the
World Health Organization (WHO) and the International Pharmaceutical Federation have
developed guidelines for good pharmacy practice, emphasizing similar responsibilities for
community pharmacists [4,5]. Consequently, these organizations advocate the key role that
community pharmacists should play in addressing the problem of antimicrobial resistance.

Currently, little is known about dispensing practices for antibiotics in community
pharmacies and to what extent pharmacists fulfil the role as gatekeeper to antibiotic use
in daily practice. In their systematic review on documenting dispensing practices [6],
Cerqueira-Santos et al. stress the need for novel strategies to document the dispensing
process to ensure better pharmacy practice with regard to patients and other healthcare
professionals. Moreover, as dispensing practices are likely to differ between drug classes,
such documenting strategies are preferably specifically adjusted to different drug classes.
In order to map antibiotic dispensing practices and gain insight to what extent community
pharmacists adhere to current EU guidelines, a specific tool is needed for documenting
antibiotic dispensing, as such a tool does not exist yet. Ideally, such a tool must be easy to
implement in daily practice and quick to use.

The Audit Project Odense Methodology

One way to document healthcare practice is through self-registry by healthcare pro-
fessionals. In general practice for example, the Audit Project Odense (APO) methodology
was developed for quality improvement [7] and is used to successfully decrease inap-
propriate use of antibiotics [8]. The APO method encompasses a bottom-up approach
to implement multi-faceted interventions. The core components of this method are two
audit registrations [9]. General practitioners register key variables about diagnosis of
infectious diseases and prescribing of antibiotics on a pre-specified chart, including patient
symptoms, diagnostics, and choice of treatment. In the community pharmacy setting, the
APO methodology has not been used previously. Based on the promising results in general
practice, applying the APO methodology in the community pharmacy practice setting may
be an innovative way to improve antibiotic use through documenting dispensing practices.
Therefore, this paper describes the development and pilot testing of an audit chart in the
community pharmacy setting. Specifically, the aims of the pilot study are three-fold:

1. To assess the feasibility of registering antibiotic dispensing using the registration chart
in the community pharmacy setting;

2. To collect feedback from community pharmacists on the implementation of the
APO method;

3. To describe antibiotic dispensing practices in four European countries.

2. Results
2.1. Feasibility of the APO-Methodology in Community Pharmacy Practice

In total, 20 pharmacies were recruited to participate in the pilot study, five in each
of the four countries. One pharmacy in Greece dropped out of the study due to intense
workload. All participants (n = 19) returned the questionnaire. The participation of
pharmacy staff differed between the pharmacies. In 10 pharmacies, both pharmacists
and pharmacist technicians participated in the pilot study. In four pharmacies, only one
staff member participated; this could either be a pharmacist or a pharmacist technician.
In three pharmacies, more than one staff member participated, although not the entire
staff. In the remaining two pharmacies, only pharmacists participated. All pharmacies
reported that registration of patients took less than one minute per dispensed antibiotic or
between one and two minutes, except for one pharmacy that needed two to three minutes
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per registration. In all countries, pharmacy staff managed to register all patients with a
prescription for an oral antibiotic or only missed a couple of dispenses during the study
period. Reasons for not registering included high workload or forgetting. Most of the
pharmacists found the registration chart, instruction form, and list of antibiotics clear and
easy to use.

2.2. Antibiotic Dispensing Practice

During the study period, a total of 409 dispenses of antibiotics were registered. Of
those antibiotics, 59% were prescribed to female patients, with the average patient age being
43 years (SD = 24 years). The most frequently dispensed antibiotics were amoxicillin and
amoxicillin/clavulanic acid, followed by macrolides or clindamycin and cephalosporines,
although frequencies differed per country. In total, 77% of the dispenses were registered
by pharmacists, 22% by other pharmacy staff, in 2% this was not reported. Nearly half
of the dispensed antibiotics were prescribed for acute respiratory tract infections. The
indication for the prescribed antibiotic was unknown to the pharmacy staff for 11% of the
total number of dispenses. There was contact between the pharmacist and the prescriber
for 14 (3%) of the dispenses, which led to changes to the prescription in nine (2%) cases.
In Poland, there was no contact with prescribers at all, and in 12% of the dispenses this
information was not reported (Table 1).

The frequency of checking for drug-drug interactions, contraindications, and allergies
during the dispensing process differed largely between the countries. In total, in 49% of
the dispenses none of the three safety checks were performed. However, in 70% of the
cases in Lithuania none of the checks were performed, whereas in Greece no checks were
performed in 18% of the cases. When looking at the individual safety checks, checking for
contraindications was performed the least often (21%) and checking for allergies most often
(36%). Only in Spain and Greece were there dispenses for which all three safety checks
were performed, in 24% and 22% of registrations, respectively (Table 1).

Overall, in 66% of the dispenses, the pharmacy staff discussed treatment duration
with patients. Other general advice that is deemed appropriate to give during dispensing
of all antibiotics was given less frequently: information about side effects (21%), informing
about risk of AMR (18%), seeking medical help if symptoms worsen (19%), and bringing
back leftovers (4%). In 13% of the dispenses, the pharmacist did not provide the patient
with any advice (Appendix A).

Treatment duration was unknown for 7% of the dispensed antibiotics. In 70% of the
dispenses, the pharmacy staff deemed the prescription appropriate for the specific situation
on a clinical basis (e.g., necessity of antibiotic, correct choice of antibiotic, correct dose,
correct treatment duration), in 3% the pharmacy staff did not agree, and in 26% the staff
reported to not have sufficient information to make this judgement. This information was
missing in 1%. In 31 cases, pharmacists judged a prescription as appropriate despite not
knowing the indication and/or treatment duration, which was considered as inappropriate
agreement (Appendix A). Four antibiotics were dispensed after wait-and-see advice from
the prescriber.

2.3. Feedback on the Registration Chart

Most feedback was about the domain of advice on the registration chart and instruction
form. For example, for “discuss treatment duration” one Spanish pharmacist commented:
‘does this mean to explain and reinforce the importance of not stopping treatment until
finishing it, or only explain the duration of treatment?’. Moreover, pharmacists reported
they found some advice unnecessary to give while missing other information, although this
feedback differed per pharmacy, within and between the countries. Several other topics
were suggested to be added to the registration chart, including veterinarian use, probiotics,
prophylaxis, injectable antibiotics, metronidazole, treatment preparation, and storage.
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Table 1. Characteristics of registered dispenses.

Greece Lithuania Poland Spain Total Total (%) Missing

Dispenses registered 55 (13.4%) 103 (25.2%) 74 (18.1%) 177 (43.3%) 409 100

Sex 0 (0%)

Female 32 69 42 97 240 58.7
Male 23 34 32 80 169 41.3

Education 7 (1.7%)

Pharmacist 38 92 68 116 314 76.8
Not pharmacist 17 8 6 57 88 21.5

Antibiotics dispensed 2 (0.5%)

Penicillin V or pivmecillinam 0 0 2 2 4 1.0
Amoxicillin 7 20 6 36 69 16.9

Amoxicillin + clavulanic acid 17 25 13 31 86 21.0
Fosfomycin 0 1 1 29 31 7.6

Nitrofurantoin 0 10 1 2 13 3.2
Trimethoprim +/− Sulphonamides 0 4 2 1 7 1.7

Macrolides or clindamycin 1 9 26 31 67 16.4
Tetracyclines 2 9 4 2 17 4.2

Cephalosporins 11 12 10 16 49 12.0
Quinolones 12 2 5 19 38 9.3

Other 5 9 4 8 26 6.4

Focus of infection 1 (0.2%)

Respiratory tract 28 42 52 80 202 49.4
Urinary tract 7 16 6 45 74 18.1

Gastrointestinal 6 4 1 11 22 5.4
Skin 2 1 5 11 19 4.7

Gynaecological 1 1 1 0 3 0.7
Other 9 10 1 23 43 10.5

Unknown 2 29 8 6 45 11.0

Safety checks performed

Interactions 25 10 23 58 116 28.4
Contraindications 20 1 8 55 84 20.5

Allergies 38 16 15 78 147 35.9
None of the above 10 72 38 82 202 49.4

All safety checks performed 12 0 0 42 54 13.2

Prescriber contact 49 (12.0%)

Yes, and changes to prescription 0 8 0 1 9 2.2
Yes, no changes to prescription 2 0 0 3 5 1.2

No contact with prescriber 34 89 74 149 346 84.6

Pharmacy judgement of prescription 2 (0.5%)

Agree with prescription 39 86 51 110 286 69.9
Do not agree with prescription 5 3 0 6 14 3.4

Insufficient information to decide 10 13 23 61 107 26.2

Similarly, suggestions were provided for changes to other domains of the registration
chart. Pharmacists in Greece described that it was difficult and uncommon to contact
prescribers. In Lithuania, pharmacists reported that most of the time it was almost impos-
sible to contact prescribers for clarification or changes to the prescription. Interestingly,
the registrations during the pilot study show that in Greece there was contact with the
prescriber in 5.5% of the cases and in Lithuania in 8.2% of the cases, whereas in Poland
this was 0%. Additionally, some Lithuanian pharmacists mentioned that safety checks for
contraindications and interactions were not performed in their pharmacies and patients
were usually not informed about side effects from drug use. This aligns with the registered
dispenses, as contraindications were only checked in 1.0% of cases, interactions, and al-
lergies in 9.7% and 15.5%, respectively, and information about side effects was provided
in 2.9% of the dispenses. Polish pharmacists reported that it was often not possible to
give an assessment of the treatment as they did not know the indication for prescriptions
and do not have access to patients’ medical history. Despite this, Polish pharmacists only
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reported an unknown location of infection in 10.8% of the dispenses. Finally, in Spain,
the difference between pharmacists and other pharmacy staff was reported by multiple
pharmacies. As only pharmacists are allowed to evaluate interactions and contraindica-
tions for new patients, it was suggested to exclude technicians from the study. Indeed, the
registrations show a difference between pharmacists and non-pharmacists in Spain, as they
checked for interactions in 44.0% and 10.5% of the dispenses, respectively, and comparably
for contraindications (46.6% vs. 0%) and allergies (62.1% vs. 7.0%).

2.4. Revising the Registration Chart for the Main Study

Based on the written feedback that was provided by the participating pharmacy staff
and the results obtained during registering the dispensing practice, several changes have
been made to the registration chart (Appendix B). Firstly, the total number of answer
options was reduced from 46 to 39. This was achieved by changing the location of infection
from a choice of infections to a known/unknown question and by removing the domain of
delayed prescribing, as this occurred in less than 1% of the dispenses. Metronidazole was
added to the domain of antibiotics on request of several pharmacists. Within the domain of
advice, some specifications and changes were made. General advice of taking antibiotics
with or without food/drinks was changed to more specifically alcohol and dairy products.
The advice “do not take shortly before sleeping” and “advice regarding comedication” has
been removed from the chart, as the first one was crossed in less than 1% of the dispenses,
and for the latter, it is not possible to judge whether this is appropriate due to lack of
information of other drug use.

3. Discussion

Antibiotic dispensing in community pharmacies is complex and varying practices
within countries and across borders exist. This study shows that a simple tool to measure
the antibiotic dispensing process can be implemented in community pharmacy practice.
When it comes to antibiotic dispensing in community pharmacies, practice does not seem
to match EU guidelines. On the one hand, this could mean that proper guidelines should be
based on a real-life setting involving practicing pharmacists in establishing such guidelines.
On the other hand, registration of dispensing practices using the APO methodology reveals
many possibilities for improvement, although the emphasis of such improvements should
be dependent on contextual factors within and between countries.

3.1. Strengths of the Study

This is the first testing of the APO methodology in community pharmacy practice.
The APO methodology has been proven to be effective in general practice over several
decades [7,8,10]. During this study, there was close collaboration with the initial developers
of the APO methodology in general practice. In addition, the study was conducted in
multiple pharmacies in countries with different antibiotic usage and community phar-
macy practices. The developed registration chart was easily implemented in all these
contexts, suggesting similar high feasibility in a wider range of countries, especially in the
EU. Moreover, feedback from the twenty participating pharmacies has been thoroughly
reviewed and led to considerable changes to the content of the registration chart, thus
improving the adaptation to the field of daily practice. Finally, the research group consisted
of a wide range of experts, including experts of the 5 target countries, and practicing
community pharmacists.

3.2. Limitations of the Study

The complexity of the dispensing process makes it difficult to measure all topics
related to it on a registration chart that can be completed within a few minutes. Within that
framework, we attempted to include the most relevant parts of the antibiotic dispensing
process but had to eliminate or simplify many topics from the registration chart. Several
topics have been discussed and considered but not included in the final registration chart.
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These include registration of multiple other antibiotics and antibiotic classes, symptom
assessment of patients without an antibiotic prescription, the patients’ perspective on
the dispensing process, patient’s adherence to antibiotic therapy, the use of point-of-care
tests, the use of “wait-and-see” prescriptions, and more specific details on safety checks
and a wider range of possible appropriate advice. Through this method we developed
a registration chart that takes little time to complete. Nevertheless, completing the chart
during dispensing will take up additional time of pharmacists, which may mean that
implementation might not be possible in all pharmacies for all antibiotic dispenses.

Although it was estimated that the use of antibiotics without a prescription comprised
about 7% of total antibiotic use in the EU [11], over-the-counter supply of antibiotics has not
been taken up in this pilot study because the extent to which over-the-counter supply occurs
differs between the four countries. Moreover, as over-the-counter supply of antibiotics is
illegal in the EU, data obtained on this through a self-registry chart might not have been
accurate. Other limitations include the limited number of recruited pharmacies in France
and the voluntary and non-random participation of participants in the other countries. This
does probably mean that the participating pharmacists are more aware of their dispensing
practices, they are among the more guideline compliant pharmacists and therefore the
results could be biased towards better dispensing practices than what actually happens
during daily practice. Moreover, the registration chart was kept consistent for the five target
countries, even though pharmacy practice differs between them. This could mean that
certain topics on the registration chart may be more relevant in certain countries compared
to others. Nevertheless, the final version of the registration chart was developed based
on feedback from all countries, where especially those topics that seemed relevant in all
contexts were included. Finally, no demographic data were collected for the participating
pharmacies, e.g., related to location and size of the pharmacies.

3.3. Comparison with Literature

There is only limited literature available on documenting dispensing practice, even
more so for antibiotics specifically. Cerqueira Santos et al. [6] reviewed all documentation
of dispensing, but included studies mainly focusing on drug-related problems, patient
information, and clinical interventions. Although such information seems to be essential
for improving pharmacy services, it does not provide information on what exactly hap-
pens during the dispensing process. As dispensing practice should differ for different
drug classes, specified documentation methods are needed for specific drug classes to
ensure obtaining detailed information, which can be used for specific improvements in
practice. Studies that focus on antibiotic dispensing have been performed around the
globe [12–21], but mainly aim to identify patterns in dispensing practices, e.g., regarding
the type of antibiotic dispensed or over-the-counter dispensing of antibiotics. Such studies
seem very relevant to picture general antibiotic use; nonetheless, they might not be as
useful in providing specific improvements for community pharmacy practice. As the
methodology of this study deviates from earlier research, i.e., the APO methodology has
never been used in community pharmacies before, a straightforward comparison with
previous literature is difficult to make. Nevertheless, based on the feedback received from
the participating pharmacists, it seems that developing and implementing an antibiotic
dispensing documentation tool has been feasible and successful. Differences in community
pharmacy practice throughout Europe have been reported earlier [22]. Also, with specific
regard to the differences in antibiotic use and dispensing practices throughout Europe as
shown in this study, similar findings have been published [23] and varied reasons have
been identified, including lack of public knowledge and awareness, access to antibiotics
without prescription and leftover antibiotics, knowledge and perception of prescribers and
dispensers and many others [11,16,24–27]. However, care must be taken interpreting the
data of this pilot study, a study on a larger scale is needed to confirm these.
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3.4. Meaning of the Study and Future Studies

The ECDC has described a large role for the community pharmacist towards im-
proving the quality of antibiotic use and therewith reducing antimicrobial resistance [3].
Nonetheless, there seems to be a large gap between the role as defined in theory and how
community pharmacists fulfil this role in practice. This shows through the few safety
checks that are performed and little advice that is given during dispensing and the minimal
contact between pharmacists and prescribers. To diminish this gap, strengthen the role of
the pharmacist in antibiotic use and hence improve antibiotic dispensing practices, it is
essential that two conditions are met. Firstly, a clear picture of current practice is needed to
identify problems and possibilities for improvement. The tool we developed in this pilot
study might be one method to achieve this, although implementation on a larger scale
would provide more convincing evidence. Secondly, pharmacists must be made aware
of their role as a gatekeeper as described in the aforementioned guidelines and be given
support to change their practice accordingly. It will be important that pharmacists take an
active role in this change, looking for multidisciplinary collaboration (e.g., with prescribers)
where possible, and striving to improve their practice from within their own profession.
Part of the main study of the HAPPY PATIENT project will therefore aim to let community
pharmacists gain insight in their daily practice and improve their practice according to EU
guidelines using the successfully tested APO methodology [28].

4. Materials and Methods
4.1. Study Design

This pilot study is part of the Health Alliance for Prudent Prescription and Yield
of Antibiotics in a Patient-centered Perspective (HAPPY PATIENT) project. This project
aims to further implement the EU AMR guidelines on the prudent use of antimicrobials in
humans [3]. The project is supported by the EU Third Health Programme (ID 900024) and
focusses on four settings: community pharmacies, general practice, out-of-hour services,
and nursing homes. The study protocol has recently been published [28].

4.2. Study Setting

Data collection was attempted in 25 community pharmacies, five pharmacies in five
different countries with differences in scale and patterns of antibiotic use [29], and spread
over different parts of the European Union: France, Greece, Lithuania, Poland, and Spain.
Due to difficulties with pharmacist recruitment, only two pharmacists participated in
France. To protect the privacy of the French participants, these results were not included in
this paper. The local partners in the four countries recruited pharmacists and/or pharmacist
technicians working in community pharmacies. Participating staff did not need to speak
English as all materials were forward-backward translated into local languages by the local
partners. There were no limitations based on pharmacy size, location, or other factors for
inclusion in the study.

4.3. Development of the Registration Chart

The layout of the registration chart, with multiple variables categorized within over-
arching domains, was kept consistent with the original audit chart developed for GP
practice as earlier published [9,10]. The content of the registration chart was adjusted to
suit community pharmacy practice in the target countries. A first draft of the registration
chart was developed by ML based on information from two documents: (1) a context
analysis of community pharmacy practice in the target countries using a questionnaire
which was completed by the local partners of the HAPPY PATIENT project; and (2) the
EU AMR guidelines on the prudent use of antimicrobial for humans [3]. Further develop-
ment of the registration chart, with specification of its domains and variables, was done
through online discussion and consensus meetings. The core research group, M.L., R.B.,
and K.T., determined the focus of the registration chart by selecting appropriate domains
and variables, in light of WHO [30,31] and ECDC [3] reports and the official Summary
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of Product Characteristics (SmPC) texts for antibiotics. For all antibiotics or antibiotic
classes included in the registration chart, the SmPC texts were searched for information on
recommendations and warnings for use, contraindications, interactions, and precautions.
To illustrate, SmPC texts warn for photosensitivity when using tetracyclines, therefore
pharmacists are expected to inform patients to be careful with sun- and UV-light when
dispensing tetracyclines. Consequently, this advice was included in the registration chart.

The registration chart has been discussed during several meetings with expert groups:
the developers of the original GP registration chart, local partners in the target countries,
practicing community pharmacists and the complete HAPPY PATIENT project group. The
list of antibiotics and antibiotic classes included in the registration chart was composed in
collaboration with the local and clinical partners, for consistency throughout the project.
The registration chart comprised nine domains with a total of 46 variables related to
antibiotic dispensing, and two patient variables—age and sex (Appendix C); it focused
on oral antibiotic prescriptions that are dispensed in the community pharmacy. The same
chart was used in all four countries.

4.4. Data Collection

The registration chart and an instruction document (Appendix D) were distributed
among the staff of the participating pharmacies. The instruction document provided
general information about the duration of the pilot study, the in- and exclusion criteria
for registering, and specific information on the nine domains of the registration chart.
Specifically, pharmacy staff was instructed to register all oral antibiotic dispensing inside
the pharmacy during 5 working days in October 2021. Antibiotics dispensed outside
the pharmacy, e.g., deliveries to patients, were excluded. Any antibiotics prescribed for
prophylactic or veterinary use were also excluded from the study. The registration charts
were completed on paper, immediately after dispensing. Additionally, a list of antibiotics
was provided to support pharmacy staff in assigning specific antibiotics to the appropriate
antibiotic class on the registration chart. This list comprised general antibiotics for all
countries (Appendix E) and was complemented with country-specific antibiotics and brand
names by the local partners in the target countries. Pharmacy staff was instructed to return
the charts by postal courier or digital scans to the partners in the target countries. All
data were transcribed to IBM® SPSS® and Stata™ files by partners at the Research Unit for
General Practice, Institute of Public Health of the University of Southern Denmark.

4.5. Questionnaire

To assess the feasibility of implementing the registration chart in practice and to
acquire feedback on the registration chart, the pharmacy’s staff was requested to complete
a questionnaire following the pilot study (Appendix E). This questionnaire comprised ten
questions, on ease of use of the documents (registration chart, instruction form, list of
antibiotics), time needed for registrations, possibility to register all antibiotics in the study
period, appropriateness of domains and variables, and willingness to participate among
the members of the pharmacy’s staff.

4.6. Data Analysis

All answers to the questionnaire were translated to English by the partners in the target
countries. Due to the small number of participating pharmacies, the received feedback was
discussed by the core research group in full. Any unclarities were solved, and suggestions
towards increasing the ease of use of the documents or reducing the time needed to
complete them were considered if these were relevant in all target countries. Similarly,
the content of the registration chart was adjusted based on this questionnaire. To this
extent, any topic suggested to include or remove was discussed within the core research
group and compared to WHO and ECDC reports and SmPC texts. Topics mentioned by
multiple pharmacists were given a higher priority. Any topic was only included if deemed
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relevant in all four countries and consistent with EU AMR guidelines. Additionally, the
data collected with the registration chart was used to further improve its contents.

The data collected with the registration chart were also used to illustrate community
pharmacy practice regarding antibiotic dispensing using Stata/MP 16. Data were analyzed
descriptively for pharmacies per country and for the countries together. Crosstabs of
different combinations of domains were created to analyze combinations of dispensed an-
tibiotics and provided advice. Appropriateness of advice was determined by comparing the
collected data to SmPC information for the specific antibiotics. Safety checks of contraindi-
cations, interactions, and allergies were deemed to have to be performed for all dispensed
antibiotics, as described as the role of the pharmacists in the EU AMR guidelines [3].

5. Conclusions

The registration chart based on the APO methodology appears to be a feasible way
to obtain detailed data on the antibiotic dispensing practices in community pharmacies.
Pharmacists from different countries have been able to implement the registration chart
in their daily practice. Although the complex process of antibiotic dispensing cannot
be documented entirely within a few minutes, this tool does make it possible to obtain
useful information about antibiotic dispensing. Nevertheless, the effectiveness of this tool
is not solely based on its design; it will substantially depend on the implementation of
interventions that result from using the tool in practice. This pilot study indicates the
presence of considerable inconsistencies between the EU guidelines on dispensing and the
everyday practices in the pharmacies.
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Appendix A Additional Data

Table A1. Treatment duration in days of the prescribed antibiotics and advice provided during
dispensing for the four countries together.

Treatment Duration in Days Total Total (%) Missing 7 (1.7%)

1 5 1.2
2 26 6.4
3 30 7.3
4 3 0.7
5 42 10.3
6 21 5.1
7 131 32.0
8 15 3.7
9 5 1.2
10 59 14.4
11 1 0.2
12 4 1.0
13 1 0.2
14 7 1.7
15 2 0.5
16 1 0.2
20 9 2.2
21 1 0.2
30 3 0.7
42 1 0.2
44 1 0.2
90 1 0.2
98 3 0.7

unknown 28 6.9

Advice provided

Treatment duration 271 66.3
Risk of AMR 74 18.1

Take shortly before sleeping 17 4.2
Do not take shortly before sleeping 3 0.7

Take with food or drinks 45 11.0
Do not take with food or drinks 44 10.8
Take while sitting or standing 0 0.0

Advice regarding comedication 35 8.6
Be careful with sunlight 20 4.9

Information about side effects 85 20.8
Seek medical help if symptoms worsen 76 18.6

Bring back leftovers 15 3.7
No advice given 52 12.7

Table A2. Pharmacist judgement of prescription and access to prescription information (indication of
infection and treatment duration (TRD).

Indication Known Indication Unknown

TRD Known TRD Unknown TRD Known TRD Unknown

Agree 0 5 26 0
Insufficient info 0 14 10 9
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Appendix D Instructions for Completing the APO Registration Chart

Please register for 5 days during dispensing of any oral antibiotic course. Please fill in
one line for each time you dispense the antibiotic. If a patient receives multiple antibiotics,
please fill in different lines for each antibiotic. We recommend using a new registration
chart every day and that the registration is performed immediately after the consultation.
Please find below the instructions to fill in the registration chart.

Age
Please provide age in years. For children ages less than one year, please
indicate 0.

Sex Please state if the patient is female or male.

Occupation
Please indicate if the person who has dispensed the antibiotic is a pharmacist
or another staff member of the pharmacy (e.g., pharmacist technician).

Antibiotics (only oral)
Please cross (X) which antibiotic (class) has been dispensed. If necessary, please
use the list provided to determine the antibiotic class to which the prescribed
antibiotic belongs.

Focus infection
Please cross for which type of infection the antibiotic was prescribed. Cross
unknown if this information was not available.

Treatment duration
Please state the duration of the prescribed treatment in numbers. Use 99 if the
treatment length was not specified on the prescription.

Safety (multiple answers possible)

Please indicate which checks have been performed during dispensing.
Drug-drug interactions include interactions with all other medication used by
the patient. Contra-indications may include all conditions, states, or diseases of
a patient. Allergies include all allergies to the prescribed antibiotic and any
cross-reactivity reactions related to them. Multiple answers may be crossed.

Advice (multiple answers possible)
Please cross the boxes that state the advice you provided to the patient during
dispensing. Multiple answers may be crossed.

Agree with the prescription

Please indicate if you agree with the prescribed antibiotic in this specific
situation. Please only include disagreements on a clinical basis (e.g., antibiotic
unnecessary, wrong choice of antibiotic, wrong dose/duration). Disagreement
with the prescription due to administrative reasons (missing patient/prescriber
information) should not be included.

Prescriber contact

Please state if contact between you and the prescriber has led to any clinical
changes (e.g., change of dose/antibiotic) to the prescription. Please tick ‘no
contact with prescriber’ if there was no additional contact between the
pharmacy and the prescriber.

Delayed prescribing

Please indicate the number of days between the date of prescribing and the
date of dispensing. If the antibiotic is dispensed on the same day as the
prescription was issued, please indicate ‘0’. If this information is unknown,
please indicate ‘99’.
Please cross ‘wait-and-see advice from prescriber’ if the delay between
prescribing and dispensing was based on advice from the prescriber. If the
patients delayed on their own initiative, please leave blank.
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Appendix E

Table A3. General list of antibiotics to be completed by local partners.

Generic Name Class

1. Amoxicillin Amoxicillin

2. Amoxicillin and beta-lactamase inhibitor Amoxicillin + clavulanic acid

3. Azithromycin Macrolides or clindamycin

4. Cefadroxil Cephalosporins

5. Cefprozil Cephalosporins

6. Cefuroxime Cephalosporins

7. Ciprofloxacin Quinolones

8. Clarithromycin Macrolides or clindamycin

9. Clindamycin Macrolides or clindamycin

10. Doxycycline Tetracyclines

11. Erythromycin Macrolides or clindamycin

12. Fosfomycin Fosfomycin

13. Levofloxacin Quinolones

14. Nitrofurantoin Nitrofurantoin

15. Phenoxymethylpenicillin Penicillin V or pivmecillinam

16. Pivmecillinam Penicillin V or pivmecillinam

17. Sulfamethoxazole and trimethoprim Trimethoprim +/− sulfonamide

18. Tetracycline Tetracyclines

19. Trimethoprim Trimethoprim +/− sulfonamide

Appendix F Questionnaire to Provide Feedback after Pilot Study

(1) Are the instruction document and registration chart clear/easy to use? Please specify
any possible improvements.

(2) Was it easy to match the dispensed products with the antibiotic classes using the list
of antibiotics provided? If not, please specify the problems you encountered.

(3) Please state how much time it takes to fill in one registration chart.
(4) Did you manage to register all patients with a prescription for an oral antibiotic for

days? If not, please specify the problems you encountered.
(5) Do you believe it to be possible to register all antibiotic dispensing for a period of

four weeks?
(6) Has the complete pharmacy staff participated in the pilot study or only a part of

the staff?
(7) Does the advice seem appropriate to the pharmacy setting in your country?
(8) Are there any important topics/advises missing in the registration chart?
(9) Are there any topics/advises you would consider irrelevant?
(10) Do you have any additional comments?
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Abstract: The aim of the study was to examine whether the COVID-19 pandemic had any effect on
antibiotic prescription rates in children in Germany. Using the nationwide outpatient prescription
data from the Statutory Health Insurance from 2010 to 2021, changes in the monthly prescriptions
of systemic antibiotics dispensed to children aged 0–14 years were examined (n = 9,688,483 in
2021). Interrupted time series analysis was used to assess the effect of mitigation measures against
SARS-COV-2, introduced in March and November 2020, on antibiotic prescription rates. In the pre-
pandemic period, the antibiotic prescription rates displayed a linear decrease from 2010 to 2019 (mean
annual decrease, –6%). In 2020, an immediate effect of mitigation measures on prescription rates was
observed; in particular, the rate decreased steeply in April (RR 0.24, 95% CI: 0.14–0.41) and November
2020 (0.44, 0.27–0.73). The decrease was observed in all ages and for all antibiotic subgroups. However,
this effect was temporary. Regionally, prescription rates were highly correlated between 2019 and
2020/2021. Substantial reductions in antibiotic prescription rates following the mitigation measures
may indicate limited access to medical care, changes in care-seeking behavior and/or a decrease of
respiratory infections. Despite an all-time low of antibiotic use, regional variations remained high
and strongly correlated with pre-pandemic levels.

Keywords: adolescents; antibiotics; children; COVID-19; claims data; Germany; prescription rates;
SARS-CoV-2

1. Introduction

An increasing number of studies has shown that the COVID-19 pandemic and asso-
ciated public health measures affected the epidemiology of other infectious diseases. As
compared to the pre-pandemic period, the incidence of both viral and bacterial infections
decreased. For example, the Robert Koch Institute in Germany reported the decrease in the
number of notifiable cases for all infectious diseases, except tick-borne encephalitis [1,2]. In
addition, several countries, including Australia [3], England [4], Scotland [5], Canada [6]
and the USA [7], observed the reduction in antibiotic prescriptions in the early phase of
the pandemic. A similar trend has been observed in Europe; surveillance data showed a
reduction of antibiotic use in the general population in outpatient and hospital prescrip-
tions combined between 2019 and 2020 of 17.6% [8]. Prior to the COVID-19 pandemic, the
antibiotic prescription rate in children and adolescents had been decreasing constantly since
2010 in Germany [9,10]. Namely, the antibiotic prescription rate decreased significantly
from 746 prescriptions per 1000 children in 2010 to 428 per 1000 in 2018. In the current
study, we examined whether there was a similar association of the COVID-19 pandemic
and associated mitigation measures against SARS-CoV-2 with the prescription of antibiotics
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in Germany compared to the above-mentioned countries. The first mitigation measures
against SARS-CoV-2 were introduced in March 2020 and lasted two months (so-called
lockdown). They comprised the closure of day-care centers, schools, leisure amenities and
extensive contact restrictions (up to two persons). On 2 November 2020, a second set of
mitigation measures (so-called lockdown light) was implemented and included contact
reduction (up to 10 persons from the same household etc.). However, as the COVID-19 case
numbers continued to rise, on 15 December 2020, the mitigation measures were extended
until May 2021.

2. Results

In the pre-pandemic period between 2010 and 2019, the prescription rates displayed
an expected seasonal pattern, with the highest prescription rates in December, January and
February and the lowest rates in July. Overall, the secular trend was decreasing from 749
per 1000 children in 2010 to 401 per 1000 children in 2019, with a mean annual decrease of 6%
(Figure 1a and Table 1). In 2020 and 2021, we observed a more pronounced decline (−43%
and −53% compared to 2019). In particular, the prescription rate started decreasing steeply
in April 2020 (9 prescriptions per 1000 children compared to 35 prescriptions in March
2020) (Figure 1a). We observed an immediate significant effect of both the first and second
lockdowns on antibiotic prescription rates (Table 1). The decrease following the first lock-
down was stronger (RR, 0.24; 95% CI: 0.14–0.41) than after the second lockdown (RR, 0.44,
95% CI: 0.27–0.73). The decrease in prescription rates during the COVID-19 pandemic was
observed in all ages (Figure 1b,c) and for all antibiotic subgroups (Figure 2 and Table S3).
However, the effect of both lockdowns was temporary; in the months after the end of the
mitigation measures, prescription rates increased (Figure 1a and Table 1). This increase in
2021, however, was age-dependent and more pronounced in children aged five years and
under, and less pronounced in children and adolescents aged 6–18 years (Figure 1b,c).

In 2019, the year before the COVID-19 pandemic, the antibiotic prescription rates
varied regionally by a factor of 1.9 from 294 prescriptions in Brandenburg (East Germany)
to 566 prescriptions per 1000 children in Saarland (West Germany). Antibiotic prescriptions
in 2019 correlated strongly with those from 2020 (Spearman’s rho = 0.95, p < 0.0001, Figure 3)
and 2021 (rho = 0.84, p < 0.0001).

Table 1. Effect of mitigation measures against SARS-Cov-2 on monthly antibiotic prescription rates in
children in Germany—results of a generalized linear model with a Poisson distribution, 2010 to 2021.

Variables Coefficient Adjusted RR * 95% CI p Value

Time since the study start (months) −0.005 0.995 0.994–
0.995 <0.0001

First lockdown

Yes −1.422 0.24 0.14–
0.41 <0.0001

No ref.

Post-first-lockdown period
(months) 0.097 1.10 0.98–

1.23 0.087

Second lockdown

Yes −0.812 0.44 0.27–
0.73 0.002

No ref.

Post-second-lockdown period
(months) 0.009 1.01 0.90–

1.13 0.873

* Adjusted for all variables in the table. Statistically significant findings are in bold. RR, relative risk; CI,
confidence intervals.
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Figure 2. Trends in monthly antibiotic prescription rates per 1000 children aged between
0 and 14 years by antibiotic subgroup in the period 2019 to 2021. Original data can be found
in Table S3. Values for prescription rates (x) were converted into z-scores using the formula:
x(z − score) = x−mean(x)

SD (x) to obtain mean = 0 and standard deviation (SD) = 1.
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the relationship of the prescription rates in regional ASHIPS from the years 2019 and 2020/2021.

3. Discussion

The current study provides results from a near-real-life monitoring of outpatient
antibiotic use among children and adolescents with the Statutory Health Insurance in
Germany, who make up about 83% of the general population in this age segment. We
observed an immediate effect of the mitigation measures against SARS-CoV-2 on total
antibiotic prescription rates in all age groups, all German regions and for all antibiotic
subgroups. In particular, the effect was more prominent following the first lockdown, which,
among other measures, included the closure of kindergartens and schools, cancellation
of leisure activities and extensive contact restrictions. Overall, the pediatric antibiotic
prescription rate decreased by 43% in 2020 and by 53% in 2021 compared to its pre-pandemic
level in 2019. These findings are not unexpected and have been observed in studies from
other industrialized, including European, countries for the year 2020 [4,5,11]. A US study
showed a decline in antibiotic dispensing in children aged 0–19 years of −27% in 2020
compared to 2019 [7]. A similar finding was observed in Canada; the total prescription rate
decreased from 50 to 37 prescriptions per 1000 persons in all age groups, corresponding
to a 27% reduction [6]. The strongest decline of about 70% was reported for children
aged 0–18 years [6]. In contrast to these studies, we examined the simultaneous effect
of risk-mitigation measures during the two pandemic years, 2020 and 2021, in Germany.
This is important as both pandemic years displayed a shift from overall seasonal patterns
of antibiotic use. In addition, seasonal patterns showed strong differences between both
pandemic years.

The substantial reductions in prescription rates may be explained by limited access
to healthcare facilities and/or changes in care-seeking behavior. However, large-scale
mitigation measures against SARS-CoV-2 may also have resulted in the reduction of other
infections, in particular respiratory tract infections of both viral and bacterial origin [12],
up to the complete non-appearance of a typical seasonal outbreak of acute respiratory
infections, such as respiratory syncytial virus in infants and toddlers or seasonal influenza
in the winter season 2020/2021 [13]. Moreover, national notification data from the Robert
Koch Institute observed the decrease in all other notifiable infectious diseases during the
SARS-CoV-2-pandemic, with the exception of tick-borne encephalitis [1,2]. For example,
about 163,000 infectious diseases (excluding SARS-CoV-2) were notified between March and
July 2020. The numbers of the same notified infectious diseases were much higher before
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the pandemic (2016: 220,000; 2017: 196,000; 2018: 345,000; 2019: 248,000), corresponding
to a relative reduction of about −35%. The highest decrease in notified infections was
observed in children and adolescents (age group ‘0–4 years’, −57% and ‘5–14 years’, −45%)
and the lowest in adults (‘35–59 years’, −26%). In line with the above-mentioned studies,
the strongest fall was observed for respiratory tract infections, such as measles (−86%),
pertussis (−64%) and Haemophilus influenzae (−61%). Gastrointestinal infections due to
rotavirus infection (−83%) and shigellosis (−83%) also showed strong decreases.

The re-increase of antibiotic prescriptions in 2021 compared with 2019 showed age-
dependency and was less pronounced in children and adolescents older than five years
compared with younger children. This might be due to age-dependent variation in health-
seeking behavior on the one hand. On the other hand, it cannot be excluded that the second
lockdown in 2021 was implemented stricter in schools than in kindergartens. At this point
in time, it is not yet possible to judge whether the stronger decline in older children and
adolescents will be sustainable in the coming years.

Of note, despite an all-time low of antibiotic use, regional variations in prescription
rates remained high and were strongly correlated with pre-pandemic levels. Large-scale
mitigation measures against SARS-CoV-2, especially in 2020, were, for the most part, uni-
formly implemented in Germany and their effect on the circulation of respiratory pathogens
is unlikely to have differed between German regions. Hence, the strong correlation of
regional pre- and peri-pandemic prescription rates further supports the hypothesis that
pre-existing antibiotic prescription paradigms are an important explanatory factor for intra-
country regional variations. Future research should assess regional differences in attitudes
and levels of knowledge in the community and among healthcare providers and may
inform regionally tailored interventions to further promote judicious antibiotic prescribing.

Several limitations of the study are worthy of mention. Firstly, we used secondary
claims data to examine the association between risk-mitigation measures and antibiotic
prescribing. This is an ecological study, which cannot establish causality. Secondly, our
dataset did not contain information for antibiotics dispensed (i) by outpatient dentists and
(ii) inpatient prescriptions. Finally, data for children insured privately in Germany are not
part of our dataset. The latter group comprise about 13% of the general population and
may differ in terms of health and socio-demographic status.

4. Materials and Methods
4.1. Data and Study Population

We used nationwide outpatient prescription data from the Statutory Health Insurance
(SHI) in Germany from January 2010 to December 2021 which were collected in accordance
with Article 300(2) of the Social Code Book V. The data contain all prescribed and dis-
pensed medications (excluding dental prescriptions), the date of prescription, the pharmacy
dispensation date, the amount of the prescribed substance, the anatomical therapeutic
chemical (ATC) code, the defined daily doses (DDD), packaging size, strength and formu-
lation, as well as the generic and trade names. In addition, the data include information
on outpatient’s age in years and region of residence. The latter is represented by the re-
gional Associations of Statutory Health Insurance Physicians (ASHIPs). In brief, there are
17 ASHIPs in Germany, 15 of them in each German federal state and two ASHIPs presenting
in the federal state North-Rhine Westphalia. The study population comprised all children
aged between 0 and 14 years in the respective years (n = 9,688,483 at 1 July 2021), covering
approx. 83% of the total German population in this age group (Tables S1 and S2).

4.2. Antibiotics of Interest

We examined the prescription of the following systemic antibiotics: (i) penicillins
with extended spectrum (J01CA), (ii) narrow-spectrum penicillins (J01CE, J01CF), (iii) Peni-
cillins with beta-lactamase inhibitors (J01CR), (iv) first-generation cephalosporins (J01DB),
(v) second-generation cephalosporins (J01DC), (vi) third-generation cephalosporins (J01DD),
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(vii) sulphonamides/trimethoprim (J01EB, J01EE, and J01EA) and (viii) macrolides (J01FA).
The remaining antibiotics were categorized into the group “other antibiotics”.

4.3. Statistical Analysis

We calculated annual and monthly antibiotic prescription rates per 1000 children over
the period 2010 to 2021, overall, as well as by age group (0–1, 2–5, 6–9 and 10–14 years),
region of residence (i.e., ASHIP) and antibiotic subgroup. The total annual number of
persons with SHI per age group on July 1st of a given year, derived from national statistics
provided by the German Ministry of Health, was used as a denominator [14]. To examine
the effect of the mitigation measures on the antibiotic prescription rate, we conducted an
interrupted time series analysis using a generalized linear model with a Poisson distribution.
The dependent variable was a monthly prescription rate. Since antibiotic prescribing
follows a seasonal pattern, we applied seasonal decomposition to remove seasonal variation.
The independent variables were: (i) time elapsed since the start of the study in months,
(ii) two binary variables indicating the start of mitigation measures (i.e., first and second
lockdown) and (iii) two variables for time elapsed since the introduction of each mitigation
measure in months. The Spearman’s rank correlation coefficient (rho) was used to examine
the relationship of the prescription rates in regional ASHIPS from the years 2019 and
2020/2021. Analyses were performed with the R Foundation for Statistical Computing,
version 3.3.2 (Vienna, Austria) [15].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antibiotics11101433/s1, Table S1: The size of the total and study
population in the age segment 0–14 years and annual prescription rate in Germany in the period
2010 to 2021; Table S2: The size of the total and study population in the age segment 0–14 years
and annual prescription rate in 2021 by age group; Table S3: Monthly antibiotic prescription rate
per 1000 children aged between 0 and 14 years by antibiotic subgroup in the period 2019 to 2021.
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Abstract: The reversibility of bacterial resistance to antibiotics is poorly understood. Therefore,
the aim of this study was to determine, over a period of five years, the effect of fluoroquinolone
(FQ) use in primary care on the development and gradual decay of Escherichia coli resistance to
FQ. In this matched case–control study, we linked three sources of secondary data of the Health
Service of the Autonomous Province of Bolzano, Italy. Cases were all those with an FQ-resistant
E. coli (QREC)-positive culture from any site during a 2016 hospital stay. Data were analyzed using
conditional logistic regression. A total of 409 cases were matched to 993 controls (FQ-sensitive E. coli)
by the date of the first isolate. Patients taking one or more courses of FQ were at higher risk of
QREC colonization/infection. The risk was highest during the first year after FQ was taken (OR 2.67,
95%CI 1.92–3.70, p < 0.0001), decreased during the second year (OR 1.54, 95%CI 1.09–2.17, p = 0.015)
and became undetectable afterwards (OR 1.09, 95%CI 0.80–1.48, p = 0.997). In the first year, the
risk of resistance was highest after greater cumulative exposure to FQs. Moreover, older age, male
sex, longer hospital stays, chronic obstructive pulmonary disease (COPD) and diabetes mellitus
were independent risk factors for QREC colonization/infection. A single FQ course significantly
increases the risk of QREC colonization/infection for no less than two years. This risk is higher in
cases of multiple courses, longer hospital stays, COPD and diabetes; in males; and in older patients.
These findings may inform public campaigns and courses directed to prescribers to promote rational
antibiotic use.

Keywords: drug resistance; bacterial; antimicrobial resistance; anti-bacterial agents; primary care;
Escherichia coli; quinolones; fluoroquinolones; information storage and retrieval

1. Introduction

Antimicrobial resistance (AMR), mainly promoted by antibiotic use, is an urgent
public health issue [1–3]. Its notable health and economic burdens are of global concern
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and have resulted in international research and policy efforts with the aim of reducing
antimicrobial consumption [4,5]. One area of interest is antibiotic use in primary care, since
drug resistance of pathogens causing community-acquired infections is widespread and
primary care physicians are responsible for the vast majority of antibiotic prescriptions
issued in the human health sector, mainly for respiratory and urinary tract infections [6,7].
Previous studies have shown a strong association between antibiotic use in primary care
and the emergence of AMR, with a stronger association observed when antibiotic use
is recent [8–10]. What is still poorly understood is to what extend a reversal of existing
AMR may occur due to a reduction in antimicrobial use and how much time the return
of antibiotic susceptibility takes in different bacterial species and after the use of specific
antibiotics [8]. In a previous study conducted in the Autonomous Province of Bolzano,
located in northern Italy, we found that, over a five-year period, the risk of developing
a community-acquired infection due to a third-generation cephalosporin-resistant (3GC)
Escherichia coli increases significantly in patients who were previously exposed to antibiotics.
The highest risk was observed when antibiotics were taken in the last 12 months and for
greater cumulative exposures to any antibiotic, as well as to 3GC [11]. Improving our
knowledge of the resistance decay of different bacterial species and after exposure to
different antibiotics is critical to inform antibiotic stewardship interventions and clinical
decisions with the aim of minimizing AMR worldwide [12,13]. To the best of our knowledge,
no study has examined the long-term effect of fluoroquinolone (FQ) use on the development
and decay of FQ resistance in E. coli in individual patients, despite its high prevalence and
the growing resistance rates, which are causing a progressive loss of efficacy of FQs in many
clinical settings [14]. Therefore, we set up the present study to determine the influence of
outpatient FQ use on the development and decay of FQ resistance in E. coli.

2. Results

Out of the 1342 patients included in the analyses, specimens derived from urine
cultures accounted for 73%, followed by blood cultures, which accounted for 9%.

Within the five years of the study, 409 cases and 933 controls, with a ratio of 2.3 controls
per case, were included. The sample characteristics and the results of the univariate
regression analysis are shown in Table 1.

Table 1. Characteristics of case patients colonized/infected with QREC and matched control patients
colonized/infected with FQ-susceptible E. coli and univariate conditional logistic regression analyses.

Variable Cases a

N = 403
Controls a

N = 933 Crude OR (95% CI) p

Age, Median (IQ) 78 (68–85) 74 (59–84) 1.17 b (1.10–1.25) <0.0001
Gender, Male (%) 176 (43.03) 291 (31.19) 1.66 (1.30–2.11) <0.0001

Drug’s DDD taken in previous 5 years,
Median (IQ) 4760 (1741–8074) 2869 (256–6190) 1.07 c (1.04–1.10) <0.0001

Number of active ingredients taken in previous
5 years, Median (IQ) 17 (9–24) 10 (4–18) 1.05 (1.04–1.06) <0.0001

At least one FQ in previous 1st year (%) 161 (39.36) 148 (15.86) 3.87 (2.88–5.18) <0.0001
At least one FQ taken in previous 2nd year (%) 129 (31.54) 142 (15.22) 2.72 (2.04–3.64) <0.0001

At least one FQ taken in previous 3rd, 4th or
5th year (%) 173 (42.30) 261 (27.97) 1.90 (1.49–2.44) <0.0001

FQ prescriptions in previous year (%)
0 248 (60.64) 785 (84.14) Ref.
1 72 (17.60) 83 (8.90) 3.14 (2.17–4.53) <0.0001
2 40 (9.78) 35 (3.75) 3.80 (2.33–6.19) <0.0001

3+ 49 (11.98) 30 (3.22) 6.00 (3.55–10.17) <0.0001
Number of hospitalizations in previous 5 years,

Median (IQ) 4 (2–8) 2 (0–4) 3.67 (2.76–4.88) <0.0001

Hospitalization days, Median (IQ) 48 (12–116) 10 (0–41) 1.07 d (1.05–1.09) <0.0001
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Table 1. Cont.

Variable Cases a

N = 403
Controls a

N = 933 Crude OR (95% CI) p

Hospitalization with surgery (%) 206 (50.37) 370 (39.66) 1.54 (1.23–1.95) <0.0001
Hospitalization with device implantation (%) 44 (10.76) 65 (6.97) 1.57 (1.05–2.36) 0.029

Hospitalization with organ transplant (%) 9 (2.20) 18 (1.93) 1.19 (0.53–2.66) 0.673
Diagnosis of chronic diseases (%)

Cancer 92 (22.49) 156 (16.72) 1.48 (1.11–1.98) 0.008
Diabetes 108 (26.41) 146 (15.65) 1.90 (1.44–2.51) <0.0001
COPD 166 (40.59) 244 (26.15) 2.01 (1.56–2.59) <0.0001

End-stage renal disease 10 (2.44) 15 (1.61) 1.67 (0.75–3.72) 0.213
a Number (%) of patients or median (IQ); b OR calculated for 10-year increments; c OR calculated for 1000-DDD
increments; d OR calculated for 10-day increments. Abbreviations: QREC = quinolone-resistant E. coli.

The univariate analysis showed that receiving at least one FQ prescription in the
year preceding the diagnosis of resistance was associated with a higher risk of being
colonized or infected with QREC (OR 3.87, 95% CI 2.88–5.18, p < 0.0001) than receiving an
antibiotic prescription in the preceding 2nd year (OR 2.72, 95% CI 2.04–3.64, p < 0.0001) or
in the preceding 3rd, 4th or 5th year (OR 1.90, 95% CI 1.49–2.44, p < 0.0001). Consistently,
after adjustment for relevant confounding factors (age, gender, days of hospitalization
and comorbidities (COPD and diabetes)), the risk of QREC colonization/infection was
highest in the first year preceding the diagnosis of resistance (OR 2.67, 95% CI 1.92–3.70,
p < 0.0001); then, it decreased progressively (OR 1.54, 95%CI 1.09–2.17, p = 0.015) to become
undetectable after two years (OR 1.09, 95% CI 0.80–1.48, p = 0.997) (Table 2).

Table 2. Multivariable conditional logistic regression analysis focused on the association between
previous FQ use and FQ resistance in E. coli over a five-year period.

Variable Adjusted OR (95% CI) p

At least one FQ prescription in 1st previous year 2.67 (1.92–3.70) <0.0001
At least one FQ prescription taken in previous

2nd year 1.54 (1.09–2.17) 0.015

At least one FQ prescription taken in previous
3rd, 4th or 5th year 1.09 (0.80–1.48) 0.997

Age 1.09 a (1.01–1.18) 0.026
Gender, male 1.42 (1.07–1.88) 0.016

Hospitalization days 1.03 b (1.01–1.06) 0.022
Diagnosis of chronic diseasesDiabetes 1.41 (0.96–1.80) 0.037

COPD 1.43 (1.05–1.87) 0.019
a OR calculated for 10-year increments; b OR calculated for 10-day increments. Abbreviations: FQ = fluoro-
quinolone, COPD = chronic obstructive pulmonary disease.

In addition, the analysis showed that older age, male sex, longer hospital stays and
being affected by diabetes mellitus and/or COPD are independent risk factors for FQ
resistance in E. coli.

The multivariable analysis focused on FQ use in the 12 months preceding the diagnosis
of resistance (Table 3) showed, consistently with the univariate analysis, that the use of FQs
is strongly associated with FQ resistance in E. coli. After adjustment for relevant confound-
ing factors and including exposure to any antibiotic other than FQs in the model, a clear
dose–response effect could be observed: the use of FQs increases the risk of FQ resistance
in E. coli more than fourfold if the patient was exposed to three or more courses of FQ in
the previous 12 months (OR 4.21, 95% CI 2.38–7.50, p < 0.0001), and it decreases with lower
cumulative exposures (OR 2.76, 95% CI 1.63–4.66, p < 0.0001 and 2.40, 95% CI 1.62–3.56,
p < 0.0001 after two courses and one course of FQ in the previous 12 months, respectively).
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Table 3. Multivariable conditional logistic regression analysis focused on the association between FQ
use and FQ resistance in E. coli over a 12–month period (dose-response effect).

Variables Adjusted OR (95%CI) p

FQ prescription in previous year
0 Ref. Ref.
1 2.40 (1.62–3.56) <0.0001
2 2.76 (1.63–4.66) <0.0001

3+ 4.21 (2.38–7.50) <0.0001
At least one other J01 prescription in

previous year 1.10 (0.83–1.45) 0.516

Age 1.11 a (1.03–1.20) 0.008
Gender 1.39 (1.05–1.84) 0.010

Hospitalization days 1.03 b (1.01–1.06) 0.020
Diagnosis of chronic diseases

Diabetes 1.40 (1.02–1.93) 0.037

COPD 1.46 (1.09–1.96) 0.004
a OR calculated for 10-year increments; b OR calculated for 10-day increments. Abbreviations: FQ = fluoro-
quinolone, COPD = Chronic obstructive pulmonary disease.

The two sensitivity analyses that excluded patients with very recent antibiotic exposures
(<15 days from the ID) and patients at risk for hospital-acquired infections showed results that
were consistent with those of the main analyses (Tables S3 and S4 of Supplementary File).

3. Discussion
3.1. Summary of the Principal Findings

This matched case–control study is the first of its kind to use administrative and
routinely collected clinical data—which characterize, in a large sample of patients, the
impact of previous FQ use in primary care and QREC colonization/infection over a five-
year period—in a multi-database approach. In general, the risk of developing a community-
acquired QREC colonization/infection increases in all those patients who had received FQs.
The risk of resistance is highest in the first year after the antibiotic is taken; afterwards, it
decreases progressively, becoming undetectable after 24 months. In addition, the risk of
resistance is higher after greater cumulative exposures. Apart from antibiotic use, older age,
male sex, longer hospital stays, COPD and diabetes mellitus are independent risk factors
for FQ resistance in E. coli.

3.2. Findings of the Present Study in Light of Previous Observations

Our findings are in accordance with those of previous observational studies. Costel-
loe [9] and Bhakit [8] reported a consistent amount of existing evidence of an association
between the decrease in antibiotic use and the subsequent decrease in resistance. At the
same time, the authors of these systematic reviews highlighted a lack of evidence regarding
time intervals of more than 12 months between antibiotic use and the diagnosis of resis-
tance. What our study adds is the finding that FQ resistance can last for up to 24 months
after the selective pressure of antimicrobials is removed, a longer time than previously
reported. With respect to this, Hammond et al. recently demonstrated an association
between antibiotic dispensing reduction in primary care and a decrease in ciprofloxacin,
trimethoprim and amoxicillin resistance in E. coli within the subsequent quarter [15]. In
contrast to the approach used in the latter and in other studies, e.g., as in Cuevas et al. [16],
we were able to quantify the impact on resistance of previous antibiotic use at an individ-
ual level, avoiding the risk of the so-called ecological fallacy. Some studies, also mostly
ecological, showed persistent bacterial resistance despite reduced antibiotic use in E. coli
and in other species [17,18], while other studies showed the opposite [10,19,20]. A possible
explanation of these divergent findings is likely the fact that bacterial resistance is a complex
phenomenon, with primary care prescribing being only one of its drivers [21]. Vellinga et al.
compared the resistance of E. coli to trimethoprim and ciprofloxacin with prescriptions of
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these antimicrobials at the GP practice level. The authors reported that the risk of a QREC
colonization/infection increased by 8% for every additional prescription of ciprofloxacin
per 1000 patients [22]. Similar to what they found at a community level, we show a clear
dose–response effect in the association between FQ use and FQ resistance.

A recent systematic review by Zhu et al. identified, among others, relevant risk factors
for QREC colonization/infection as previous antibiotic use (OR 2.74, 95% CI 1.92–3.92),
quinolones (OR 7.67, 95% CI 4.79–12.26), diabetes mellitus (OR 1.62, 95% CI 1.43–1.83),
previous hospitalization (OR 2.06, 95% CI 1.62–2.60), male sex (OR 1.41, 95% CI 1.21–1.64)
and organ transplantation (OR 2.37, 95% CI 1.17–4.79) [23]. Our results are in line with these
findings with regard to the above-mentioned risk factors, except for organ transplantation
(data not shown), probably due to the very low prevalence of this condition in our dataset.
Zhu et al. reported that older age was not found to be a risk factor of QREC coloniza-
tion/infection, differently than in the present study, although the authors hypothesized
that heterogeneity among studies affected this finding. Furthermore, the study identified as
significant risk factors for QREC colonization/infection the presence of a urinary catheter,
urinary tract abnormalities and having had previous UTIs. We were not able to verify these
associations because data on these conditions were not available to us. Nonetheless, in
our case, the majority (i.e., 73%) of specimens that contributed to our study were urine
samples. As we could demonstrate the reversibility of FQ resistance in E. coli, and taking
into consideration that this species is the most common urinary pathogen [24], considered
to be resistant to FQ in up to 40% of cases [14], antibiotic stewardship interventions seem
well placed when directed to reduce antibiotic consumption for UTI, especially in primary
care settings, as suggested elsewhere [25–28].

3.3. Strengths and Limitations of the Study

A strength of the present study is the comprehensiveness of the data source, namely,
the database of the regional laboratories, the database of outpatient drug prescription
records and the hospital discharge record databases.

We used data from the regional laboratories of the Autonomous Province of Bolzano
to select cases that were matched to all available controls derived from the same data
source. This assured comparability of cases and controls, as both were selected from the
same source population, in which we did not assume the existence of any selection factor
related to the exposure or outcome. Furthermore, comparability over time (namely, when
the resistance was, or was not, diagnosed) was assured as we used the index date, namely,
the date of the bacterial culture, as the matching variable.

The linkage of the above database with those containing the hospital discharge records
and the outpatient drug prescription records is a further strength. The latter databases
contain data from every single hospital discharge carried out in the given period and of
any pharmaceutical prescription issued by primary care physicians in the whole catchment
area and in the examined period. This allowed us to collect data on exposures from earlier
years without the risk of recall bias that could lead to differential misclassification.

Nonetheless, some limitations have to be considered.
First, we had to restrict the analyses to only a few relevant comorbidities because data

derived from the hospital discharge record database were incomplete. Therefore, we could
not exclude residual confounding.

Second, our sample included only adult patients, which could limit our findings’
generalizability to younger adults or children.

Third, in this study, we had information on the exact date of the diagnosis of resistance
for both cases and controls, but it is possible that the outcome (namely, the onset of the
resistance) preceded the exposure in some of the cases (reverse causality). For this reason,
as in all case–control studies, interpreting the associations we found as causal should be
carried out with caution. At the same time, it is likely that the risk of reverse causality is
low in our case, as multiple bacterial cultures were carried out for many of the included
patients, and the less recent was used to define the cases and controls.
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Fourth, the DDD gives a rough estimate of drug consumption, dose and duration of
the treatment.

Fifth, we assumed that the antibiotics prescribed were actually taken. This could have
led to an overestimation of the exposure.

Finally, we had no information on privately purchased antibiotics in our sample, which
could have led to a non-differential underestimation of the exposure. However, according
to aggregated data published annually by the Italian Medicine Agency, in Italy, privately
purchased FQs that cannot be tracked account for less than 2% of total outpatient antibiotic
consumption [29].

3.4. Meaning of the Study and Implication for Practice and Policy

E. coli isolates from individual patients with previous primary care prescriptions of FQs
are more likely to be resistant to FQs than those collected from patients without. A single
course of FQ is sufficient to increase the risk of resistance for up to two years. The risk
for a patient to carry FQ-resistant E. coli strains is higher with more courses of previously
prescribed FQs. Primary care clinicians may consider these findings, consistent to current
recommendations, as a further reason to avoid unnecessary FQ use whenever possible.

3.5. Implications for Future Research

The factors contributing to bacterial resistance to antimicrobials are diverse, with
antibiotic prescribing in primary care being only one of its causes. Future studies should
be designed to evaluate the individual risk of resistance of different bacterial species to
different antibiotics, controlling, in a one-health perspective, also for additional factors
other than primary care prescribing, such as prescribing in hospitals, wastewater treatment
and intensive farming. Prospective designs, especially randomized controlled trials, rather
than ecological studies, should be adopted to assess the impact of primary care antibiotic
stewardship interventions on resistance rates of different bacterial species in individual
patients over time to better assess causality.

4. Methods
4.1. Study Design, Setting and Data Sources

This case–control study was conducted in the Autonomous Province of Bolzano, which,
on the date of 1 January 2016, accounted for 525,475 inhabitants [30]. As data sources, the
following information systems were anonymously linked to each other:

• The database of hospital reference laboratories was used to define cases and controls.
• The database of outpatient pharmaceutical prescriptions was used to define the exposure.
• The hospital discharge record database was used to identify potential risk factors.

From the database of hospital laboratories, we extracted all patients admitted to one of
the local hospitals in 2016 and for whom a bacterial culture test was carried out. Analyses
were conducted on blood, urine, respiratory tract secretions, soft tissue specimens and other
samples (including vulvar, vaginal and perianal specimens; ascites and other abdominal
fluid; pleural liquid; and post-surgery drainage fluid). The VITEK II system (bioMérieux,
Hazelwood, MO, USA) or Maldi-TOF was used to identify bacterial species, and VITEK II
was also used to perform antibiotic susceptibility testing. Following the EUCAST expert
rules, ciprofloxacin was used as indicator antibiotic to detect FQ resistance in E. coli [31]. The
yearly updated EUCAST interpretation criteria (Available online: http://www.eucast.org/
(accessed on 12 May 2022)) were used to interpret antibiograms, and specimens were either
classified as resistant (R), susceptible (S) or intermediate (I). Only patients carrying FQ R or
S E. coli isolates were included in the study.

From the database of outpatient pharmaceutical prescriptions, we extracted all pre-
scriptions issued from 1 January 2012 to 31 December 2016 by primary care physicians
located in the Province of Bolzano (general practitioners and out of hours primary care
physicians). We categorized antibiotics through the Anatomical Therapeutic Chemical
(ATC) (Available online: https://www.whocc.no/ (accessed on 29 April 2022)) classifica-
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tion system (Supplementary File, Table S1) and used the cumulative defined daily doses
(DDDs) of different drug classes prescribed in the five years preceding the “index date”
(ID) as a comorbidity measure (Supplementary File, Table S2) [32,33].

From the hospital discharge records database, consistently with a recent literature
review [23], we extracted the following potential confounding factors: age; gender; total
days of hospitalizations; hospitalization with surgery, with device implantation or with
organ transplant; and diagnosis of chronic diseases (cancer, diabetes, chronic obstructive
pulmonary disease (COPD) and hemodialysis).

Potential confounding factors and their data sources are listed in Table 4.

Table 4. Potential risk factors for FQ resistance in E. coli and their data source.

Potential Confounding Factor Data Source

Age hospital discharge records database
Gender hospital discharge records database
Drug’s DDD taken in previous 5 years database of drug prescription records
Number of active ingredients taken in previous 5 years database of drug prescription records
Number of antibiotics taken in previous 5 years database of drug prescription records
One or more J01 prescription taken in previous 5, 4 and 3 years database of drug prescription records
One or more J01 prescription taken in previous 2 years database of drug prescription records
Hospitalization days hospital discharge records database
Hospitalizations hospital discharge records database
Hospitalizations with surgery hospital discharge records database
Hospitalizations with device implantation hospital discharge records database
Hospitalizations with organ transplant hospital discharge records database
Diagnosis of chronic diseases hospital discharge records database

Cancer
Diabetes Mellitus
COPD
Hemodialysis

Abbreviations: DDD = defined daily dose; COPD = chronic obstructive pulmonary disorder.

4.2. Definition of Cases and Controls

Patients were classified as cases if they were diagnosed with FQ-resistant isolates or
as controls if they were diagnosed with FQ-susceptible isolates. We matched all available
controls to each case, using the ID as the matching variable, defined as the day (±30 days)
on which the culture test results became available. If the ID was not available, data were
excluded from the analysis. If, during 2016, a patient had more than one culture test result,
the less recent one was included in the analyses. The flow of included cases and controls is
outlined in Figure 1.

4.3. Definition of Exposure

We defined the exposure of interest as the use of any FQ for systemic use (ATC codes
are listed in Table S1 of the Supplementary File), grouped in the following three categories:
(1) use of one or more FQ for systemic use in the first year preceding the ID, (2) use of
one or more FQ for systemic use in the second year preceding the ID, and (3) use of one
or more FQ for systemic use three to five years preceding the ID. In order to calculate the
dose–response effect, exposed subjects were considered only those to whom at least one
FQ was prescribed in the year preceding the ID, taking the number of prescriptions into
account (0, 1, 2, 3 or more).
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4.4. Statistical Analysis

We used descriptive statistics to compare the characteristics of included patients, pre-
senting categorical variables as percentages and continuous variables as mean (± standard
deviation) or, where appropriate, as median (interquartile range). We used univariate
conditional logistic regression to assess the strength of the association between single
independent variables and the outcome. We used matched odds ratios (ORs) and 95%
confidence intervals (CIs) to evaluate the strength of any association. We considered those
factors with p-values < 0.05 in the univariate analysis as eligible for inclusion in the mul-
tivariable models. Covariates to be included in the regression models were then selected
using a backward stepwise approach.
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4.5. Sensitivity Analyses

To evaluate the consistency of our results, we carried out the following sensitivity
analyses: (a) in order to exclude all hospital-acquired infections from the outcome measure,
we excluded from the analyses all patients with a culture carried out more than 48 h after
their hospital admission; (b) in order to eliminate the effect of a very recent antibiotic use,
we excluded all patients who received at least one prescription of antibiotics in the 15 days
preceding the ID.

All the analyses were performed using STATA software package version 17.0 and R
3.6 [34,35].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antibiotics11060822/s1, Table S1: Codes for exposure; Table S2:
Codes for considered comorbidities; Table S3: Sensitivity analysis performed, excluding all patients
who received at least one prescription of antibiotics in the 15 days preceding the ID; Table S4:
Sensitivity analysis performed, excluding all patients with a bacterial culture performed after 48 h of
hospital admission.
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Abstract: Antimicrobial stewardship programs (ASPs) are effective means to optimize prescribing
practices. They are under-utilized in the Middle East where many challenges exist for ASP implemen-
tation. We assessed the effectiveness of infectious disease physician-driven post-prescription review
and feedback as an ASP in Lebanon. This prospective cohort study was conducted over an 18-month
period in the medical, surgical, and intensive care units of a tertiary care hospital. It consisted of
three phases: the baseline, intervention, and follow-up. There was a washout period of two months
between each phase. Patients aged ≥16 years receiving 48 h of antibiotics were included. During the
intervention phase, the AMS team reviewed antimicrobial use within 72 h post-prescription and gave
alternate recommendations based on the guidelines for use. The acceptance of the recommendations
was measured at 72 h. The primary outcome of the study was days of therapy per 1000 study patient
days. A total of 328 patients were recruited in the baseline phase (August–October 2020), 467 pa-
tients in the intervention phase (January–June 2021), and 301 patients in the post-intervention phase
(September–December 2021). The total days of therapy decreased from 11.46 during the baseline
phase to 8.64 during the intervention phase (p < 0.001). Intervention acceptance occurred 88.5% of the
time. The infectious disease physician-driven implementation of an ASP was successful in reducing
antibiotic utilization in an acute care setting in Lebanon.

Keywords: global health; antimicrobial stewardship; COVID-19; disaster planning

1. Introduction

Antimicrobial resistance (AMR) is an urgent threat to global health; contributing to
over 8 million hospital stays, it costs healthcare systems over USD 20 billion [1] and is
anticipated to result in the death of 10 million people per year by 2050 [2,3]. AMR is a
unique challenge, particularly in areas of the Middle East where health services have been
severely impacted by conflict [4]. In these collapsed health systems, there may be a lack of
laboratories and other diagnostic tools amidst the unregulated use of antibiotics [4]. In one
observational study, multidrug-resistant organisms were frequently detected in water in
Lebanon, serving as a potential reservoir for the dissemination of resistant organisms [5].
Furthermore, conflict contributes to a shortage of healthcare providers, further worsening
the overall crisis [6]. The lack of overall data and surveillance of AMR in this region makes
it especially difficult to compare it with the rest of the world, thus limiting opportunities
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for intervention. More recently, barriers for the region were summarized and included
a need for the training of healthcare personnel and an increased laboratory capacity for
the surveillance of AMR as well as the development of antimicrobial stewardship (AMS)
guidelines [7].

The most important causes of AMR are inappropriate antimicrobial prescribing and
use [2]. Recognizing the urgency of this issue, various AMS programs (ASPs) have been
implemented to reduce AMR and promote proper prescribing practices. In order for ASPs to
be effective, significant infrastructural components must be present, including national and
institutional prescribing policies, healthy prescriber–pharmacist relationships, surveillance
and reviews of prescribing practices, and stakeholder buy-ins [8]. Institutions in the Middle
East are lacking in firm guidelines for proper antimicrobial use. One systematic review
identified 20 studies that described potential proactive interventions with impacts on the
de-escalation of antibiotics, discontinuation rates of restricted antibiotics, and length of
hospital stay, and that prospective audits and feedback were beneficial for the clinical
outcome [1]. Yet, it was also noted that cultural considerations in the Middle East such
as physician attitudes, the acceptance of collaborative practices, and the acceptance of
pharmacist recommendations may limit effectiveness [1].

The post-prescription review and feedback (PPRF) program has been shown to be
effective in the United States and in low- to middle-income countries, including Nepal and
India [9–11]. This method of ASP has not been demonstrated to be effective in the Middle
East and North Africa regions. This project evaluated the impact of a PPRF program at a
tertiary hospital in Lebanon.

2. Materials and Methods
2.1. Study Design and Setting

This prospective cohort study was carried out to determine the feasibility of the
implementation of an ASP. The study period consisted of 21 months from April 2020 to
December 2021, and was divided into 3 phases: the baseline (3 months), intervention
(6 months), and post-intervention (4 months). There was a washout period of 2 months
between each phase. The project was a collaboration between the Henry Ford Hospital
Division of Infectious Diseases (Detroit, MI, USA) and Notre Dame des Secours University
Hospital (Byblos, Lebanon). The Notre Dame des Secours University Hospital is a private,
not-for-profit tertiary care teaching hospital with 242 beds and covers a diverse population
of medical cases from a wide geographic area. For the present study, the PPRF program
was piloted in medicine, surgery, and intensive care unit wards.

In this institution, there was no integrated multidisciplinary AMS team. A team
was established to supervise and complete all phases of the project. The dedicated AMS
team was composed of an ID specialist, and infection prevention and control officers. The
institutional review boards of Notre Dame des Secours University Hospital and Henry
Ford Hospital approved the study. A waiver of consent was obtained due to the nature of
the study.

2.2. Identification of the Study Participants

Participants were selected from medical, surgical, and intensive care unit wards
and were managed by a primary treating team who remained the same throughout the
study. The inclusion criteria were that all patients were aged ≥16 years and had received
antibiotics for ≥48 h. The exclusion criteria were patients aged ≤16 years and on antibiotics
for ≤48 h. All medical and surgical specialties were included in the study and patients
fulfilling the eligibility criteria were recruited daily. The medical records were reviewed
and data were collected at each phase of the study, including the demographic data (age
and gender), comorbidity, infection type, antibiotic used, length of hospital stay, and total
antibiotic days.
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2.3. Design of the Phases and the Evaluation of Antimicrobial Use

The baseline phase involved 3 months of evaluation of antimicrobial therapy without
the provision of any recommendations. Meanwhile, continuous education was initiated
and included regional AMR data and the prevention and management of resistance as
well as the components and goals of the ASP, details regarding the PPRF implementation
within the institution, and a review of the medical guidelines. Sessions were delivered
to physicians in different specialties. Practice guidelines were prepared and supervised
by the ID specialist and sent to all physicians working at the institution. The guidelines
contained recommendations for an empiric therapy (given for early sepsis with an unclear
etiology) as well as a definitive therapy for common infectious syndromes, intravenous to
oral conversions, renal-adjusted dosing, and the duration of the antibiotic therapy. Due
to the COVID-19 pandemic, webinars were scheduled to educate the healthcare staff and
address questions regarding these topics.

The intervention phase occurred following a 2-month washout period. The phase
consisted of 6 months of intervention, during which the AMS team initiated a consultation
for all eligible patients. During the AMS consultation, the ID physician was responsible
for informing the primary treatment team of any recommendations about an antibiotic
change. Types of interventions included dose optimization, the escalation of therapy,
the de-escalation of therapy, route changes, drug discontinuation, the optimization of
administration modalities, and “other”. The final decision to act on the recommendations
was left to the primary team. The willingness to accept the intervention, type of primary
service, and reasons for not accepting the intervention were also recorded (“not convinced”,
“felt insecure”, or “needed a longer duration”). For this study, “not convinced” implied
that they were not convinced by the AMS team to accept the recommendation and “felt
insecure” implied a lack of confidence in changing antimicrobials.

The final (post-intervention) phase occurred after a 2-month washout period. It was
designed to re-assess antibiotic prescriptions in the same way as the baseline phase for a
period of 4 months to assess if the ASP could be sustained without an intervention. During
each period, AMS education continued via webinars, facility-based guidelines, and emails.

2.4. Outcome Measures

The primary outcome measure was the antimicrobial DOT at the baseline, intervention,
and post-intervention phases. In this study, patient antibiotic days included the day on
which the treatment with the antibiotic began through the stoppage of the drug or hospital
discharge. Additionally, information regarding the class/type of antibiotic utilized in each
phase and for what illness was also compared. The patient-specific outcome was the length
of hospital stay per phase.

At the time of the PPRF launch, an email was sent to all physicians within the hospital
introducing the ASP. A survey was prepared and sent by email to all 106 physicians in
the institution admitting patients to the 3 mentioned units to evaluate the qualitative data,
including the perceptions and attitudes regarding antibiotics, level of basic knowledge
about antibiotic prescriptions and resistance, and outcome data that could be used to
identify potential barriers and facilitators in the implementation and dissemination of
future ASPs.

2.5. Statistical Analysis

Continuous data were described using means and standard deviations whereas cate-
gorical data were described using counts and column percentages. Univariate two-group
comparisons were conducted using independent two-group t-tests for the continuous
variables and chi-squared tests for the categorical variables. Two Poisson regression models
were utilized to assess the magnitude and significance of the intervention phase on antibi-
otic days and hospitalization treatment days whilst adjusting for the confounders of age,
gender, and treatment indication category. The total DOT per 1000 study patient days (PDs)
was calculated at the baseline, intervention, and post-intervention periods for each antibi-
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otic. An ANOVA was used to compare the mean antibiotics per day between the phases.
The proportion of each variable was compared between the baseline and intervention time
points, then between the intervention and post-intervention time points, then between the
baseline and post-intervention periods using tests of proportion. These values were then
compared using proportion tests with a Bonferroni adjustment between the phases. The
statistical significance was set at p < 0.05. The analyses were performed using Epi Info-7
(Centers for Disease Control and Prevention, Atlanta, GA, USA) and SAS 9.4 (SAS Institute
Inc., Cary, NC, USA).

3. Results
3.1. Study Population

A total of 328 patients were recruited in the baseline phase (August–October 2020),
467 patients in the intervention phase (January–June 2021), and 301 patients in the post-
intervention phase (September–December 2021) (Table 1). There was an even distribution
of gender across the baseline and intervention, but significantly more females in the post-
intervention period (p = 0.045). The mean age of patients was 67.6 years in the baseline
group; patients were significantly younger in the intervention group compared with pre-
intervention, which occurred in a COVID-19 surge (p = 0.002). In the baseline period,
compared with both the intervention and post-intervention periods, there were significantly
more patients with pulmonary comorbidities (32% vs. 6.2% vs. 6.9%, p < 0.001). There were
significantly more patients with a hepatic/gastrointestinal comorbidity in the intervention
and post-intervention periods when compared with the baseline period (1.5% vs. 4.9%
vs. 4.7%, p = 0.01). Oncologic and renal diseases were significantly more common in the
post-intervention period (17.8%, p = 0.001 and 14.5%, p = 0.002, respectively).

Table 1. Summary of demographic data and days of therapy.

Demographics Pre-Intervention
(n = 328)

Intervention
(n = 467)

Post-Intervention
(n = 301)

p-Value
a Phase 1 vs. 2
b Phase 1 vs. 3
c Phase 2 vs. 3

Gender, female 40.24% (132) 38.89 (182) 46.48% (99) 0.69 a, 0.05 b, 0.08 c

Mean age (SD) 67.6 (16.7) Range 17–97 63.72 (17.65) Range 16–96 65.84 (17.4) Range 16–97 <0.01 a, 0.02 b, 0.10 c

Median LOS (SD) 6.00 (6.7) Range 1–41 6.00 (4.8) Range 1–42 7.00 (5.1) Range 3–75 <0.01
Median duration of antibiotic course 5.00 (6.27) Range 1–40 5.00 (4.26) Range 1–39 6.00 (5.01) Range 2–25 <0.01

Median duration of antibiotic
days/patient (SD) 8.00 (12.44) Range 1–118 7.00 (7.4) Range 1–63 8.0 (9.46) Range 1–63 <0.01

Pulmonary 32.01% (105) 6.21% (29) 6.9% (21) <0.01 a, <0.01 b, 0.70 c

Cardiac 51.83% (170) 52.68% (246) 48.7% (148) 0.81 a, 0.43 b, 0.29 c

Vascular 3.05% (10) 1.93% (9) 2.6% (8) 0.31 a, 0.74 b, 0.50 c

Endocrine 35.98% (118) 39.4% (184) 35.5% (108) 0.33 a, 0.90 b, 0.29 c

Neurologic 5.79% (19) 7.49% (35) 4.6% (14) 0.35 a, 0.50 b, 0.11 c

Hepatic/GI 1.52% (5) 4.93% (23) 3.9% (12) 0.01 a, 0.06 b, 0.53 c

Heme/onc 9.15% (30) 14.99% (70) 17.8% (54) 0.01 a, <0.01 b, 0.29 c

Renal 7.01% (23) 8.57% (40) 14.47% (44) 0.42 a, <0.01 b, 0.01 c

Other 6.71% (22) 16.9% (79) 19.1% (58) <0.01 a, <0.01 b, 0.43 c

3.2. Evaluation of Antimicrobial Use

The type of infection treated varied considerably between the phases. However, across
all 3 phases, the most common infection treated was pneumonia. In the intervention phase,
there was a significantly higher number of patients receiving an empirical treatment (17.5%
compared with 3.1% at the baseline, p < 0.001); this was also true for the post-intervention
phase (7.6%, p < 0.001). The number of patients treated for a gastrointestinal infection or
a urinary tract infection and receiving postoperative prophylaxis significantly decreased
in the intervention and post-intervention phases and was most significant between the
baseline and intervention phases (13.2% vs. 3.8%, p < 0.001; 25.1% vs. 13.5%, p < 0.001; and
11.1% vs. 4.1%, p < 0.001, respectively). Skin and soft tissue infections were significantly
more common in the post-intervention phase (11.1% vs. 2.6% in intervention, p < 0.004).
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In the intervention phase, which occurred during a COVID-19 surge, empiric therapies
(3.1% vs. 17.5%, p < 0.001) and “other” infections (9.45% vs. 31.8%, p < 0.001) significantly
increased (Table 2).

Table 2. Type of infection treated in each phase.

Treatment Indication Pre-Intervention
(n = 326)

Intervention
(n = 467)

Post-Intervention
(n = 301)

p-Value
a Phase 1 vs. 2
b Phase 1 vs. 3
c Phase 2 vs. 3

Empirical treatment 3.07% (10) 17.5% (82) 7.6% (23) <0.001 a, 0.01 b, 0.001 c

Pneumonia 26.69% (87) 23.3% (109) 22% (67) 0.276 a, 0.17 b 0.69 c

Gastrointestinal 13.19% (43) 3.85% (18) 3.9% (12) <0.001 a, <0.001 b 0.94 c

Sepsis 3.05% (10) 1.92% (9) 2.3% (7) 0.298 a, 0.55 b, 0.71 c

Urinary tract infection 25.15% (82) 13.46% (63) 18.1% (55) <0.001 a, 0.03 b, 0.08 c

Postoperative prophylaxis 11.04% (36) 4.06% (19) 2.9% (9) 0.001 a, 0.001 b, 0.42 c

Skin and tissue infection 4.91% (16) 2.56% (12) 11.1% (34) 0.0784 a, 0.004 b, <0.0001 c

Diabetic foot infection 3.37% (11) 1.5% (7) 1.3% (4) 0.080 a, 0.09 b, 0.83 c

Other 9.45% (31) 31.8% (149) 32.9% (100) <0.001 a, <0.001 b, 0.76 c

The choice of antimicrobial agent also significantly differed between the phases. There
was an increase in days of vancomycin use compared with the baseline (57.83 DOT/1000 PD
vs. 101.03, p < 0.01), with higher results in the post-intervention period compared with the
baseline (150.26, p < 0.01). There was a significant reduction in the use of carbapenems be-
tween the baseline and intervention periods (455.62 DOT/1000 PD vs. 322.75, p < 0.01) with
an increase in post-intervention prescribing in both phases (567.02 DOT/1000 PD, p < 0.01,
p < 0.01). Beta-lactam use increased during the intervention phase (139.23 DOT/1000 PD to
187.24, p < 0.01) and returned to similar levels during post-intervention (122.97 DOT/1000 PD,
p < 0.01) when compared with the intervention phase. In the post-intervention period,
an increase in cephalosporin and carbapenem use was noted when compared with the
baseline period; however, this did not reach a statistical significance. There was also a
significant increase in the duration of aminoglycoside use in the post-intervention period
when compared with the intervention period (4.6 vs. 2.9, p = 0.004) (Table 3).

Table 3. Antibiotic agent used in each phase.

DOT/1000 by Agent
Mean

Baseline
(n = 328, Patient

Days 2715)

Intervention
(n = 467, Patient

Days 3306)

Post-Intervention
(n = 301, Patient

Days 2529)

p-Value
a Phase 1 vs. 2
b Phase 1 vs. 3
c Phase 2 vs. 3

Intravenous antibiotics 1317.86
1250.18

1205.08
1197.96

1296.56
1263.3 0.82

Oral antibiotics 67.03 18.15 25.32 <0.01 a, <0.01 b, 0.06 c

Vancomycin 57.83 101.03 150.26 <0.01 a, <0.01 b, <0.01 c

Linezolid 15.84 11.8 22.14 0.53 a, 0.28 b, <0.01 c

Trimethoprim-sulfamethoxazole 11.42 0 0 <0.01 a, <0.01 b

Doxycycline 7 0 1.98 <0.01 a, 0.02 b, 0.03 c

Penicillin 6.26 2.12 17 0.03 a, < 0.01 b, <0.01 c

Beta-lactam/BLI 139.23 187.24 122.97 <0.01 a, 0.25 b, <0.01 c

Cephalosporin 306.08 399.58 248.71 <0.01 a, <0.01 b, <0.01 c

Carbapenem 455.62 322.75 567.02 <0.01 a, <0.01 b, <0.01 c

Metronidazole 60.77 51.72 27.68 0.38 a, <0.01 b, <0.01 c

Azithromycin 2.94 9.68 5.54 0.04 a, 0.42 b, 0.22 c

Clindamycin 2.58 9.98 17 <0.01 a, <0.01 b, 0.06 c

Fluoroquinolone 95.03 88.02 67.62 1.000 a, <0.01 b, 0.01 c

Colistin 0 0 25.3 <0.01 b, <0.01 c

Aminoglycoside 20.99 11.19 16.2 0.01 a, 0.6 b, 0.29 c

Tigecycline 13.26 25.11 18.2 <0.01 a, 0.45 b, 0.23 c

Other 189.3 0 9.49 <0.01 a, <0.01 b, <0.01 c

BLI: beta-lactamase inhibitor; SD: standard deviation.
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3.3. Intervention Acceptance

In the intervention phase, there were 467 interventions from the AMS team, which
were accepted 414 times (88.5%). The most commonly performed intervention was “other”
(234 (56.2%)), followed by drug discontinuation (108 (25.9%)). The escalation of therapy
and the de-escalation of therapy occurred 25 times, respectively (6.1%, respectively). Dose
optimization, route change, and administration modality optimization were less frequently
performed (17 (4%), 5 (1.2%), and 2 (0.5%), respectively). For the 54 occurrences where an
intervention was not accepted (11.5%), the reason for not accepting was most commonly
due to a report of being “not convinced” (41 (75.9%)). Feeling insecure and needing
a longer duration of therapy were less common reasons of not accepting (5 (9%) and
9 (16%), respectively). Among the types of interventions, the intervention that was most
commonly not accepted was drug discontinuation (24%). Among the treatment providers,
the primary service that did not accept an intervention the most frequently was surgery
(15.9%) compared with medicine (12.4%) and the intensive care unit (12%).

3.4. Clinical Outcomes

Despite the increase in antimicrobial prescriptions for “other” infections and empirical
therapies, the total days of antibiotic therapy decreased from 11.46 during the baseline
phase to 8.64 days during the intervention phase (p < 0.00001). In the post-intervention
phase, the total antibiotic days of therapy (DOT) was 10.9, and, although this number
was lower than in the baseline phase, the effect did not meet a statistical significance
(p = 0.57) (Table 1). After adjusting for age, sex, and treatment indication, members in the
pre-intervention phase were on antibiotics 29% longer (p < 0.001) and hospitalized 16%
longer (p < 0.001) than members in the intervention phase. After adjusting for age, sex, and
treatment indication, members in the pre-intervention phase were on antibiotics 6% longer
(p = 0.02) and hospitalized 3% longer (p = 0.33) than members in the post-intervention
phase.

Of the 106 physicians, 20 completed the post-intervention survey, which was a re-
sponse rate of 18.8%. The majority of respondents (12 (60%)) were female and the median
age was 29.6 years old. Most respondents were practicing in the field of medicine (n = 14)
and had a median of 6 years since the completion of their highest education. Their per-
ceptions on antibiotic prescribing and knowledge were then assessed. The majority of
respondents agreed or strongly agreed that inappropriate antibiotic prescribing put patients
at risk and that AMR was a problem in the hospital where they worked. The majority
of respondents felt that they had received inadequate training in antibiotic prescribing
and that there was a need to increase the education of healthcare providers on AMR and
antimicrobial prescribing. The majority of respondents felt that the PPRF would increase
AMS without being disruptive to their work. Most respondents noted that they had
never prescribed antibiotics because a patient insisted on it or to improve relationships
with their patients. The most useful means of increasing antimicrobial prescribing edu-
cation were felt to be short written guidelines, seminars, and summary written materials
(Supplementary Tables S1–S4).

4. Discussion
4.1. PPRF Programs

This study was the first in Lebanon to examine the impact of the implementation
of an infectious disease (ID) physician-driven PPRF strategy of AMS. In the intervention
period, there was a significant reduction in DOT, type of illness treated, and types of
antimicrobials in use and an indirect decrease in the length of hospital stay. The PPRF
was noted to have many advantages. The program engaged the treating physicians with
medical discussions, promoting an opportunity for education within medical teams. It
also had a positive impact on collaborative clinical decision-making regarding antibiotic
therapy modifications or discontinuations. Studies have shown that PPRFs build trust and
rapport between treatment teams [11] with an associated decrease in DOT [12]. In addition,
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there is an opportunity for the AMS team to evaluate the barriers and enablers that can
be used to modify the ASP [13]. At this institution, the PPRF was shown to be effective
by not only decreasing the total DOT, but also by reducing the use of broad-spectrum
antimicrobials such as carbapenems and beta-lactam/beta-lactamase inhibitors. The ASP
had an indirect impact on the length of hospital stay of the patients, which was shorter in
the intervention phase after adjusting for age, sex, and the treatment indication. Given that
COVID-19 pandemic waves occurred in that time period, this could have been a bias that
was not accounted for. However, this reduced length of hospital stay as a result of the ASP
has also been noted in other studies [14].

Notably, the acceptance of the AMS team recommendations was 88%, which was
higher than in prior studies that typically noted an acceptance rate of 60–70% [11,15,16]. We
believed that the type of patients admitted (the majority was pneumonia, particularly given
the COVID-19 surge in the intervention phase) and the use of verbal feedback and discus-
sions as well as the continued stream of educational materials throughout the three phases
of the study may have had an impact on the acceptance of recommendations. Additionally,
the intervention was ID physician-led rather than pharmacist-led, as prior studies in the
Middle East have noted less acceptance from pharmacists [15]. The most frequent reason for
not accepting recommendations was the feeling of being “not convinced”, which implied
that there may be further work to be undertaken with further education on antibiotics with
teams. Importantly, it is worth noting that feeling “not convinced” may actually relate
to a need for behavioral change, with less reliance on personal knowledge or experience
and more reliance on guidelines and formal policy [16,17]. Acceptance rates in this study
were notably lower among surgical specialties, which was consistent with a prior similar
study in Nepal [9]. Management guidelines across different specialties could strengthen the
treating of the certainty of the clinical decisions of physicians, particularly when there are
unified treatment algorithms according to local epidemiology data [18]. Furthermore, the
integration of rapid diagnostic tools and the strengthening of laboratory capacities could
help clinicians in their decision-making when empirically treating complicated cases [19].

4.2. Physician Attitudes

This study took into account the attitudes toward the ASP of the treating physicians at
the study hospital. Although the number of participants in the survey was low, there was a
general consensus among the participants about perceptions and barriers toward a PPRF.
Additionally, the survey responses alerted a potential lack of confidence in knowledge
about antibiotic prescribing and issues with insufficient training. The need for regular
educational programs on prescribing has been cited in other ASPs [20]. Potential options for
educational programs could include workshops and guidelines; prescribers tend to prefer
guidelines locally developed rather than nationally developed [16]. Continued medical
education should include seminars and modules with case studies and these educational
programs should be routinely audited to ensure they can be integrated into prescriber
schedules [9]. Importantly, three participants in the survey felt that the PPRF could be
disruptive to the patient treatment. A recent study, also in Lebanon, evaluated physician
attitudes toward the core elements of an ASP and found that 34% of participants felt that
the ASP could affect physician autonomy [21]. Less restrictive stewardship programs,
including PPRFs and antibiotic rounds, are possible ways to circumvent this issue, which
may stem from cultural aspects of medicine in the region [15,22].

4.3. Impact of the Timeline on the Study

The study timeline directly coincided with COVID-19 surges that impacted on each
phase. Two-month washouts were performed due to delays from the impact of COVID-19
and the economic collapse. Due to the increased hospitalization rate of COVID-19 patients,
many were admitted to floors that were part of the intervention phase of the study and thus
included in the PPRF. Admitted COVID-19 patients were frequently empirically treated
for pneumonia, providing a unique opportunity for the AMS team to intervene, given
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prior studies that showed that although more than 90% of hospitalized COVID-19 patients
received empiric antibiotics, only 15% were documented to have a secondary bacterial
infection [23,24]. The rates were lower in other observational reports, increasing the hospital
stay from 3.2% up to 6.1% [25]. However, it was unclear whether the COVID-19 surges
in this study also led to greater antibiotic de-escalation as well as more readily acceptable
interventions from our AMS team as a result of the known (viral-etiology) pandemic.

The economic collapse of Lebanon—which began in October 2019, but has signifi-
cantly progressed since then (6)—directly impacted on the post-intervention phase of this
study. During the post-intervention phase, there was a severe shortage of many antibiotics.
Antibiotics were thus selected based on availability and not per empiric or treatment guide-
lines. This was clearly noted in our results where the use of carbapenems, cephalosporins,
aminoglycosides, and colistin were higher in the post-intervention period. During this
phase, an emphasis on the duration of therapy rather than the antibiotic agent choice was
placed within stewardship education.

4.4. Strengths and Limitations

Separate from the direct impact of the economic collapse and COVID-19, there were
other limitations to our study. Logistic challenges in place resulted in shortages of providers,
which may have affected the ease of education of the treatment teams. Additionally, we
did not take into account the severity of disease, mortality/survival benefit, or types of
multidrug-resistant organisms treated, which might have impacted on the acceptance rate
of the interventions, the type of interventions, and the type of antibiotics used. Finally, due
to delays, the study was limited to an 18-month period, making assessments of changes
to the AMR and susceptibility patterns impossible. This was also compounded by factors
outside the control of a hospital program such as outpatient antimicrobials and antibiotic
use in agricultural feeds.

A number of strengths exist in this study. First, the large number of patients recruited
helped power the study appropriately for the analysis. Furthermore, the interrupted time
series with washout periods between the phases reduced any bias that may have been
associated with recent and direct education provided by the AMS team. Finally, the inter-
ventions were made with active dialogue and constant interaction with the treatment teams.
This may have accounted for the increased acceptance of the recommendations compared
with those PPRFs that use electronic medical record alerts. Using multidisciplinary collabo-
ration and education were essential components of the ASP. Although labor-intensive, the
overall primary outcome was clear and the secondary impact on the cost analysis given the
reduction in the length of hospital stay is a potential direction for future studies.

5. Conclusions

Multifaceted approaches are needed to combat AMR across the Middle East. AMS
education and strategies, including PPRFs, are useful methods to reduce DOT.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antibiotics11050642/s1, Table S1: Physician survey responses—
basic demographics.; Table S2: Physician survey responses on perceptions, knowledge, systemic
failures and barriers, and attitudes towards a post-prescription review and feedback program (n = 20).;
Table S3: Physician survey responses on supports and rewards for antimicrobial stewardship.;
Table S4: Physician survey responses on useful means of increasing healthcare provider knowledge
about antimicrobial resistance and treatment practices.

Author Contributions: A.S.—manuscript writing and editing, project analysis. C.L.—manuscript
editing, project implementation. D.M.—concept development, project implementation. S.Y.—concept
development, project implementation. J.V.—project analysis. L.K.—grant procurement, concept
development. T.P.—grant procurement, concept development. S.J.—project analysis. M.Z.—grant
procurement, concept development, manuscript editing. M.M.—grant procurement, concept devel-
opment, manuscript writing and editing, project implementation. All authors have read and agreed
to the published version of the manuscript.

106



Antibiotics 2022, 11, 642

Funding: Funding for this project was provided by Pfizer Global Medical Grants, #56142641.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved/exempt for IRB review by Henry Ford Institutional Review Board under
quality improvement (#14732), as well as exempt/approved under quality improvement through
Notre Dame des Secours Institutional Review Board and Ethics Committee (#41735351).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Nasr, Z.; Paravattil, B.; Wilby, K.J. The impact of antimicrobial stewardship strategies on antibiotic appropriateness and prescribing

behaviours in selected countries in the Middle East: A systematic review. East. Mediterr. Health J. 2017, 23, 430–440. [CrossRef]
[PubMed]

2. Ababneh, M.A.; Nasser, S.A.; Rababa’h, A.M. A systematic review of Antimicrobial Stewardship Program implementation in
Middle Eastern countries. Int. J. Infect. Dis. 2021, 105, 746–752. [CrossRef] [PubMed]

3. Majumder, M.A.A.; Rahman, S.; Cohall, D.; Bharatha, A.; Singh, K.; Haque, M.; Gittens-St Hilaire, M. Antimicrobial stewardship:
Fighting antimicrobial resistance and protecting global public health. Infect. Drug Resist. 2020, 13, 4713–4738. [CrossRef] [PubMed]

4. Devi, S. AMR in the Middle East: “A perfect storm”. Lancet 2019, 394, 1311–1312. [CrossRef]
5. Moussa, J.; Abboud, E.; Tokajian, S. The dissemination of antimicrobial resistance determinants in surface water sources in

Lebanon. FEMS Microbiol. Ecol. 2021, 97, fiab113. [CrossRef]
6. Shallal, A.; Lahoud, C.; Zervos, M.; Matar, M. Lebanon is losing its front line. J. Glob. Health 2021, 11, 03052. [CrossRef]
7. Al Salman, J.; Al Dabal, L.; Bassetti, M.; Alfouzan, W.A.; Al Maslamani, M.; Alraddadi, B.; Elhoufi, A.; Khamis, F.; Mokkadas, E.;

Romany, I.; et al. Promoting cross-regional collaboration in antimicrobial stewardship: Findings of an infectious diseases working
group survey in Arab countries of the Middle East. J. Infect. Public Health 2021, 14, 978–984. [CrossRef]

8. Goldmann, D.A.; Weinstein, R.A.; Wenzel, R.P.; Tablan, O.C.; Duma, R.J.; Gaynes, R.P.; Schlosser, J.; Martone, W.J. Strategies to
prevent and control the emergence and spread of antimicrobial-resistant microorganisms in hospitals. A challenge to hospital
leadership. JAMA 1996, 275, 234–240. [CrossRef]

9. Joshi, R.D.; Zervos, M.; Kaljee, L.M.; Shrestha, B.; Maki, G.; Prentiss, T.; Bajracharya, D.; Karki, K.; Joshi, N.; Rai, S.M. Evaluation
of a hospital-based post-prescription review and feedback pilot in Kathmandu, Nepal. Am. J. Trop. Med. Hyg. 2019, 101, 923–928.
[CrossRef]

10. Nauriyal, V.; Rai, S.M.; Joshi, R.D.; Thapa, B.B.; Kaljee, L.; Prentiss, T.; Maki, G.; Shrestha, B.; Bajracharya, D.C.; Karki, K.; et al.
Evaluation of an antimicrobial stewardship program for wound and burn care in three hospitals in Nepal. Antibiotics 2020, 9, 914.
[CrossRef]

11. Rupali, P.; Palanikumar, P.; Shanthamurthy, D.; Peter, J.V.; Kandasamy, S.; Zacchaeus, N.G.P.; Alexander, H.; Thangavelu, P.;
Karthik, R.; Abraham, O.C.; et al. Impact of an antimicrobial stewardship intervention in India: Evaluation of post-prescription
review and feedback as a method of promoting optimal antimicrobial use in the intensive care units of a tertiary-care hospital.
Infect. Control Hosp. Epidemiol. 2019, 40, 512–519. [CrossRef]

12. Tamma, P.D.; Avdic, E.; Keenan, J.F.; Zhao, Y.; Anand, G.; Cooper, J.; Dezube, R.; Hsu, S.; Cosgrove, S.E. What is the more effective
antibiotic stewardship intervention: Preprescription authorization or postprescription review with feedback? Clin. Infect. Dis.
2017, 64, 537–543.

13. Chavada, R.; Walker, H.N.; Tong, D.; Murray, A. Changes in antimicrobial prescribing behavior after the introduction of the
antimicrobial stewardship program: A pre- and post-intervention survey. Infect. Dis. Rep. 2017, 9, 7268. [CrossRef]

14. Nault, V.; Pepin, J.; Beaudoin, M.; Perron, J.; Moutquin, J.M.; Valiquette, L. Sustained impact of a computer-assisted antimicrobial
stewardship intervention on antimicrobial use and length of stay. J. Antimicrob. Chemother. 2017, 72, 933–940. [CrossRef]

15. Haseeb, A.; Faidah, H.S.; Al-Gethamy, M.; Iqbal, M.S.; Alhifany, A.A.; Ali, M.; Almarzoky Abuhussain, S.S.; Elrggal, M.E.;
Almalki, W.H.; Alghamdi, S.; et al. Evaluation of Antimicrobial Stewardship Programs (ASPs) and their perceived level of success
at Makkah region hospitals, Kingdom of Saudi Arabia. Saudi Pharm. J. 2020, 28, 1166–1171. [CrossRef]

16. Labricciosa, F.M.; Sartelli, M.; Correia, S.; Abbo, L.M.; Severo, M.; Ansaloni, L.; Coccolini, F.; Alves, C.; Melo, R.B.; Baiocchi, G.L.;
et al. Emergency surgeons’ perceptions and attitudes towards antibiotic prescribing and resistance: A worldwide cross-sectional
survey. World J. Emerg. Surg. 2018, 13, 27. [CrossRef]

17. Charani, E.; Castro-Sanchez, E.; Holmes, A. The role of behavior change in antimicrobial stewardship. Infect. Dis. Clin. N. Am.
2014, 28, 169–175. [CrossRef]

18. Rizk, N.A.; Moghnieh, R.; Haddad, N.; Rebeiz, M.C.; Zeenny, R.M.; Hindy, J.R.; Orlando, G.; Kanj, S.S. Challenges to antimicrobial
stewardship in the countries of the Arab League: Concerns of worsening resistance during the COVID-19 pandemic and proposed
solutions. Antibiotics (Basel) 2021, 10, 1320. [CrossRef]

107



Antibiotics 2022, 11, 642

19. Mazdeyasna, H.; Nori, P.; Patel, P.; Doll, M.; Godbout, E.; Lee, K.; Noda, A.J.; Bearman, G.; Stevens, M.P. Antimicrobial
stewardship at the core of COVID-19 response efforts: Implications for sustaining and building programs. Curr. Infect. Dis. Rep.
2020, 22, 23. [CrossRef]

20. van Limburg, M.; Sinha, B.; Lo-Ten-Foe, J.R.; van Gemert-Pijnen, J.E. Evaluation of early implementations of antibiotic stewardship
program initiatives in nine Dutch hospitals. Antimicrob. Resist. Infect. Control 2014, 3, 33. [CrossRef]

21. Sayegh, N.; Hallit, S.; Hallit, R.; Saleh, N.; Zeidan, R.K. Physicians’ attitudes on the implementation of an antimicrobial
stewardship program in Lebanese hospitals. Pharm. Pract. (Granada) 2021, 19, 2192. [CrossRef]

22. Barlam, T.F.; Cosgrove, S.E.; Abbo, L.M.; MacDougall, C.; Schuetz, A.N.; Septimus, E.J.; Srinivasan, A.; Dellit, T.H.; Falck-Ytter,
Y.T.; Fishman, N.O.; et al. Implementing an Antibiotic Stewardship Program: Guidelines by the Infectious Diseases Society of
America and the Society for Healthcare Epidemiology of America. Clin. Infect. Dis. 2016, 62, e51–e77. [CrossRef]

23. Zhou, S.; Yang, Y.; Zhang, X.; Li, Z.; Liu, X.; Hu, C.; Chen, C.; Wang, D.; Peng, Z. Clinical course of 195 critically ill COVID-19
patients: A retrospective multicenter study. Shock 2020, 54, 644–651. [CrossRef]

24. Ruan, Q.; Yang, K.; Wang, W.; Jiang, L.; Song, J. Clinical predictors of mortality due to COVID-19 based on an analysis of data of
150 patients from Wuhan, China. Intensive Care Med. 2020, 46, 846–848. [CrossRef]

25. Hughes, S.; Troise, O.; Donaldson, H.; Mughal, N.; Moore, L.S.P. Bacterial and fungal coinfection among hospitalized patients with
COVID-19: A retrospective cohort study in a UK secondary-care setting. Clin. Microbiol. Infect. 2020, 26, 1395–1399. [CrossRef]

108



����������
�������

Citation: Fésüs, A.; Benkő, R.; Matuz,
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Abstract: Community-acquired pneumonia (CAP) is a leading cause of morbidity and mortality
worldwide. This retrospective observational study evaluated the antibiotic prescription patterns
and associations between guideline adherence and outcomes in patients hospitalized with CAP in
Hungary. Main outcome measures were adherence to national and international CAP guidelines
(agent choice, dose) when using empirical antibiotics, antibiotic exposure, and clinical outcomes.
Demographic and clinical characteristics of patients with CAP in the 30-day mortality and 30-day
survival groups were compared. Fisher’s exact test and t-test were applied to compare categorical
and continuous variables, respectively. Adherence to the national CAP guideline for initial empirical
therapies was 30.61% (45/147) for agent choice and 88.89% (40/45) for dose. Average duration of
antibiotic therapy for CAP was 7.13 ± 4.37 (mean ± SD) days, while average antibiotic consumption
was 11.41 ± 8.59 DDD/patient (range 1–44.5). Adherence to national guideline led to a slightly lower
30-day mortality rate than guideline non-adherence (15.56% vs. 16.67%, p > 0.05). In patients aged
≥ 85 years, 30-day mortality was 3 times higher than in those aged 65–84 years (30.43% vs. 11.11%).
A significant difference was found between 30-day non-survivors and 30-day survivors regarding the
average CRP values on admission (177.28 ± 118.94 vs. 112.88 ± 93.47 mg/L, respectively, p = 0.006)
and CCI score (5.71 ± 1.85 and 4.67 ± 1.83, p = 0.012). We found poor adherence to the national and
international CAP guidelines in terms of agent choice. In addition, high CRP values on admission
were markedly associated with higher mortality in CAP.

Keywords: community acquired pneumonia; hospitalized patients; empirical antibiotic therapy;
guideline adherence; clinical outcomes; 30-day mortality; CRP on admission; CCI score

1. Introduction

The use of antibiotics has significantly reduced bacterial infection-related morbidity
and mortality; their inappropriate use, however, has led to the emergence of antibiotic
resistance at the same time [1,2].
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The epicenter of antibiotic resistance is the hospital environment; thus, it is critical
to rationalize antibiotic use in this setting. In European acute-care hospitals, 35% of
patients receive systemic antibiotics during their stay [3]. European Centre for Disease
Prevention and Control (ECDC) point prevalence survey data showed that antibiotic use
for community acquired infections (CAIs) in Europe represented 69.9% of all antibacterial
use in acute-care hospitals [4]. In particular, more than one-third (35%) of CAIs were found
to be respiratory tract infections (RTIs) [5]. In 2016, respiratory illnesses were the third
most common cause of death in Europe, and accounted for 7.5% of all deaths, while in 2017
the corresponding number in Hungary was 6.2% [6]. Community-acquired pneumonia
(CAP) is one of the most common and potentially serious infectious diseases and is still
one of the leading causes of morbidity and mortality worldwide [7–9], imposing a heavy
economic burden on health systems even in developed countries. In European countries,
CAP was responsible for almost 30% of mortality in the category of respiratory illnesses in
2015 [10]. Although CAP is often treated in ambulatory settings, hospitalization rates range
from 30% to 60% [11]. Recent CDC data found that in the United States, 79% of all patients
with CAP were treated inappropriately in the hospital setting [12]. Inappropriateness of
hospital treatment of CAP is associated with worse therapy outcomes, longer hospital
stays, and higher cost of treatment [13–17]. The National Institute for Health and Care
Excellence and British Thoracic Society (NICE/BTS) and the American Thoracic Society
and the Infectious Diseases Society of America (ATS/IDSA) have published official clinical
CAP guidelines making recommendations for selection of initial empiric antibiotic therapy
for patients hospitalized with CAP. A national CAP guideline has also been published by
the Hungarian Professional Society of Infectious Diseases and Pulmonology.

To date, descriptions of antibiotic treatment trends for CAP have only been published
for adult outpatient care in Hungary [18]. Despite the importance and incidence of CAP, no
field studies have been performed in Hungarian hospitals to assess the initiated antibiotic
treatments.

The aim of this study was to evaluate the characteristics and outcome of antibacterial
drug use in patients admitted to hospital due to CAP. The primary aims were to evaluate
adherence to national and international antibacterial guidelines and to analyze the potential
factors associated with mortality. Secondly, we reported some basic characteristics of
antibacterial treatments used in CAP.

2. Results

In the study period, data of 1665 patients were collected, out of which data obtained
from 147 patients met the study criteria and could be included in the analysis.

2.1. Patient Characteristics and Main Outcomes

The characteristics of patients and their comorbidities are described in Table 1. A
total of 64 (43.54%) male patients hospitalized due to CAP were included in the study.
Their age at hospital admission ranged from 27 to 95 years; 118 (80.27%) patients were
aged ≥ 65 years (Table 1). Overall, 59.86% of patients had a CCI score above 4. The most
common comorbidities included cardiovascular diseases (35.37%) and diabetes mellitus
(22.45%) (Table 1). The majority of patients were discharged home (80.95%), and only a
small proportion were admitted to ICU (7.48%). The overall 30-day mortality rate was 24
(16.33%) (Table 1), comprising 15 (62.5%) in-hospital deaths and 9 (37.5%) post-discharge
deaths.
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Table 1. Demographic and clinical characteristics of patients with CAP.

Parameter
N %

147 100

Gender (Male) 64 43.54

Age

20–64 years 29 19.73

65–84 years 72 48.98

≥85 years 46 31.29

Penicillin allergy 2 1.36

CCI—Charlson comorbidity index

0 3 2.04

1 2 1.36

2 10 6.80

3 12 8.16

4 32 21.77

>4 88 59.86

Comorbidities

Cardiovascular disease 52 35.37

Diabetes mellitus 33 22.45

Chronic obstructive pulmonary disease 13 8.84

Chronic liver/kidney disease (moderate to severe) 11 7.48

Hematologic malignant diseases 8 5.44

Solid tumor

Localized 2 1.36

Metastatic 6 4.08

Peripheral vascular disease 5 3.40

Dementia 3 2.04

Peptic ulcer disease 2 1.36

Cerebrovascular accident or transient ischemic
attack 1 0.68

Discharge types

Discharged home 119 80.95

Moved to another hospital ward 2 1.36

Intensive care unit (ICU) 11 7.48

Outcome

In-hospital mortality 15 10.20

30-day mortality 24 16.33

Length of stay (LOS) (mean ± SD)-days 8.26 ± 5.64 (1–33) *
SD–standard deviation; * Data are presented as mean ± standard deviation (min–max).

2.2. Guideline Adherence

Amoxicillin–clavulanic acid was the most widely used antibiotic therapy, administered
to 29.07% of patients in monotherapy and 54.09% of patients in combination, followed by
ceftriaxone (monotherapy: 29.07%, combination: 25.59%) and moxifloxacin (monotherapy:
19.77%, combination: 16.39%) (Table 2). Guideline adherence (agent choice) rates to national,
BTS/NICE, and ATS/IDSA CAP guidelines are presented in Table 3. Initial empirical
therapies for CAP showed a relatively low rate of guideline adherence: 30.61% for national,
22.45% for BTS/NICE, and 15.65% for ATS/IDSA CAP guidelines. The rate of adherence to
at least one guideline was 34.69% (Table 3).
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Table 2. The distribution of first empirical antibiotic therapies (mono- and combination therapies).

Antibiotics Frequency (N) %
Guideline
Adherence

National BTS/NICE/NICE ATS/IDSA

Monotherapies (N = 86; 100%)

Amoxicillin-clavulanic acid 25 29.07

Ceftriaxone 25 29.07

Moxifloxacin 17 19.77 X X
Levofloxacin 6 6.98 X X X
Clarithromycin 5 5.81 X
Meropenem 4 4.65

Amoxicillin 1 1.16 X
Doxycycline 1 1.16 X
Metronidazole 1 1.16

Norfloxacin 1 1.16

Combination therapies (N = 61; 100%)

amoxicillin-clavulanic acid +
clarithromycin 23 37.70 X X

moxifloxacin + metronidazole 7 11.48

ceftriaxone + metronidazole 6 9.84

amoxicillin-clavulanic acid +
metronidazole 5 8.20

amoxicillin-clavulanic acid +
clarithromycin
+ metronidazole

3 4.92

ceftriaxone + clarithromycin 2 3.28 X X
ceftriaxone + metronidazole +
clarithromycin 2 3.28

ceftriaxone + sulphamethoxazole and
trimethoprim 2 3.28

amoxicillin-clavulanic acid +
clarithromycin
+ amikacin

1 1.64

amoxicillin-clavulanic acid +
flucloxacillin 1 1.64

ceftriaxone + metronidazole +
sulphamethoxazole and trimethoprim 1 1.64

ceftriaxone + moxifloxacin 1 1.64 X
levofloxacin + metronidazole 1 1.64

meropenem + metronidazole 1 1.64

moxifloxacin + flucloxacillin 1 1.64

moxifloxacin + metronidazole +
ceftriaxone 1 1.64

piperacillin/tazobactame + amikacin 1 1.64

piperacillin/tazobactame +
metronidazole 1 1.64

meropenem + vancomycin 1 1.64

ATS/IDSA—American Thoracic Society/Infectious Diseases Society of America; BTS/NICE—British Thoracic
Society/National Institute for Health and Care Excellence; X—guideline adherence.
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Table 3. Characteristics of antibiotic therapies.

Parameters
N %

147 100

Adherence to the national guideline (agent choice) 45 30.61

Adherence to BTS/NICE guideline (agent choice) 33 22.45

Adherence to ATS/IDSA guideline (agent choice) 23 15.65

Adherence to at least one guideline (agent choice) 51 34.69

Type of the first antibiotic therapy

Combination therapies 61 41.50

Monotherapies 86 58.50

Most common therapies

beta-lactams and macrolide 25 17.01

beta-lactams 51 34.69

respiratory fluoroquinolones 23 15.65

Route of administration of the first antibiotic therapy

iv 93 63.27

oral 54 36.73

Duration of total antibiotic therapies

short therapy (1–6 days) 120 81.63

long therapy (≥ 7 days) 27 18.37

Number of consecutive antibiotic therapies

1 85 57.8

>1 (2–4) 62 42.2

Changes in the first empirical therapy

Sequential antibiotic therapy* 14 9.52

De-escalation 6 4.08

Escalation 42 28.57

No change 85 57.8
BTS/NICE—British Thoracic Society/National Institute for Health and Care Excellence; ATS/IDSA—American
Thoracic Society/Infectious Diseases Society of America; iv—intravenously; * switch from an IV to oral regimen.

Dosage appropriateness assessments are shown in Table 4. In line with the previous
section, the highest guideline adherence (agent, dose) rate was found in relation to the
national guideline (40/45, 88.89%), followed by ATS/IDSA (18/23, 78.26%) and BTS/NICE
(24/33, 72.73%) CAP guidelines.

2.3. Antibiotic Therapy for CAP

The characteristics of first antibiotic therapies and key outcomes are described in
Table 3. The majority of treatments (58.50%) were monotherapies; 93 (63.27%) patients
received the first antibacterial therapy IV (intravenously), and 14 of them (15.05%) were
switched to oral route within 1–5 (median 3.5) days.

The average duration of antibiotic therapy for CAP was 7.13 ± 4.37 days (median
6, range 1–27), while the average antibiotic consumption was 11.41 ± 8.59 DDD/patient
(range 1–44.5). The majority of patients (81.63%) received short-term (1–6 days) antibiotic
therapy. In the majority of cases, there was no change in the first empirical therapy
(85/147, 57.8%). However, changes occurred due to sequential antibiotic therapy (9.52%),
de-escalation (4.08%), and escalation (28.57%) (Table 3). A significant difference was found
in the 30-day mortality rate between these types of antibiotic therapies (no change: 12.94%,
sequential antibiotic therapy: 0%, de-escalation: 0%, and escalation: 30.95%, p = 0.046).
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Table 4. Guideline adherence, N = 147 patients.

Adherence Frequency %

AB1-National CAP guideline adherence 45 100

appropriate use 40 88.89

overdose (compared to SPC, due to lack of
guideline recommended dose) 4 8.89

underdose (due to body weight) 1 2.22

AB1-BTS/NICE CAP guideline adherence 33 100

appropriate use 24 72.73

underdose (compared to guideline) 4 12.12

overdose (in case of low levels of eGFR) 4 12.12

debatable use (absence of loading dose) 1 3.03

AB1-ATS/IDSA CAP guideline adherence 23 100

appropriate use 18 78.26

underdose (compared to guideline) 3 13.04

overdose (in case of low levels of eGFR) 2 8.70
AB1—first empirical antibiotic treatment; CAP—community acquired pneumonia; SPC—summary of product
characteristics; BTS/NICE—British Thoracic Society/National Institute for Health and Care Excellence; eGFR—
estimated glomerular filtration rate; ATS/IDSA—American Thoracic Society/Infectious Diseases Society of
America.

2.4. Clinical Outcomes: LOS, 30-Day Mortality

In our study, the mean LOS was 8.26 ± 5.64 (range 1–33) days (Table 1). Adherence
to the national guideline led to a slightly lower 30-day mortality rate than guideline non-
adherence (15.56% vs. 16.67%, p > 0.05), while this difference was more pronounced in
the case of international guidelines (BTS/NICE: 21.21% vs. 14.91%, and ATS/IDSA: 21.74
vs. 15.32%, p > 0.05) (Table 3). Furthermore, we found that the 30-day mortality rate
for the different types of therapies was as follows: 8% for combination of beta-lactam
and macrolide, 19.61% for beta-lactam monotherapies, and 21.77% for respiratory fluoro-
quinolone monotherapies (p > 0.05).

2.5. Prognostic Factors for Mortality in CAP

The demographic and clinical characteristics of 30-day survivors (123/147, 83.67%)
and non-survivors are compared in Table 5.

We observed a significant difference in the 30-day mortality of CAP between age
groups. The 30-day mortality rate increased proportionally with age: it was 6.90% (2/29)
among patients aged 20–64 years, 11.11% (8/72) in patients aged 65–84 years, and reached
30.43% (14/46) in the 85+ age group (Table 5).

The CCI score of patients in the 30-day non-survivor group was higher by one point
on average (5.71 ± 1.85 vs. 4.67 ± 1.83, p = 0.012) (Table 5).

In terms of C-reactive protein (CRP) levels at admission, a remarkable difference was
found between the two patient groups (30-day non-survivor: 177.28 ± 118.94 vs. 30-day
survivor: 112.88 ± 93.47 mg/L, p = 0.006) (Table 5).

Thirty-day mortality was not associated with significantly longer LOS (9.54 ± 8.45
vs. 8.01 ± 4.93 days, p = 0.668), higher antibiotic exposure (8.25 vs. 7.98 DDD/patient, p =
0.21), or longer duration of antibiotic therapy (8.20 ± 7.03 vs. 6.92 ± 3.64 days, p = 0.187).
Similarly, we found a median 1-day difference between 30-day survivors and non-survivors
in the duration of antibiotic therapies (6 vs. 7 days, respectively), and length of stay (7 vs. 8
days, respectively).
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Table 5. Comparison of baseline and clinical characteristics of 30-day non-survivors and survivors
among patients with CAP.

30-Day Survival

Non-
Survivors Survivors p-Value

Total 24 (16.33%) 123 (83.67%) -

Gender
male 9 (14.06%) 55 (85.94%)

0.654
female 15 (18.07%) 68 (81.93%)

Age (years)

mean ± SD 81.57 ± 10.77 75.12 ± 13.43 0.028

20–64 2 (6.90%) 27 (93.1%)
-

65–84 8 (11.11%) 64 (88.89%)

85+ 14 (30.43%) 32 (69.57%)

CCI score mean ± SD 5.71 ± 1.85 4.67 ± 1.83 0.012

Diabetes mellitus
yes 7 (21.21%) 26 (78.79%)

0.425
no 17 (14.91%) 97 (85.09%)

Leukemia
yes 5 (13.89%) 31 (86.11%)

0.798
no 19 (17.12%) 92 (82.88%)

Chronic kidney disease
yes 4 (57.14%) 3 (42.86%)

0.014
no 20 (14.29%) 120 (85.71%)

Congestive heart failure
yes 6 (12.77%) 41 (87.23%)

0.482
no 18 (18%) 82 (82%)

Type of therapy
combination 6 (9.84%) 55 (90.16%)

0.112
monotherapy 18 (20.93%) 68 (79.07%)

National CAP guideline
adherence

adherent 7 (15.56%) 38 (84.44%)
1.000

non-adherent 17 (16.67%) 85 (83.33%)

BTS/NICE CAP guideline
adherence

adherent 7 (21.21%) 26 (78.79%)
0.425

non-adherent 17 (14.91%) 97 (85.09%)

ATS/IDSA CAP guideline
adherence

adherent 5 (21.74%) 18 (78.26%)
0.538

non-adherent 19 (15.32%) 105 (84.68%)

CRP (mg/L) at admission

mean ± SD 177.28 ±
118.94

112.88 ±
93.47 0.006

high levels
(8<) 20 (16.67%) 101 (83.47%)

0.449

normal levels
(0–8) 1 (8.33%) 10 (90.91%)

NA 3 (20%) 12 (80%) -
SD—standard deviation; CCI—Charlson comorbidity index; CAP—community acquired pneumonia; BTS/NICE-
British Thoracic Society/National Institute for Health and Care Excellence; ATS/IDSA—American Thoracic
Society/Infectious Diseases Society of America; CRP—C-reactive protein; NA—not available. p-value: Fisher’s
exact test was performed for categorical variables, and t-test was used to compare continuous variables between
groups.

The results of logistic regression analysis are displayed in Table 6. Out of the three
factors (increased age, higher CCI score, and higher CRP level) that were associated with
higher mortality in the univariate analysis, only the CRP level on admission was found to
increase the risk of mortality. Each additional increase of 50 mg/L in the CRP level seen
on admission increased the 30-day mortality odds 1.3-fold, indicating that the degree of
inflammation affects mortality.
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Table 6. CCI scores and CRP levels on admission in non-surviving and surviving patients’ groups
with odds ratio.

B S.E. p-Value OR
95% CI for OR

Lower Upper

Age
(years) 0.058 0.032 0.072 1.059 0.995 1.128

CCI score 0.203 0.155 0.191 1.2259 0.904 1.659

CRP 9
category * 0.289 0.125 0.020 1.3362 1.046 1.705

Constant −8.562 2.675 0.001 0.000
B—regression coefficient; S.E.—standard error; OR—odds ratio; CI—confidence interval; CCI—Charlson comor-
bidity index; CRP—C-reactive protein; * CRP 9 categories: 1: 0–8 (mg/L); 2: 8–50 (mg/L); 3: 50–100 (mg/L);
4: 100–150 (mg/L); 5: 150–200 (mg/L); 6: 200–250 (mg/L); 7: 250–300 (mg/L); 8: 300–350 (mg/L); 9: above
350 (mg/L).

3. Discussion

Even though CAP is one of the most common acute infections, ours is the first field
study in Hungary that has been conducted regarding the evaluation of antibiotic prescrip-
tion patterns, associations between guideline adherence and outcomes in patients with
CAP who required hospitalization.

3.1. CAP Guidelines

Based on ATS/IDSA and BTS/NICE CAP guidelines, combinations of beta-lactams
and macrolides, or respiratory fluoroquinolones (RFQs) are recommended as first choice
agents to treat empirically moderate-severe (hospitalized in non-ICU ward) CAP [19,20].

The Hungarian guideline for patients hospitalized with CAP is similar to international
guidelines in terms of agent selection [21]. This guideline recommends the use of respiratory
fluoroquinolones (moxifloxacin or levofloxacin) as monotherapy or the combination of
beta-lactam (amoxicillin clavulanic acid or ceftriaxone) and clarithromycin to cover both
typical (e.g., Streptococcus pneumoniae, Haemophilus influenzae, Staphylococcus aureus, Group
A streptococci, Moraxella catarrhalis) and atypical pathogens (e.g., Legionella, Mycoplasma
pneumoniae, Chlamydia pneumoniae) responsible for CAP.

3.1.1. Guideline Adherence: Agent Selection

Among the patients hospitalized with CAP investigated in the present study, the rate
of national guideline adherence for antibiotic selection was 30.61% (N = 45). The most
common guideline adherent empirical treatment for CAP was amoxicillin-clavulanic acid
combined with clarithromycin, or moxifloxacin or levofloxacin as monotherapy (23, 47.92%
in both cases), followed by ceftriaxone combined with clarithromycin (2, 4.16%). In 2017,
national surveillance data for antibiotic resistance in hospitalized patients still reported
relatively high susceptibility rates for the antibacterial agents used against S. pneumonia
(98.5% to ceftriaxone, 96.3% to levofloxacin, 96.2% to moxifloxacin 93.8% to ampicillin,
and 74.7% to macrolides). Additionally, amoxicillin clavulanic acid showed potent activity
(94.4%) against H. influenza strains [22].

Guideline adherent empirical antibiotic use in CAP is quite varied in the related litera-
ture. Three studies evaluating patients hospitalized with CAP found guideline adherent
antibiotic therapy in 57%, 57%, and 65% of the cases [16,17,23]; these rates were higher
compared to our results. At the same time, an Italian multicenter before-and-after guideline
implementation survey found that guideline adherent antibiotic prescribing increased
significantly (33 vs. 44 %; p < 0.001) [24] compared to a poor initial guideline adherence,
similar to our results. The low guideline adherence found in our study may be explained by
the fact that although there was a Hungarian guideline, its dissemination and accessibility
were not adequate; consequently, it had not been integrated in daily practice.
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3.1.2. Guideline Adherence: Dosing

Even though we found high adherence to the national guideline in terms of dosing
(88.89%), over- and underdosing still affected relatively high proportions of patients (8.89%
and 2.22%, respectively). Overdosing occurred most commonly in renal impairment, when
dose adjustment would have been required for amoxicillin-clavulanic acid, clarithromycin,
and moxifloxacin. The other common error occurred mostly due to routine underdosing of
levofloxacin and clarithromycin, or not taking into account patients’ extreme body weights
(Appendix A: Table A1).

3.2. Changes in the First Empirical Therapy

Considering the route of administration, the majority of patients (63.27%) received
IV initial antibacterial therapy for CAP. At the same time, switching from an IV to oral
regimen (in 9.52% of the cases) was performed within 1–5 (median 3.5) days. These results
are mostly supported by the national and international guidelines, according to which
the empirical antibiotic treatment in patients hospitalized with CAP can be initiated via
any route, but using antibiotics exclusively intravenously is only recommended when the
oral route is compromised. The review of intravenous antibiotics after 48 h of use and
switching to oral antibiotics are recommended, if possible, when either the same agent or
the same drug class should be used [19,20]. According to the ATS/IDSA guideline, patients
hospitalized with CAP should be switched from intravenous to oral therapy when they are
hemodynamically stable, showing signs of clinical improvement (within the first 48–72 h),
are able to ingest medications, and have a normally functioning gastrointestinal tract [25].
At the same time, according to a multicenter randomized clinical trial performed in four
teaching hospitals in Spain, the switch from intravenous to oral regimen is not currently
common in clinical practice [26].

In addition, more antibiotic therapy needed further escalation (28.57%), while changes
in the first empirical therapy due to de-escalation (4.08%) occurred at relatively low rates.

The guidelines for CAP stress the importance of de-escalation of empirical antibiotic
therapy, recommending the stricter use of broad-spectrum antibiotics [19,20]. Although
appropriate dosage and de-escalation are important in optimizing antibiotic use and re-
ducing antibiotic resistance, studies dealing with antibiotic dosing in CAP treatments are
rare. A cross-sectional study in Australian patients hospitalized with CAP found that the
most common errors in high-risk CAP were inappropriate dose, route, and duration, which
affected 69% (N = 27) of patients. Routine underdosing of ceftriaxone was the most frequent
(N = 17, 44%), while 54% of patients were prescribed antibiotics to administer via a route
not recommended on the basis of CAP severity [27]. According to a multicenter study in
the Netherlands, where de-escalation occurred in 16.7% of the patients hospitalized with
CAP, physicians seem to be more inclined to continue the regimen when it appears to be
effective [28].

3.3. Duration of Antibiotic Therapy

Our results are in line with the requirements of international guidelines [19,20]: most
of our patients (81.63%) receive short antibiotic therapy (1–6 days), while the median
duration of antibiotic therapies for CAP was 6 days (range 1–27).

The optimal duration of antimicrobial therapy in CAP is not well-established. Al-
though the national CAP guideline for in-patients does not cover the duration of antibiotic
treatment, according to the ATS/IDSA guideline, patients hospitalized with CAP should
be treated for a minimum of 5 days [25]. Additionally, in inpatient settings, a small num-
ber of studies have addressed the appropriate duration of antibiotic therapy in CAP. A
recent meta-analysis of patients hospitalized with CAP demonstrated the efficacy of shorter
courses of antibiotic therapy (of 5 to 7 days) [29]. Despite recommendations, a recent
international audit found that prolonged antibiotic therapy for CAP was common and
frequently observed due to the presence of comorbidities [30].
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3.4. Clinical Outcomes: 30-Day Mortality

Regarding clinical outcomes, in the present study we found that guideline adherence
to national recommendations was associated with slightly lower 30-day mortality than
guideline non-adherence (15.56% vs. 16.67%, p > 0.05). Furthermore, studies showed that
both in Europe and the United States, guideline adherence in patients hospitalized with
CAP was associated with lower 30-day mortality [13–15]. Nevertheless, another multicenter
cross-sectional study reported that no significant difference was found between guideline
adherent and non-adherent antibiotic prescribing episodes and inpatient mortality (1.6%
vs. 4.1%; p = 0.18) [31].

Several studies have focused on the relation between mono- or combination therapies
and clinical outcomes [32,33]. The results of a multicenter study in patients admitted to
non-ICU wards with CAP have shown clinical outcomes, recovery rate and mortality to be
unaffected by the choice of a beta-lactam, beta-lactam and macrolide, or respiratory fluoro-
quinolone antibiotic regimen [32]. According to a systematic review on antibiotic therapy
for non-ICU hospitalized patients with CAP, fluoroquinolone monotherapy had similar
efficacy and favorable safety compared to beta-lactam with or without macrolide [34];
however, the authors pointed out several quality issues and recommended further good
quality research to confirm these findings [34].

In the present study, we found a slightly better mortality rate in CAP hospitalized
patients with the combination of beta-lactam and macrolide, compared with beta-lactam
or respiratory fluoroquinolone monotherapies (8% vs. 19.61% and 21.77%, respectively,
p > 0.05).

Further, changes in the first empirical therapy due to de-escalation (4.08%) and switch-
ing from intravenous to oral regimen (9.52%) occurred relatively infrequently, and were
not associated with increased 30-day mortality rates (0% for both). Admittedly, we con-
ducted the survey on a relatively small number of cases. A simulation study embedded
in a prospective cohort (performed in 58 hospitals) found that 30-day mortality in pa-
tients hospitalized with CAP was 3.5% and 10.9% in the de-escalation and continuation
groups, respectively. At the same time, the simulation study also suggested that the ef-
fect of de-escalation on mortality needs further evaluation to determine effect size more
accurately [28].

Regarding the duration of antibiotic therapy, we found no difference in mortality rates
between short- and long-term therapies (16.67% vs. 14.81%, p>0.05), which may suggest
that short antibiotic therapy can be as effective as long antibiotic therapy. A previous
meta-analysis of five randomized trials (which included patients of all ages, excluded
neonates, and any severity of CAP) found no differences in clinical outcome and mortality
rates comparing short (1–6 days) versus long (≥7 days) antibacterial therapies [35]. Our
results support these finding by showing similar mortality rates for both short and long
antibiotic durations.

3.5. Prognostic Factors for Mortality Due to CAP

Previous research found that increased age, male gender, increased CRP, and comor-
bid conditions (mainly malignancy, congestive heart failure, diabetes mellitus, and renal
disease) act as predictive factors for mortality in patients hospitalized with CAP [36–38].

As for age, our results show that 30-day mortality in patients aged ≥ 85 years was
3-fold compared with those aged 65–84 years (30.43% vs. 11.11%). Studies found that age
≥ 85 years was an independent predictive factor for mortality in CAP, increasing the risk
of death significantly [36,37]. According to Torner et al., age ≥ 85 years was markedly
associated with mortality in CAP, since the 30-day mortality rate was 2.6 times higher in
this age group compared with patients aged between 65 and 84 years [39]. Moreover, Luna
et al. concluded that an age of 80 years or more should already be considered a risk factor
for poor outcome in CAP [40].

Furthermore, a temporal analysis of pneumonia (excluding influenza-related pneu-
monia, aspirational pneumonia, and congenital pneumonia) mortality rates in European
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countries between 2001 and 2014 revealed gender discrepancy: mortality was higher in
males than in females [41]. Regarding Hungary, a mortality rate of 7.46% in males and
3.72% in females was reported [41]. Surprisingly, the mortality rate in the present study
was higher among females than males (18.07 vs. 14.06%). However, this difference is
not clinically significant. Even though in the study population there were more females
(56.46%) than males, we cannot give an obvious explanation for these mortality rates, since
CCI and CRP did not differ across genders.

The other commonly studied prognostic factor for CAP mortality is CRP level. The
CRP test is the most widely used serum biomarker in the differential diagnosis (viral or
bacterial etiology) of lower respiratory tract infections. Due to bacterial infection, CRP
levels rise within the first 6 to 8 h in response to several inflammatory stimuli.

Several studies evaluated the relationship between C-reactive protein serum level
and outcomes of CAP. Mendez et al. and Summah et al. concluded that CRP values
increase in line with the severity of CAP, and can be used as an independent prognostic
predictor of the severity of CAP, for the follow-up of patients’ condition, for response to
antibiotic therapy, and CAP clinical outcome [42–45]. Moreover, CRP level may guide CAP
empirical treatment decisions and help avoid unnecessary antibiotic use in hospitalized
patients [46,47]. A recent study conducted in a Scottish hospital demonstrated that a CRP
level below 100 mg/L on admission was significantly associated with reduced 30-day
mortality (OR 0.18, p = 0.03) [48]. In a Danish teaching hospital, the highest mortality risk
was found in patients with CRP > 75 mg/L on admission [49]. Results of the present study
are consistent with these previous findings, as we recorded significantly higher average
CRP values on admission in the group of patients who died within 30 days compared to
30-day survivors (177.28 ± 118.94 vs. 112.88 ± 93.47 mg/L, p = 0.006).

Regarding comorbid conditions, we found that CCI scores differed significantly be-
tween the 30-day non-surviving and 30-day surviving patients (5.71 ± 1.85 and 4.67 ± 1.83,
p = 0.012). A higher CCI score due to the presence of comorbidities was associated with
higher mortality rates (CCI score 0–4: 11.86%, CCI score 5–10: 19.32%) in CAP, similar to
other literature data. A secondary analysis of CAP performed by Luna et al. found that the
presence of comorbidities was associated with poorer outcomes [40].

3.6. Strengths and Limitations

The collected data provide detailed, first-hand observations on the everyday use of
antibiotics in the empirical treatment of CAP in internal medicine hospitals. However,
retrospective data collection from medical records might contain inaccuracies and potential
biases.

One of the most important limitations of this study was that no clinical case definition
of CAP was given or standardized at hospital level. However, the diagnosis of pneumonia
was confirmed in every case by chest radiography. The second limitation was the lack of
knowledge of pneumonia severity score (PSI score), since not all elements of the score were
retrievable from medical records. Furthermore, there were no set hospital standard guide-
lines for the empirical antibiotic treatment of CAP. Therefore, national and international
guidelines were used for assessing antibiotic use. Third, we also consider it likely that
de-escalation (prescribing an oral antibiotic) occurred after discharge. However, no data
were collected on de-escalation after discharge.

In conclusion, this study provides further evidence that guideline adherence in choos-
ing the empirical antibiotic improves survival, and thus contributes to improvement of
acceptance of antimicrobial stewardship. The results also draw attention to the need for
improvement of empirical prescribing by limiting unnecessary combinations and by opti-
mizing doses, especially in the cases of patients with higher CRP, In our country, there are
few studies that explore those important healthcare practices at the individual patient level
that may lead to the development of antimicrobial resistance. We believe that our results
may contribute to optimizing CAP treatment in the future.
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4. Materials and Methods
4.1. Study Design and Setting

A 1-year (January–December 2017) retrospective observational study was conducted
at the 110-bed internal medicine unit of the University of Debrecen, which is a tertiary care
teaching hospital.

4.2. Data Collection

Data for all inpatients receiving antibacterial therapy during the hospital stay were
recorded by the ward pharmacist. All patient and therapy related data were collected
manually from medication charts and discharge letters using the e-MedSolution Hospital
Information System. Data collection forms were developed and the following data were
extracted: patient age, sex, weight, date of hospital admission and discharge, comorbidities,
discharge type. Clinical outcome (30-day mortality) and laboratory test results on the day of
admission (white blood cell count, CRP, eGFR—estimated glomerular filtration rate) were
also collected. In relation to the antibacterial therapy, the following data were collected:
pre-hospital antibiotic therapy, drug allergy, indication of antibiotic treatment, empirical
antibiotic choice, dosage, route of administration, and duration of antibacterial therapy
during hospital stay. The extracted data were entered into Microsoft Excel spreadsheets for
further analysis.

Only adult (18 years or above) patients who started their first empirical antibacte-
rial therapy for community acquired pneumonia were included in the study. Empirical
treatment was defined as antibacterial therapy without pathogen identification and suscep-
tibility testing. Inclusion and exclusion criteria for the study are shown in Figure 1.

Patients’ general condition was evaluated using the Charlson comorbidity index
(CCI) [50]. eGFR on admission was used to assess dose appropriateness for drugs excreted
renally. To reveal the antibiotic exposure of patients, the World Health Organization’s
ATC/DDD index (version 2021) was applied. Defined daily dose (DDD) refers to the
assumed average maintenance dose per day for a drug used for its main indication in
adults. Regarding antibiotics, DDD refers to infections of moderate severity [51]. Our
analysis focused on systemic antibacterial drugs (ATC: J01). LOS refers to the number of
days that patients spent in hospital. Both the admission and discharge day were counted
as a separate day.

4.3. Main Outcome Measures

The primary outcome measure was guideline adherence to the national (published by
Hungarian Professional College of Infectious Diseases and Pulmonology) and two inter-
national (ATS/IDSA-American Thoracic Society/Infectious Diseases Society of America,
BTS/NICE-British Thoracic Society/National Institute for Health and Care Excellence) CAP
guidelines, in terms of choice of empirical antibiotic(s) and dosing. Therefore, empirical
treatment was considered guideline adherent when complying with the recommendations.
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Secondary outcome measures included antibiotic exposure (DDD/patient), and clinical
outcome (30-day mortality rate).

Furthermore, demographic (age, gender) and clinical characteristics (CCI, CRP) of
patients with CAP in the 30-day mortality and 30-day survivor groups were compared.

Assessment for guideline adherence was performed separately for each guideline as
follows:

Choice assessment: The first empiric antibiotic therapy initiated for patients hospitalized
with CAP was matched with guideline recommendations on antibiotic choice, and classified
as adherent or non-adherent. Combined therapy was considered guideline adherent when
all antibacterial agents of the combination were adherent. Non-immunocompetent patients
(malignancy) were excluded from guideline adherence analysis, as the guidelines did not
cover this special population.

Dosage assessment: The dose of the first guideline adherent empiric antibiotic therapy
was established on the basis of the guidelines mentioned above, and defined as follows:

- appropriate dose: dose recommended by guidelines, administration of loading dose
when recommended, and dose adjustment in renal impairment.

- debatable dose: under- or overdose by <50% compared to the dose recommended by
guidelines, and/or absence of loading dose.

- under-or overdose: under- or overdose by ≥50% compared to the dose recommended
by guidelines, and/or no dose adjustment in renal impairment and in extremes for
body weight.

In cases of extreme body weight (<40 and >100 kg) and impaired renal function,
the summary of product characteristics (SPC) was also considered, as it gives a detailed
description about how to take into account body weight and eGFR in dose calculation.
Dosing assessment was not performed for therapies considered as non-adherent regarding
the antibiotic choice.
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Changes in the first antibacterial treatment (sequential therapy: switch from an IV to
oral regimen, de-escalation or escalation) were also assessed. Narrowing spectrum was
considered de-escalation, while adding a new antibiotic or switching to a broader-spectrum
agent was defined as escalation of the antibiotic regimen.

Clinical outcome assessment: The clinical outcome assessment was performed to see
whether adherence to CAP guidelines improved 30-day mortality, and to map the predictive
factors for mortality in patients hospitalized with CAP.

4.4. Statistical Analyses

Quantile–quantile plots (Q–Q plots) and density plots were used for checking normal-
ity of data visually. Fisher’s exact test was applied to compare categorical variables, and
t-test was used to compare continuous variables between groups. Significant p values were
defined as below 0.05.

Patients were anonymized, thus made unidentifiable in the study.

5. Conclusions

We found poor adherence to the national and international CAP guidelines in terms of
agent choice. In addition, CRP value on admission was markedly associated with mortality
in CAP.
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Appendix A

Table A1. Dosage assessment parameters.

Agent Appropriate (Recommended) Dose Recommended Dose
Adjustment by SPC

Debatable
Dose

Underdose/
Overdose

National CAP
Guideline 1

BTS/NICE
CAP

Guideline 2

ATS/IDSA
CAP

Guideline 2

eGFR
(mL/min)

Body Weight
(kg)

amoxicillin
500 mg orally

q8hr
or 1g iv3 q8hr

<10 <50 kg

<50% deviation
from the

recommended
dose and/or
absence of

loading dose

≥50%
deviation from

the
recommended
dose and/or

no dose
adjustment in

renal
impairment

and in
extremes 4 for
body weight

amoxicillin-
clavulanic

acid

500/125 mg or
1/0.25 g q8hr
60/15 mg/kg

of body
weight/day

500/125mg
orally q8hr

or 1/0.25g iv 3

q8hr

<10 <50 kg

clarithromycin 500 mg q12hr 500 mg orally
or iv 3 q12hr

500 mg orally
or iv3 q12hr <30 -

ceftriaxone
1–2 g iv daily
50–80 mg/kg

of body weight
1–2 g iv daily <30 <40 kg

moxifloxacin 400 mg daily 400 mg orally
or iv 3 daily <30 -

levofloxacin 500 mg or 1 g
daily

500 mg orally
or iv 3 q12hr

750 mg orally
or iv3 daily ≤50 -

doxycycline
200 mg on first
day, then 100

mg daily orally
<50 kg

CAP—community acquired pneumonia; BTS/NICE—British Thoracic Society/National Institute for Health
and Care Excellence; ATS/IDSA—Infectious Diseases Society of America/American Thoracic Society; eGFR—
estimated glomerular filtration rate; q8hr—every 8 h; iv—intravenous; q12hr—every 12hours; 1 based on SPC—
summary of product characteristics; 2 first-line antibiotic is recommended to give orally when the patient can take
oral medicines, and the severity of their condition does not require intravenous antibiotics; antibiotic treatment
should be stopped after a total of 5 days unless there is a case of clinical instability; 3 review intravenous antibiotics
by 48 h and consider switching to oral antibiotics if possible; 4 extreme body weight: low body weight defined by
SPC, and extreme overweight ≥ 100 kg.
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