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Summary 

Introduction: Antimicrobial resistance (AMR) is one of the most important public health 

problems worldwide. The misuse and overuse of antimicrobials, mainly antibiotics, is one of 

the main drivers of the AMR. Greece is among the countries characterized by high rate of 

multidrug-resistant organisms (MDROs) in the community and the hospital sector, and by 

increased use of broad-spectrum antibiotics, including carbapenems. The aim of this 

dissertation was to evaluate the impact of a carbapenem-focused antimicrobial stewardship 

program (ASP) for adult patients in a Greek academic hospital on the quality of antimicrobial 

prescribing, the overall consumption of last-line antibiotics with activity against Gram-

negative bacteria, patient outcomes, and on the behavior of the treating physicians regarding 

the management of infections caused by MDROs. 

Methods: This dissertation included three different studies conducted in the University 

Hospital of Heraklion, in Greece.  A carbapenem-focused ASP was implemented between 1st 

of January 2020 and 31st of December 2020 in all adult wards of the hospital. A repeated point 

prevalence survey (PPS) was performed among all adult inpatients before and after 

implementing the ASP to assess its impact on the quality of antimicrobial prescribing. 

Furthermore, a quasi-experimental, before–after cohort study was undertaken, comparing 

the 12-month pre-intervention period with the 12-month intervention period regarding the 

consumption of broad-spectrum antibiotics with activity against Gram-negative bacteria and 

patient outcomes. Finally, a cross-sectional study was conducted among all resident and 

specialist doctors of our hospital’s adult wards to evaluate the impact of this carbapenem-

focused ASP on their perceptions, attitudes, and practices towards the management of 

infections caused by difficult-to-treat bacteria. 
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Results: The repeated PPS showed a statistically significant improvement in several quality 

indicators (QIs) related to antimicrobial prescribing after the implementation of the ASP. 

Specifically, the rate of documentation in patient files of the reason and of the stop/review 

date of antimicrobial administration was significantly higher (p < 0.001) in the second PPS, 

while full compliance to national or international treatment guidelines was also significantly 

increased from 61.8% to 73.6% (p = 0.003). The quasi-experimental cohort study 

demonstrated a statistically significant decrease of −4.9 Define Daily Doses (DDD)/100 

patient-days (PD) (95% CI −7.3 to −2.6; P = 0.007) in carbapenem use and a statistically 

significant increase only in the use of piperacillin/tazobactam [+2.1 DDD/100 PD (95% CI 1.0–

3.3; P = 0.010)], while the consumption of ceftolozane/tazobactam, ceftazidime/avibactam, 

tigecycline, and colistin had no statistically significant shifts. Thirty-day mortality following 

initiation of carbapenem treatment and all-cause in-hospital mortality remained unaltered 

after ASP implementation. In contrast, the length of hospital stay increased (median 17.0 

versus 19.0 days; P < 0.001), while the risk of infection related readmission within 30 days of 

hospital discharge decreased (24.6% versus 16.8%; P = 0.007). Importantly, in the post-

implementation period, acceptance of the ASP intervention by the treating physicians was 

associated with lower daily hazard of in hospital death [cause-specific HR (csHR) 0.49; 95% CI 

0.30–0.80], lower odds of 30-day mortality (OR 0.36; 95% CI 0.18–0.70) and higher rate of 

treatment success (csHR 2.45; 95% CI 1.59–3.77). Regarding the impact of the stewardship 

intervention on the behavior of our hospital’s doctors when managing infections caused by 

MDROs, ASP implementation prompted most of them to monitor the continuously evolving 

microbiological data of their patients more closely. It also shifted them towards a 

multidisciplinary and personalized care of patients with infections caused by MDROs and 

towards a more rigorous implementation of infection prevention and control (IPC) measures. 
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The vast majority of our colleagues (98.5%) wanted the ASP to be continued and further 

developed, even though at that time they were under the pressure of the COVID-19 

pandemic. 

Conclusions: This dissertation demonstrated the favorable effect of a carbapenem-focused 

ASP on the use of last-line antimicrobials with activity against Gram-negative MDROs on the 

overall quality of antimicrobial prescribing, even during the COVID-19 pandemic. Notably, the 

intervention described here was correlated with improved patient outcomes. Finally, the 

implementation of the ASP in our hospital had a positive impact on doctors’ perceptions, 

attitudes, and practices towards the management of patients with difficult-to-treat 

infections. 
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Περίληψη 

Εισαγωγή: Η μικροβιακή αντοχή αποτελεί ένα από τα σημαντικότερα προβλήματα Δημόσιας 

Υγείας παγκοσμίως. Η λανθασμένη και η υπερβολική χρήση των αντιμικροβιακών, κυρίως 

των αντιβιοτικών, είναι ένας από τους κύριους αιτιολογικούς παράγοντες της μικροβιακής 

αντοχής. Η Ελλάδα βρίσκεται μεταξύ των χωρών οι οποίες χαρακτηρίζονται από υψηλή 

συχνότητα πολυανθεκτικών μικροοργανισμών στην κοινότητα και στον νοσοκομειακό τομέα 

και από αυξημένη χρήση ευρέος φάσματος αντιβιοτικών, συμπεριλαμβανομένων των 

καρβαπενεμών.  Σκοπός της παρούσας διατριβής ήταν να αξιολογήσει τον αντίκτυπο ενός 

εστιασμένου στις καρβαπενέμες προγράμματος διαχείρισης της ορθολογικής χρήσης 

αντιβιοτικών σε ενήλικες ασθενείς ενός ελληνικού πανεπιστημιακού νοσοκομείου στην 

ποιότητα της συνταγογράφησης των αντιμικροβιακών, στη συνολική κατανάλωση 

προωθημένων αντιβιοτικών με δραστικότητα έναντι των Gram-αρνητικών βακτηρίων, στις 

εκβάσεις των ασθενών, και στη συμπεριφορά των θεραπόντων ιατρών σε σχέση με τη 

διαχείριση λοιμώξεων προκαλούμενων από πολυανθεκτικούς μικροοργανισμούς.  

Μέθοδοι: Η παρούσα διατριβή συμπεριέλαβε τρεις διαφορετικές μελέτες εκτελεσμένες στο 

Πανεπιστημιακό Νοσοκομείο Ηρακλείου, στην Ελλάδα. Ένα εστιασμένο στις καρβαπενέμες 

πρόγραμμα διαχείρισης της ορθολογικής χρήσης των αντιβιοτικών εφαρμόστηκε μεταξύ 1ης 

Ιανουαρίου 2020 και 31η Δεκεμβρίου 2020 σε όλες τις κλινικές ενηλίκων του νοσοκομείου. 

Προκειμένου να προσεγγιστεί ο αντίκτυπός του στην ποιότητα της συνταγογράφησης 

αντιμικροβιακών, μια επαναλαμβανόμενη μελέτη σημειακού επιπολασμού έλαβε χώρα 

μεταξύ όλων των ενηλίκων ασθενών πριν και μετά την εφαρμογή του προαναφερθέντος 

προγράμματος. Επιπρόσθετα, μια οιονεί-πειραματική, προ και μετά μελέτη κοόρτης έλαβε 

χώρα, συγκρίνοντας τη δωδεκάμηνη περίοδο  προ της παρέμβασης με τη δωδεκάμηνη 
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περίοδο μετά την παρέμβαση αναφορικά με την κατανάλωση ευρέος φάσματος 

αντιβιοτικών με δραστικότητα έναντι των Gram-αρνητικών βακτηρίων και αναφορικά με τις 

εκβάσεις των ασθενών. Τέλος, τελέστηκε μια συγχρονική μελέτη μεταξύ όλων των 

ειδικευόμενων και ειδικών ιατρών των κλινικών ενηλικών του νοσοκομείου μας προκειμένου 

να εκτιμηθεί η επίδραση του προγράμματος στις αντιλήψεις, στάσεις και πρακτικές τους 

σχετικά με τη διαχείριση των λοιμώξεων οι οποίες προκαλούνται από δύσκολα να 

θεραπευθούν βακτήρια. 

Αποτελέσματα: Η επαναλαμβανόμενη μελέτη σημειακού επιπολασμού έδειξε στατιστικά 

σημαντική βελτίωση σε αρκετούς ποιοτικούς δείκτες που σχετίζονται με τη συνταγογράφηση 

των αντιμικροβιακών. Συγκεκριμένα, η συχνότητα της γραπτής αποτύπωσης στους φακέλους 

των ασθενών της αιτιολόγησης και της ημερομηνίας διακοπής/επανεκτίμησης της 

χορήγησης αντιμικροβιακών ήταν σημαντικά υψηλότερη (p < 0,001) στη δεύτερη μελέτη 

σημειακού επιπολασμού, ενώ η πλήρης συμμόρφωση με τις εθνικές ή διεθνείς οδηγίες 

θεραπείας επίσης αυξήθηκε σημαντικά, από 61,8% σε 73,6% (p = 0,003). Η οιονεί-

πειραματική μελέτη κοόρτης ανέδειξε στατιστικά σημαντική ελάττωση -4,9 καθορισμένων 

ημερήσιων δόσεων (Define Daily Doses, DDD)/100 ασθενοημέρες (Patient-Days, PD) (95% CI 

−7,3 to −2,6; p = 0,007) στη χρήση των καρβαπενεμών και στατιστικά σημαντική αύξηση μόνο 

στη χρήση της πιπερακιλλίνης/ταζομπακτάμης [+2,1 DDD/100 PD (95% CI 1,0–3,3; p = 

0,010)], ενώ οι καταναλώσεις της κεφτολοζάνης/ταζομπακτάμης, της 

κεφταζιδίμης/αβιμπακτάμης, της τιγεκυκλίνης, και της κολιστίνης δεν εμφάνισαν στατιστικά 

σημαντικές μεταβολές. Η θνητότητα 30 ημερών μετά την έναρξη χορήγησης καρβαπενέμης 

και η ενδονοσοκομειακή θνητότητα ανεξαρτήτως αιτιολογίας παρέμειναν αμετάβλητες μετά 

την εφαρμογή του προγράμματος. Αντιθέτως, η διάρκεια νοσηλείας αυξήθηκε (διάμεσος 

17.0 έναντι 19.0 ημέρες; p < 0,001) ενώ ο κίνδυνος επανεισαγωγής εντός 30 ημερών από το 
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εξιτήριο λόγω λοίμωξης ελαττώθηκε (24,6% έναντι 16,8%; p = 0,007). Αξιοσημείωτα, κατά 

την περίοδο εφαρμογής του προγράμματος, η αποδοχή της παρέμβασης του προγράμματος 

από τους θεράποντες ιατρούς σχετίστηκε με χαμηλότερο ημερήσιο κίνδυνο για 

ενδονοσοκομειακή θνητότητα [cause-specific HR (csHR) 0,49; 95% CI 0,30–0,80], 

χαμηλότερες πιθανότητες για θάνατο εντός 30 ημερών μετά την έναρξη χορήγησης 

καρβαπενέμης (OR 0,36; 95% CI 0,18–0,70) και υψηλότερη συχνότητα επιτυχούς έκβασης 

(csHR 2,45; 95% CI 1,59–3,77). Αναφορικά με την επίδραση του προγράμματος στη 

συμπεριφορά των ιατρών του νοσοκομείου μας σε σχέση με τη διαχείριση λοιμώξεων από 

πολυανθεκτικούς μικροοργανισμούς, η παρέμβαση της εστιασμένης στις καρβαπενέμες 

επιμελητείας των αντιβιοτικών συνετέλεσε στη στενότερη παρακολούθηση από τους 

θεράποντες ιατρούς των διαρκώς προκυπτόντων μικροβιολογικών δεδομένων των ασθενών. 

Επίσης, τους ώθησε προς την κατεύθυνση της διεπιστημονικής και εξατομικευμένης 

φροντίδας των ασθενών οι οποίοι εμφάνιζαν λοιμώξεις από πολυανθεκτικούς 

μικροοργανισμούς, καθώς επίσης και προς την κατεύθυνση της αυστηρότερης εφαρμογής 

μέτρων πρόληψης και ελέγχου λοιμώξεων εντός του νοσηλευτικού ιδρύματος. Η συντριπτική 

πλειοψηφία των συναδέλφων μας (98,5%) επιθυμούσε το πρόγραμμα να συνεχιστεί και να 

εξελιχθεί περαιτέρω, παρόλο που εκείνη την περίοδο οι  συνάδελφοι αυτοί ευρισκόντουσαν 

υπό την πίεση της πανδημίας COVID-19. 

Συμπεράσματα: Η παρούσα διατριβή ανέδειξε την ευνοϊκή επίδραση ενός εστιασμένου στις 

καρβαπενέμες προγράμματος διαχείρισης της ορθολογικής χρήσης αντιβιοτικών στη χρήση 

των προωθημένων αντιβιοτικών με δραστικότητα έναντι των Gram-αρνητικών βακτηρίων, 

και στην ποιότητα της συνταγογράφησης αντιμικροβιακών γενικότερα, ακόμα και κατά τη 

διάρκεια της πανδημίας της COVID-19. Αξιοσημείωτα, η παρέμβαση η οποία περιγράφηκε 

εδώ σχετίστηκε με βελτιωμένες εκβάσεις των ασθενών. Τέλος, η εφαρμογή του 
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προγράμματος στο νοσοκομείο μας είχε θετικό αντίκτυπο στις αντιλήψεις, στάσεις και 

πρακτικές των ιατρών σε σχέση με τη διαχείριση ασθενών με δύσκολες στη θεραπεία 

λοιμώξεις.  
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CHAPTER I 

 

General Introduction  



 

24 
 

1. Introduction 

 The continuously rising antimicrobial resistance (AMR) poses a major threat to public 

health worldwide [1]. Regardless of the socioeconomic status, AMR is associated with 

increased deaths, health issues, and medical expenses in all countries [2]. It is well known that 

exposing bacteria to antibiotics promotes the development of resistant bacterial strains, thus 

the irrational use of antibiotics is a significant driver of the global spread of AMR [3, 4]. Among 

the existing different classes of antibiotics, carbapenems represent important components of 

the antibiotic arsenal due to their broad-spectrum of antibacterial activity, making the 

preservation of their effectiveness through their judicious use a priority of high importance 

[5]. 

 

2. Carbapenems 

2.1 Chemical structure  

Carbapenems belong to the β-lactam class of antibiotic drugs and their chemical 

structure differs from penicillin by possessing a carbon atom at position 1 in place of sulfur 

and a double bond between C2 and C3 in the five-membered fused ring [6]. Table 1 shows 

the clinically available carbapenems where their structure can also be visualized. The 

discovery of carbapenems was made while searching for β-lactamase inhibitors to preserve 

the use of penicillin [7]. The impressive chemical structure of carbapenems is key to their β-

lactamase inhibitory activity. Previous β-lactams such as penicillin have a cis acylamino side 

chain that make them susceptible to β-lactamase inhibitors, while carbapenems possess a 

trans-α-1-hydroxyethyl in its place, giving them their broad-spectrum activity and resistance 
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to hydrolysis by β-lactamases [7, 8]. The trans-α-1-hydroxyethyl substituent displaces the 

water necessary for β-lactamases for hydrolysis of the acylated enzyme and thus rendering it 

inactive [9].  

Despite their impressive resistance to β-lactamase activity, the earliest carbapenems, 

such as imipenem and panipenem, were susceptible to degradation by dehydropeptidase 1 

(DHP-1) located in the renal brush border via hydrolysis, therefore, requiring the co-

administration of DHP-1 inhibitors [8, 9]. The hydrolysis of imipenem by DHP-1 explained how 

in earlier studies, animals experienced proximal tubular necrosis which can be prevented by 

cilastatin, a DHP-1 inhibitor [6]. Additionally, this was overcome in more recent carbapenems 

such as meropenem, ertapenem, and doripenem, as they possess a 1-β methyl group which 

protects the carbonyl group of β-lactam against hydrolysis by renal  DHP-1 [9]. Interestingly, 

the later carbapenems also have a pyrrolidine ring as a side chain which renders them more 

stable and broadens their activity spectrum [7].  

Specific carbapenems also have specific features in their chemical structure that 

differentiates them from the rest. For example, ertapenem differs from other carbapenems 

by the presence of a meta-substituted benzoic acid at the 2 position which further stabilizes 

it against DHP-1, increases its half-life, and allows for stronger significantly stronger protein 

binding [10]. Additionally, its structural modification increases is activity against gram-

negative bacteria as this enables ertapenem to penetrate their cells walls slower than other 

carbapenems [8]. The latest carbapenem to be approved clinically was doripenem because its 

unique structure shows it possesses a sulfamoxil-aminomethyl group in place of dimethyl-

carboxyl chain at position 2, which is responsible for its increased activity against non-

fermentative Gram-negative bacilli [11]. Finally, tebipenem pivoxil, a novel carbapenem 
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approved in Japan and in phase 3 clinical trials in both the United States and Europe, is the 

first orally available due to its structure which has a pivaloyloxymethyl ester added at position 

2, that allows for rapid absorption and therefore conversion to its active form [12]. 

Tebipenem pivoxil’s structure allows it to be more stable against DHP-1 than previous 

carbapenems [12].  

Table 1. List of clinically available carbapenems, their current status, and chemical structure. 

Compound Name Current Status Chemical Structure 

Imipenem FDA approved since 

1985. 

Approved for use by 

EMA 
 

Meropenem FDA approved since 

1996. 

Approved for use by 

EMA  

Ertapenem FDA approved since 

2001. 

Approved for use by 

EMA 

 

Doripenem FDA approved since 

2007 
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Tebipenem Phase 3 clinical trial 

(USA; Europe) 

Approved since 2009 

(Japan) 

 

Panipenem Approved since 1993 

(Japan, China, and 

Korea) 

 

Biapenem Phase 1 clinical trial 

(USA) 

Approved since 2001 

(Japan) 
 

FDA: The Food and Drug Administration 

EMA: European Medicines Agency 

 

2.2 Spectrum – Uses 

Carbapenems are effective against a broad range of bacteria, including Gram-positive 

and Gram-negative, but do not work against Enterococcus faecium, methicillin-resistant 

Staphylococcus aureus (MRSA), and Stenotrophomonas maltophilia. Table 2 describes the 

specific bacteria each clinically available carbapenem covers. Meropenem, owing to its 
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varying affinities for different PBPs, has been demonstrated to be more potent than 

imipenem for gram-negative bacteria, such as Klebsiella pneumoniae, Proteus mirabilis, 

Haemophilus influenzae, and Escherichia coli [8]. Ertapenem has a narrower range of activity 

compared to imipenem, meropenem, and doripenem, because it is not effective against 

Pseudomonas aeruginosa and Enterococcus species [8]. Doripenem’s antimicrobial spectrum 

is very similar to imipenem and meropenem, however, possesses greater activity against P. 

aeruginosa [13]. Imipenem and doripenem both have shown to be more potent than the 

other carbapenems against S. pneumoniae, S. aureus, and other Gram-positive aerobic 

bacteria [11].  

Imipenem and meropenem are the carbapenems that are most established when used 

in cases of nosocomial infections and polymicrobial infections, particularly in patients who 

are severely ill [8]. Meropenem has also shown to be very effective and potent in treating 

cases of meningitis, especially those caused by Gram-negative bacteria [8]. Ertapenem has 

limited efficacy in treating nosocomial infections and is often reserved for treating 

community-acquired infections, intra-abdominal and pelvic infections [14]. Doripenem 

currently is only approved for intra-abdominal infections and urinary tract infections (UTIs) 

[13]. Recent studies have shown that doripenem is noninferior to imipenem for treating 

ventilator-associated pneumonia, and noninferior to meropenem for treatment of 

complicated intrabdominal infections [13]. A list of the specific indications of each drug is 

summarized in Table 2. 

Table 2. The clinical indications and spectrum coverage of the carbapenems approved by the 

FDA and in Europe [13, 15]. 



 

29 
 

Compound Name Spectrum coverage 

(bacteria) 

Clinical Indications  

Imipenem Gram-positive 

 methicillin-

susceptible 

Staphylococcus aureus 

(MSSA) 

 S. pneumoniae & S. 

pyogenes 

 E. faecalis1 

Gram-negative: 

 P. aeruginosa 

 Neisseria species 

 Enterobacteriaceae 

 Acinetobacter species 

 Intra-abdominal 

infections  

 Skin and soft tissue 

infections 

 UTIs 

 Lower respiratory 

tract infections 

(LRTIs) (including 

pneumonia4) 

 Osteoarticular 

infections 

 Endocarditis 

 Obstetric infections 

 Sepsis 

 Polymicrobial 

infections 

Meropenem Gram-positive 

 MSSA 

 Intra-abdominal 

infections  

 Skin infections 
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 S. pneumoniae & S. 

pyogenes 

 E. faecalis1 

Gram-negative: 

 P. aeruginosa 

 Neisseria species 

 Enterobacteriaceae 

 Acinetobacter species 

 Meningitis 

 

Ertapenem Gram-positive 

 MSSA 

 S. pneumoniae2 & S. 

pyogenes 

 E. faecalis 

Gram Negative: 

 Neisseria species 

 Enterobacteriaceae 

 Intra-abdominal 

infections  

 Skin and soft tissue 

infections 

 UTIs 

 LRTIs (including 

pneumonia4) 

Doripenem3 Gram-positive 

 MSSA 

 S. pneumoniae & S. 

pyogenes 

 E. faecalis1 

 Intra-abdominal 

infections  

 UTIs 
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Gram-negative: 

 P. aeruginosa 

 Enterobacteriaceae 

 Acinetobacter species 

1Their activity does not cover vancomycin-resistant E. faecalis. 

2Their activity does not cover penicillin-resistant S. pneumoniae. 

3Not approved for use in Europe. 

4Only approved for community-acquired pneumonia. 

 

2.3 Side-effects induced by their use 

2.3.1 Toxicities 

The currently approved carbapenems are all considered safe, with mild and self-

limited adverse effects similar to other β-lactam antibiotics.  The most common side effects 

in all carbapenems are gastrointestinal side effects, such as vomiting (1.4% to 12%) and 

diarrhea (1.8% to 11%). The highest percentages of gastrointestinal side effects were reported 

with doripenem but this could be due to the lower amount of patients that the drug has been 

tested in trials as compared to other carbapenems [15]. Additionally, due to their route of 

administration, local injection site reactions and thrombophlebitis are common. These 

reactions range from 1.1% with meropenem to 3.2% with ertapenem [15].  

Another important side effect common among all commercially available 

carbapenems is a transient and self-limiting increase in liver enzymes, that usually resolves 
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once the antibiotic is stopped [8, 16]. In the literature, there has been reported one case of 

severe liver injury following meropenem in a 63-year-old man that ceased once the drug was 

terminated [17]. No other cases of acute liver injury associated with carbapenem use were 

reported in the literature. 

Finally, neurotoxic adverse reactions have been reported with the use of imipenem, 

meropenem and ertapenem, that include seizures and headaches [15]. Imipenem has the 

highest protentional to cause seizures, with a reported frequency of 1.5 – 2%, while 

ertapenem-inducted seizures were reported in 0.2% of those who received the drug [8]. Risk 

factors for carbapenem-induced seizures include older age, higher dose of the drug, renal 

impairment, underlying central nervous system disease, and concomitant use of 

anticonvulsant drugs [18].  

Fortunately, allergies against carbapenems are rare and only occur in 0.3% – 3.7% in 

patients and consist of self-limiting rash, pruritus, and urticaria, with no reported cases of 

anaphylaxis in clinical trials and post-surveillance studies [19]. In the literature, there has been 

a report of a case of anaphylactic shock thought to be due to meropenem (following a positive 

allergy skin test), however, the patient was able to receive ertapenem without any allergic 

reactions [20].  It is important to note that a major limitation of current clinical trials is the 

exclusion of patients with a history of anaphylaxis to other beta-lactam antibiotics, since 

historically beta-lactam allergies are known to be cross reactive [19]. Studies have also shown 

that patients who developed mild allergic reactions, such as rash to carbapenems, were more 

likely to have a history of developing similar reactions to other carbapenems [19] 

2.3.2 Clostridioides difficile infection (CDI) 
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CDI is a well-recognized adverse effect associated with many antimicrobial agents; 

however, studies have shown that specific antibiotics are more likely than others to result in 

infection. All commercially available carbapenems are thought to increase the risk of CDI [21]. 

A recent meta-analysis of multiple randomized controlled trials compared the risk of 

CDI among different antibiotics. Their results showed that compared to penicillin, the risk of 

CDI was comparable, however, it was higher with carbapenem use compared to 

fluoroquinolones [risk ratio (RR) = 2.44, 95% confidence interval (CI) 1.32–4.49] and 

cephalosporins (RR = 2.24, 95% CI 1.46–3.42) [22]. It is thought that this association occurs to 

the inherent resistance of C. difficile to some carbapenems. In-vitro studies have shown that 

meropenem and doripenem are active against all C. difficile strains, however, ertapenem had 

a lower activity [23]; therefore, it is likely that ertapenem could cause CDI through ertapenem-

resistant C. difficile.  

Other mechanisms such as disruption in colonic flora and suboptimal drug 

concentration in feces could also be responsible for the increased risk of CDI. Studies have 

shown that imipenem and meropenem result in colonic microflora disruption and reduce the 

number of Clostridia species, which is only restored after discontinuation [22]. This could lead 

to C. difficile colonization during the restoration period and explain the increased risk of CDI. 

2.3.3 Carbapenem-resistant (CR) pathogens 

There are three major CR pathogens that are of importance and currently constitute 

a public health threat: CR Enterobacteriaceae, CR Acinetobacter species, and CR Pseudomonas 

species. There are three common mechanisms in which these pathogens become resistant to 

carbapenems, and they include genetic mutations that alter the function of porins, 

production of enzymes such as carbapenemase, and activation of efflux pumps [24-26]. 
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Enzyme production of carbapenemase is considered the most significant mechanism of 

resistance when discussing CR pathogens, thus it is common to group these pathogens into 

those that are carbapenemase producing and those which are not. 

Carbapenemases are the most powerful β-lactamases, and their activity extends to all 

β-lactam antibiotics [27]. There exist hundreds of carbapenemases, with the most clinically 

significant and effective in hydrolyzing carbapenems being: KPC (K. pneumoniae 

carbapenemase), OXA (Oxacillin-hydrolyzing carbapenemases)-48, VIM (Verona integron-

encoded metallo-β-lactamase), IMP (imipenemase), and NDM (New Delhi metallo-β-

lactamase) [28]. However, many are still undiscovered, and it is very likely that newer and 

more powerful carbapenemases will continue to be acquired by Gram-negative pathogens.  

In general, the production of carbapenemases can either be chromosomally encoded which 

are usually induced in response to imipenem, plasmid-encoded, or a mixture of both [29].  

As with all enzymes, their classification can either be functional or molecular. The 

functional classification, which was first proposed in 1989 with the latest update in 2010, 

attempts to classify the different carbapenemases based on their phenotype in clinical 

isolates (either those that utilize serine or require divalent zinc ions for β-lactam hydrolysis) 

[30]. The functional classification is divided into 3 major groups (1-3); groups 1 and 2 is for 

serine β-lactamases, while group 3 includes metallo-β-lactamases [30]. The functional 

groups/subgroups of interest are: 

 Subgroup 2df β-lactamases, which include the OXA enzymes that are capable of 

inhibiting carbapenems and are most frequently found in A. baumannii [30].  

 Subgroup 2f β-lactamases, which includes serine carbapenemases, such as the KPC 

carbapenemases found in K. pneumoniae and other Enterobacteriaceae [30]. 
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 Subgroup 3a include the plasmid-encoded metallo-carbapenemases, such as IMP and 

VIM, which are found in P. aeruginosa and Enterobacteriaceae [30].  

The more commonly and widely used classification is the Ambler classification which 

classifies β-lactamases into 4 main molecular classes (A-D) based on distinguishing amino acid 

configurations [31]. The serine carbapenemases are found in classes A and D while metallo-

carbapenemases belong to class B [32]. Currently, there exists only one carbapenemase that 

belongs to class C known as CMY-10 which is capable of inactivating imipenem and is found 

in Enterobacteriaceae and P. aeruginosa [33]. Class B carbapenemases are of particular 

interest because all current existed β-lactamase inhibitors (clavulanate, sulbactam, 

tazobactam, avibactam, vaborbactam, and relebactam)  are ineffective against them [29]. 

As mentioned above, all three major CR pathogens are capable of producing 

carbapenemases. Carbapenemase-producing CR Enterobacteriaceae (cpCRE) are of great 

concern and have been spreading rapidly worldwide. Numerous carbapenemases have been 

identified in cpCRE with KPC, NDM-1, IMP-type, VIM, and OXA-48 being the most clinically 

relevant. Interestingly, VIM and IMP-type carbapenemases produced by cpCRE were acquired 

through horizontal transfer via plasmid from P. aeruginosa [24]. NDM-1, produced by K. 

pneumoniae and E. coli, is the latest discovered carbapenemases and is encoded on plasmids 

containing the blaNDM gene, which also encode for other β-lactamases and 16S rRNA 

methylases, making these bacteria resistant to virtually all β-lactams and aminoglycosides 

[24]. Different geographic locations harbour specific cpCRE organisms. In South Asia, NDM-1 

producing K. pneumoniae and E. coli are a major source of CR infections, while in Turkey OXA-

48 producing K. pneumoniae have been a major cause of hospital-acquired infections [34, 35]. 

Of interest, KPC, NDM, and VIM producing Enterobacteriaceae are currently endemic in 
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Greece [36]. The most alarming cpCRE is a specific clone of KPC producing K. pneumoniae, 

known as ST258, which through plasmid-mediated (specifically a IncF plasmid with FIIK 

replicons) spread has caused worldwide epidemics and has acquired specific resistance traits 

that can be spread to other Enterobacteriaceae [32]. For example, a case report from Israel 

documented the transfer of KPC-3 from K. pneumoniae ST258 to E. coli through horizontal 

transfer [37]. 

Carbapenemase-producing CR Pseudomonas (cpCRP) species produce all 3 classes of 

carbapenemases (A, B, and D) [32]. Among Class A carbapenemases, cpCRP produce GES 

carbapenemases which were identified in P. aeruginosa on genes encoded in transferrable 

plasmids (GES-1) and chromosomally encoded (GES-5 and GES-18) [32]. Interestingly, recent 

studies have also identified the presence of KPC in P. aeruginosa clinical isolates, suggesting 

horizontal transfer of plasmids encoding for KPC genes from Enterobacteriaceae [38, 39]. 

Class B carbapenemases (metallo-β-lactamases) are the primary carbapenemases produced 

by P. aeruginosa and are significant due to all being encoded on transferable plasmids that 

can easily spread to other bacteria [32]. Evidently, metallo-β-lactamases genes first appeared 

in P. aeruginosa and were later transferred to other bacteria, with new genes still being 

discovered to this day for metallo-β-lactamases such as blaCAM-1 identified in 2019 in Canada 

[40]. 

The final group of clinically significant carbapenemases-producing CR pathogens are 

carbapenemase-producing CR Acinetobacter species (cpCRA). Of the Acinetobacter species, 

A. baumannii is the most relevant and it is becoming a leading cause of nosocomial infections 

worldwide. The major carbapenemases produced by cpCRA belong to classes B and D. Of class 

B, NDM-1 producing A. baumannii is of great concern as since its identification in 2010 and it 
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has rapidly spready across the globe including several European countries, such as Greece 

[41]. Class D carbapenemases genes are naturally occurring in A. baumannii and their intrinsic 

activity against carbapenems is usually weak, however, overexpression of specific genes such 

as blaOXA-51-like genes due to insertion of ISAba1 sequences can increase the expression of 

OXA-51 carbapenemases by eight-fold, leading to inactivity of carbapenems [32]. 

Additionally, cpCRA has acquired different class D carbapenemases with the most important 

being OXA-23, which unlike previous carbapenemases is encoded by multiple gene entities 

such as blaOXA-23 and the transposons Tn2006, Tn2007, and Tn2008, making it much more 

difficult to control and has been responsible for multiple hospital outbreaks [32]. Much like 

previous pathogens, novel variants of OXA producing Acinetobacter species continue to be 

discovered in clinical isolates with varying degrees of resistance to carbapenems and β-lactam 

antibiotics [42, 43]. 

Another important mechanism that Gram-negative bacteria acquired or inherently 

possessed resistance to carbapenems is overexpression or activation of efflux pumps. 

Overexpression of efflux pumps is a powerful way in which many pathogens can acquire 

resistance to multiple and different antimicrobials since efflux pumps can easily recognize 

numerous substrates of varying physiological and chemical features [44]. The overexpression 

of efflux pumps in P. aeruginosa is especially interesting as it occurs differently depending on 

which carbapenem is used. The most important pump system P. aeruginosa possesses is 

MexAB-OprM (Multidrug efflux system AB-Outer membrane protein M) which makes it 

resistant to multiple antibiotics, including meropenem but not imipenem [45]. Evidence 

suggests that the use of meropenem could act as a catalyst to the overexpression of efflux 

pump systems in P. aeruginosa [46]. In contrast, imipenem has been associated with an 

increase of expression of genes responsible for efflux pump systems in E. coli [47]. As with P. 
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aeruginosa, Enterobacteriaceae and Acinetobacter species also possess various resistance-

nodulation-division efflux pump systems that play an important role in their resistance to 

different antibiotics including carbapenems [24, 48]. 

The final significant mechanism of resistance among Gram-negative bacteria includes 

modifications to porins which alters their permeability to different antibiotics. Porins are 

important outer membrane proteins in Gram-negative bacteria that control membrane 

permeability which alters the diffusion of numerous substrates into the bacterium cell [49]. 

P. aeruginosa strains intrinsically have a reduced expression of their porins, which makes 

them resistant to several antibiotics. However, this intrinsic ability does not inhibit the 

diffusion of all carbapenems [29]. Specifically, meropenem and doripenem can easily diffuse 

through OprD porin in P. aeruginosa membrane [25]. Recent studies have identified clinical 

isolates of P. aeruginosa with low OprD porin expression, making them resistant against most 

carbapenems [50]. Similar mutations in porin proteins have also been identified in CR 

Enterobacteriaceae, specifically in cpCRE, such as AmpC- and carbapenemase-producing K. 

pneumoniae (loss of OmpK35 or OmpK36 porins) and in non-cpCRE, such as Enterobacter 

aerogenes (Omp35 and Omp36 porin genes downregulation) [51, 52]. Finally, numerous 

studies have also shown porin mutations in carbapenem resistant A. baumannii, such as 

mutations in the carO (carbapenem-associated OMP) porin genes that lead to its under-

expression [26, 53]. 

 

3. Antimicrobial Resistance (AMR) 

3.1 AMR delineation 
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The emergence of AMR is considered to be a highly significant public health issue with 

worldwide implications due to a substantial decrease in number of effective antibiotics 

against resistant bacteria [54]. AMR is defined as the resistance of microorganisms to an 

antimicrobial agent to which they were at first sensitive [54]. Subcategories of AMR include 

multi-drug resistance (MDR), extensively-drug resistant or extremely-drug resistance (XDR) 

and pan-drug resistance (PDR) [55]. MDR may be defined as “acquired non-susceptibility to 

at least one agent in three or more antimicrobial categories”, while the epidemiological 

significance of bacteria categorized as XDR (non-susceptible to ≥1 agent in all but ≤2 

categories of antimicrobials that normally are active) lies in their alarming propensity to be 

resistant to nearly all approved antimicrobial agents [55-57]. Several definitions exist for PDR, 

with “non-susceptibility to all agents in all antimicrobial categories” being a commonly used 

definition [55]. Many bacteria that cause common or severe infections have gradually, or in 

some cases rapidly, developed resistance to each newly introduced antibiotic [55]. In light of 

this reality, it is crucial to take action to prevent a growing global healthcare crisis. 

A vast number of bacteria have developed resistance to numerous antimicrobials and 

the World Health Organization in 2017 created a category to focus on development of new 

antibiotics to certain bacteria and categorized them with a priority status, with bacteria being 

designated into “critical-priority”, high-priority”, or “medium-priority (5). Bacteria that are 

considered critical priority include ESKAPE (E. faecium, S. aureus, K. pneumoniae, A. 

baumannii, P. aeruginosa, and Enterobacter species) pathogens [58]. These pathogens are 

capable of causing severe and often fatal infectious diseases, as they are resistant to multiple 

antibiotics [58]. Meanwhile, bacteria like S. pneumoniae and Shigella fall under the medium-

priority category, as they may exhibit some resistance, but can be combated with existent 

effective antibiotics [58, 59].  
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S. aureus is one of the most common pathogens that exhibit antimicrobial resistance 

[60]. Patients infected with S. aureus are susceptible to a wide range of infections, including 

severe skin infections, bacterial endocarditis, pulmonary abscesses, and device-related 

infections [60]. P. aeruginosa is another pathogen commonly implicated in the context of 

antimicrobial resistance, due to its contagiousness and multiple mechanisms for developing 

antimicrobial resistance [61]. P. aeruginosa infections commonly arise as nosocomial and may 

lead to pneumonia, bloodstream infections, skin infections - especially in patients with burns 

- and urinary tract infections [61]. In 2019, E. coli, followed by K. pneumoniae and S. aureus, 

were the pathogens responsible for the most deaths related to antimicrobial resistance, due 

to complications such as pneumonia, meningitis, and urinary tract infections [2]. Most 

common infections and deaths attributable to antimicrobial resistance are due to lower 

respiratory infections, bone infections, intra-abdominal infections, urinary tract infections 

and tuberculosis [2]. 

When discussing AMR, it is important to understand the different mechanisms in 

which different bacteria become resistant to antimicrobials. β-Lactam antibiotics inactivate 

penicillin-binding proteins (PBPs) by binding covalently to these enzymes, and alterations in 

PBPs with enzymatic degradation leads to resistance in Gram-positive bacteria [62]. For Gram-

negative bacteria, several mechanisms could be involved to acquire resistance to β-Lactam 

antibiotics, such as alterations in PBPs, decreased access to bind to PBPs, and ability to 

produce β-lactamases [62]. Of interest, as it has been already mentioned, resistance to 

carbapenems could occur due to cytoplasmic membrane intrinsic differences, due to 

increased activity or expression of efflux pumps, which clear the antibiotic before it can access 

its target and perform its actions, or productions of enzymes [63]. Carbapenem resistance is 

discussed in more detail in previous sections. 
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Resistance to aminoglycosides is attributed to several mechanisms, mainly due to 

enzymatic modification and subsequent inactivation of the aminoglycosides, increased 

expression of efflux pumps, or modifications to the 30S ribosomal subunit which leads to 

decreased binding action of the antibiotic [64].   

Alterations of the peptidoglycan synthesis pathway due to the substitution of D-

Alanine-D-Alanine (D-Ala-D-Ala), to D-Alanine-D-Lactate (D-Ala-D-Lac) or D- Alanine-D-Serine 

(D-Ala-D-Ser) leads to vancomycin resistance due to decreased binding affinity to these 

substitutes in the peptidoglycan compared to the normal pathway consisting of D-Alanine-D-

Alanine (D-Ala-D-Ala) [65].  

Various mechanisms contribute to resistance to tetracyclines, most notably due to 

modifications of the 30S ribosomal subunit, acquisition of genetic elements containing 

resistance genes specific to tetracyclines, tetracycline-specific efflux pumps, and binding-site 

mutations mainly in 16S rRNA [66].  

Macrolides are susceptible to resistance through three main mechanisms: bacterial 

ribosome undergoing modifications through methylation or mutations thereby interfering 

with binding of the antibiotic with the 50S ribosome, macrolide-specific efflux from the 

bacterial cell through ATP-binding cassette superfamily proteins and major facilitator 

superfamily, and drug inactivation due to the presence of esterases [67].  

Finally, resistance to polymyxins may occur through modification of the 

lipopolysaccharide, mediated by two-component signal transduction system (TCS), to 

decrease the interaction with the polymyxin-outer membrane [59, 60]. Moreover, acquired 

resistance may be achieved through acquiring plasmids, such as mobile colistin resistance 

(mcr), that encode for polymyxin resistance [60, 62].  



 

42 
 

3.2 Burden of AMR 

The burden of AMR infections can be studied by examining the overall fatalities and 

disability-adjusted life-years caused by resistant pathogens. A recent analysis from Global 

Research on Antimicrobial Resistance project aimed to estimate the 2019 fatalities and 

disability-adjusted life-years associated and attributed to AMR bacteria worldwide. They were 

able to include data from over 200 countries for over 20 pathogens and estimated a 1.27 

million [95% (uncertainty interval (UI) 0.911–1.71] fatalities attributed to resistant bacteria 

worldwide in 2019 [2]. The highest burden was in Western sub-Saharan Africa which had an 

estimated 27.3 (95% UI 20.9–35.3) fatalities per 100,000 attributed to resistant bacteria and 

the lowest burden was in Australia which had an estimated 6.5 (95% UI 4.3–9.4) fatalities per 

100,000 attributed to AMR (Figure 1) [2].  
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Figure 1. Estimates of fatalities attributable to AMR bacteria by region in 2019 [2]. 

 

 

When examining numbers concerning Europe, Eastern Europe number had a higher 

burden with an estimated 19.9 (95% UI 13.1–28.5) fatalities per 100,000 attributed to AMR 

than Central Europe [16.6 (95% UI 10.5–25.0) per 100,000 attributed to resistant bacteria] 

and Western Europe [11.7 (95% UI 8.0–16.6) per 100,000 attributed to AMR bacteria] [2]. 

AMR related infections with the highest burden worldwide were LRTIs, bacteremia, and intra-

abdominal infections, which accounted for around 78% of all fatalities attributable to AMR in 

2019 worldwide [2]. Of interest, carbapenem resistant pathogens accounted for over 240,000 

fatalities attributable to resistance [2]. 
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Another recent study aimed to estimate fatalities and disability-adjusted life-years 

associated and attributed to AMR by country level in the WHO European region in 2019. In 

2019, 133,000 fatalities were attributable to resistant bacteria in the WHO European region 

with 80% of these fatalities attributable to bloodstream infections (47,200 fatalities), LRTIs 

(28,500 fatalities), and intra-abdominal infections (31,200 fatalities) [68]. Of interest, CR 

pathogens were the second most common cause (14%) of attributable fatalities [68]. In 

Greece, 11.9% of all-cause deaths that occurred in 2019 were attributable to AMR [68]. 

3.3 Causes of AMR 

Many factors lead to antimicrobial resistance, with spread by horizontal gene transfer 

(HGT) through mobile genetic elements that exist in bacteria being one of the most influential 

and leading causes [69]. Several mechanisms are involved in HGT, notably conjugation, 

transformation, and transduction [70]. Conjugation refers to the process by which genetic 

material, such as plasmid DNA, is transmitted from one bacterium to another via direct 

physical contact between cells and occurs when two bacteria in close proximity come in 

contact, allowing mobile genetic elements like plasmids and integrating and conjugation 

elements to be transferred through a pilus or pore [70]. This mechanism of horizontal transfer 

is highly significant and is prevalent in various types of bacteria and enables resistance genes 

to be passed between bacteria of the same genus [70]. On the other hand, transformation 

refers to the process by which recipient bacteria take up extracellular DNA from donor 

bacteria that have been lysed and integrate this DNA into their own genomes, allowing 

several traits to be integrated into the recipient bacteria [71]. The extracellular DNA that is 

taken up during transformation is typically composed of plasmid DNA and fragmented DNA 

that has been released during bacterial lysis or active secretion [72]. This DNA often contains 
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antibiotic resistance genes [72]. Several bacteria have developed resistance through natural 

transformation, such as S. pneumoniae and E. coli [72]. Finally, transduction is a process in 

which a bacteriophage serves as a carrier to transfer non-viral DNA from one bacteria host 

cell to another, thereby allowing the recipient bacteria to obtain several new traits that lead 

to antibiotic resistance [73]. Phages have been found to coexist with antibiotic resistance 

genes in the same bacteria [69]. 

Inappropriate use and underuse and overuse of antibiotics may lead to development 

of resistance. Antibiotics are able to kill susceptible bacteria, but the resistant bacteria are 

able to survive and reproduce through natural selection [74]. Despite the fact that using 

antibiotics too often is strongly discouraged, there are still many cases of over-prescription in 

healthcare [73]. Studies have shown that in up to 50% of cases, the duration or choice of 

antibiotic prescribed may be inappropriate, inducing AMR [74, 75]. Prescribing antibiotics 

inappropriately can limit therapeutic benefits and may also lead to a wide array of 

complication [76]. When administered in subinhibitory and subtherapeutic concentrations, 

antibiotics elicit changes in gene expression, mutagenesis, and HGT, thus promoting the 

development of antibiotic resistance [77]. Changes in gene expression triggered by antibiotics 

may lead to an increase virulence, and the increased mutagenesis and HGT can facilitate the 

spread of antibiotic resistance [77]. In addition, antibiotics overuse is a quite strong factor 

implicated in antibiotic resistance worldwide. A major study has revealed that there are 

certain states in the United States where the total number of prescribed antibiotic treatments 

administered each year surpasses the population size, resulting in over one course of 

treatment per individual per year [78]. These prescribing trends are the same in many 

European countries. In Greece, an analysis showed that between 2010-2013, 768 antibiotics 

were prescribed per 1,000 people [79]. Excessive use of antibiotics leads to the development 
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of AMR through selection pressure. Resistance can be acquired through HGT between cells 

[80]. Evidence suggests that identical sequences of drug-resistance genes have been found in 

the DNA of both environmental and clinical bacterial strains, indicating that HGT plays a role 

in the spread of antibiotic resistance in antibiotic overuse [80].  

Antibiotics are commonly utilized worldwide as growth enhancers in livestock. Over 

73% of antibiotics sales globally are dedicated to livestock, mainly to encourage growth and 

to decrease the number of infections [80]. Administering antibiotics to animals is believed to 

enhance their general well-being, resulting in higher yields and better-quality products [72]. 

Through molecular detection techniques, it has been proven that antibiotic-resistant bacteria 

in livestock are transmitted to consumers through meat products consumed by the public 

[82]. Following administration of antibiotics to livestock, antibiotics are able to kill sensitive 

and vulnerable bacteria, however, creating a favourable environment for the growth of 

resistant bacteria and therefore lead to AMR spread to humans [83]. The vast majority of 

antibiotics administered to farm animals are excreted in urine or stool and therefore 

scattered into the soil or water sources [84].  

Additionally, studies have indicated a potential correlation between pesticides and 

AMR. Certain strains of pesticide-degrading bacteria found in soils that have been exposed to 

pesticides have exhibited resistance to antibiotics such as tetracyclines [85]. This resistance 

may be linked to a plasmid causing cross resistance through an unspecific organophosphorus 

hydrolase, which can also break down antibiotic derivatives [86]. This scenario demonstrates 

cross-resistance, where the development of MDR may be influenced by the natural selection 

process that occurs during HGT [86]. In addition, another study evaluated the effect of 

biocidal agents for disinfection on cross-resistance to antibiotics and revealed that the use of 
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octenidine and didecyldimethylammonium chloride led to cross-resistance to antibiotics in 

some cases [87].   

Another factor leading to antimicrobial resistance is the poor development of new 

antibiotics. Several major pharmaceutical companies have halted their antibiotic fields and 

henceforth no longer develop new antibiotics [82]. Furthermore, most of the pharmaceutical 

companies have started to focus on developing more profitable drugs, such as medications 

for chronic conditions, rather than antibiotics, which are not typically purchased by an 

individual for a prolonged duration of time [82]. In addition to that, antibiotics commonly are 

charged significantly less than medications for chronic conditions, such as chemotherapeutic 

drugs or medications for neuromuscular disorders [82]. In addition, due to the capability of 

the bacteria for rapid emergence of AMR, a new antibiotic may lose its efficacy within a short 

period of use, decreasing the need for prescribing, thus, decreasing the profit of the 

investment that has been made by the industry [3].  

3.4 Consequences of the AMR 

As it has been already mentioned, AMR is a public health concern due to its multiple 

negative impacts on population health, individual patient health, economy, and healthcare 

systems. Clinical consequences of AMR include an increase in all-cause mortality, increased 

hospital length of stay, increased need for intensive and invasive treatment, decline in patient 

functional parameters, and an excess need for surgery [88]. Specifically, multiple studies have 

demonstrated that MRSA bacteremia is associated with a higher mortality rate compared 

with MSSA, and the gap in mortality rate is more pronounced in low-income countries [89-

91]. These trends continue to be true even in more recent studies conducted after 2011 with 

the new available treatments against MRSA [89]. This could be because even the alternative 
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antibiotics against MRSA are more expensive and toxic [92]. Moreover, these findings are not 

limited to bacteremia, as many studies have showed increased mortality rate (short-term and 

long-term), complications, risk of hospitalization, and intensive care unit (ICU) admission 

across many different infections such as pneumonia, endocarditis, and osteoarticular 

infections caused by MRSA compared to MSSA in adult and pediatric population across 

various countries [93-97]. 

Worsened clinical outcomes are also seen in other drug-resistant infections. A recent 

meta-analysis showed that bacteremia caused by extended-spectrum beta-lactamase (ESBL)-

producing Enterobacteriaceae was associated with a 1.7 increased risk of all-cause mortality, 

a 1.75 increased risk of attributable mortality, increased admission to ICU (by 3 days), and 

longer hospitalisation (by around 4 days) [98]. Another recent retrospective cohort study in 

Ontario, Canada, with 15,843 infections of E. coli bacteremia, showed that for each case of 

resistant E. coli strains, the 90-day mortality was higher when compared to non-resistant E. 

coli strains. Their study showed the increased odds were highest among carbapenem resistant 

E. coli (aOR 2.06, 95% CI 0.91–4.66), and those resistant to multiple antimicrobials (aOR 2.58, 

95% CI 0.87–7.66) [99]. 

Studies have also demonstrated the increased mortality by about 2 to 5-fold in 

patients with MDR P. aeruginosa compared to those with multidrug-susceptible P. aeruginosa 

[100]. There is also an additional increased risk in patient morbidity such as increased risk of 

hospitalization, invasive procedures, and length of hospital stay with MDR P. aeruginosa 

[100]. A recent prospective cohort study that included over 40 hospitals worldwide, further 

highlighted the worrisome clinical impact of cpCR P. aeruginosa on 30-day mortality, which 

was increased compared to non-cpCR P. aeruginosa [101]. 
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Other than worsened clinical outcomes, AMR has also negative impacts on the 

economy and healthcare systems by increasing financial costs on a national and individual 

level and reducing hospital activities. The increased costs associated with AMR vary among 

different regions of the globe. However, it is difficult to calculate the exact economical costs 

associated with AMR pathogens, especially in low-income countries. It is now a priority of 

many countries and international institutions to quantify the costs associated with AMR 

pathogens [102].  

The Centers for Disease Control and Prevention (CDC) tried to estimate the financial 

costs associated with AMR pathogens in the United States from 2005 to 2015. The direct costs 

were estimated to be over 4.6 billion (95% CI, 4.1–5.1) US dollars annually for the six most 

common MDR bacterial infections [MRSA, vancomycin-resistant enterococci (VREs), ESBL, CR 

Enterobacteriaceae, CR Acinetobacter, and MDR Pseudomonas] receiving treatment in 

community and hospital settings [103]. Interestingly, CR Acinetobacter accounted for the 

highest costs in community and hospital settings [102]. Another analysis by the CDC showed 

that the treatment of patients over 65 years with MDR bacteria accounted for 1.9 billion US 

dollars annually [104]. These analyses do not include indirect costs such as future patient 

disability from infection complications, missed days at work or costs from treating 

complications such as CDI, therefore, the financial costs are thought to be even higher.  

Additionally, the World Bank ran a comprehensive economic simulation to predict the 

effect of AMR on the global gross domestic product by the year 2050. Their simulation 

predicted that AMR could result in a 3.8% loss of the annual global gross domestic product by 

2050 with an annual loss equalling 3.4 trillion US dollars by 2030, which is comparatively 

worse than the loses caused by the 2008–2009 global financial crisis [105]. Their simulation 
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further demonstrated that these effects will be harder on low-income countries, further 

increasing the gaps in wealth inequality [105], thus, making AMR a very dangerous threat to 

the world’s economy. The World Bank also noted that different aspects of economy will be 

affected and not just healthcare costs, including international trade and livestock production 

which could acquire a 11% loss by 2050 [105]. However, it is important to understand that 

these are just predications based on simulations and more accurate data analysis is required 

to understand the true economic impact of AMR. Finally, European Centre for Disease 

Prevention and Control (ECDC) and the European Medicines Agency (EMA) have released a 

technical report in 2009 where the financial consequences of AMR were estimated. In 2007, 

it was estimated that 900 million euros were spent in the European Union in extra-hospital 

costs and 10 million euros in outpatient care due to treating AMR pathogens, with an 

estimated 150 million euros loss due to loss of workdays of infected people [106]. The overall 

cost of AMR in the European Union is estimated to be 1.5 billion euros annually [106].  

 

4. Tackling AMR 

4.1 Antimicrobial Stewardship programs 

ASPs are among the most vital tools that can be used to battle AMR in both community 

and healthcare settings, however, their implementation has been quite challenging, 

especially in community settings. ASPs have not only been successful in tackling AMR, but 

they also improve patient outcomes, reduce healthcare costs, and reduce adverse effects 

association with antimicrobial use, such as CDI [107]. Their effectiveness in reducing 

antimicrobial use, improving patient outcomes, and decreasing the incidence of antibiotic 
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resistance is well established making them an essential component to tackle AMR in hospitals 

as recommended by the CDC and WHO [108, 109]. 

The core elements of successful ASPs whether in community or hospitals include 

committed leadership groups, healthcare providers and prescribers to be accountable, 

experienced staff (that should include infectious disease specialists, pharmacists and 

microbiologists) with antimicrobial agents, education of healthcare providers and patients, 

and appropriate resource allocation [110].  

Hospital-sector ACPs prioritize interventions that can be implemented in hospital-like 

institution and target hospitalized patients and hospital-acquired infections that are largely 

caused by AMR pathogens. The two major ASP strategies used in hospitals are prospective 

auditing and feedback and pre-authorization, which will be discussed in detail in upcoming 

sections. It is important to understand the usefulness of such interventions before 

implementing them. A recent systematic review aimed to assess the value of hospital ASPs, 

in which 146 studies included that were conducted mainly in North America and Europe [110]. 

Their results revealed that hospital ASPs provide great value to healthcare systems by 

decreasing hospital stay, saving healthcare related costs (average of US$732 per patient), and 

reducing antibiotic expenditure [110]. To evaluate whether the reduction of the antibiotic 

expenditure results in reduction in resistant pathogens is quite complicated and difficult to 

measure. Eleven of the included studies did, however, reveal that after an average period of 

2 years of implementing ASPs, there was a decrease in bacterial resistance to at least one 

antibiotic agent. However, two studies showed an increase in resistance in other agents due 

to selection pressure [110]. Therefore, it is important to address such challenges when 

implementing ASPs. Another review also revealed similar trends where hospital ASPs were 
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successful in reducing carbapenem resistance in P. aeruginosa and control of AMR related 

infections [111]. 

Community-sector ASPs include interventions that can be implemented in primary 

care settings to tackle antibiotic use and typically address community-acquired infections that 

are treated in outpatient services. ASPs in community sections are thought to be more 

difficult to implement due to limited resources and lack of skilled personnel [112]. However, 

there are examples of ASPs that have been implemented in community settings with 

favorable results. For example, in Australia, there are systems that offer feedback to primary 

care physicians about their antibiotic prescribing patterns which has resulted in 18% 

reduction in the amount of antibiotics prescribed by them [113]. Educational ASPs can also 

be easily implemented in community settings to educate primary care physicians about AMR 

and its relationship to antibiotic misuse. This proves that with proper coordination among 

healthcare leadership in countries and community doctors, ASPs can be successful and 

provide an important tool to tackle AMR. 

4.2 Infection Prevention and Control interventions 

An important element to combat AMR is IPC interventions. Logically, preventing 

infections from occurring would result in reduction of antibiotic use, which is one of the main 

drivers of antibiotic resistance. IPC interventions are now considered the norm in many 

healthcare settings and are including in any global policy that aims to reduce AMR. In 

healthcare settings, the major role of IPC is to prevent hospital-acquired infections (HAIs) such 

as hospital-acquired pneumonia (HAP), catheter-related blood stream infections (CRBSIs), 

and surgical site infections (SSIs), which can be caused by a vast number of resistant 

pathogens and are associated with high mortality and morbidity [114]. The basic IPC 
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interventions include hand hygiene, standard precautions, transmission precautions, and 

environmental precautions [114, 115]. When followed accurately, these preventions have 

demonstrated great success in reducing the transmission of AMR in healthcare settings [116]. 

Hand hygiene is an important strategy because evidence has shown that healthcare 

workers hands are colonized with numerous AMR pathogens such as MRSA, VRE and MDR-

Gram-negative bacteria [115]. Additionally, hand carriage of AMR pathogens has been 

associated with an increase in hospital-acquired infections [115]. There have been numerous 

studies conducted that assessed the results of using hand hygiene protocols on reduction of 

AMR infections. Studies conducted in various hospital units, such as ICUs and pediatric units, 

showed that hand hygiene, using triclosan 1% or alcohol-based antiseptics, with hand hygiene 

observation and educational posters have resulted in significant reductions in MRSA and VRE 

infections and colonization rates [116]. The efficacy of specific products for hand hygiene over 

others for the control of AMR is not yet established, however, it is evident that even basic 

hand hygiene protocols can reduce the transmission and cross-contamination with resistant 

pathogens.  

Other strategies in IPC protocols, such standard precautions and contact precautions, 

have mixed results in controlling resistant pathogens. The effectiveness of such precautions 

is difficult assess in the literature due to the variability of practices and high risk of bias in such 

studies [117]. A recent meta-analysis 14 studies assessed whether the discontinuation of 

contact precaution in patients colonized with MRSA and VRE increased the rate of infections. 

Interestingly, their results revealed no change in the amount of MRSA infections and a 

statistically significant reduction in VRE infections [118]. Taken into context with previous 

information, these results show that basic IPC strategies such as hand hygiene and standard 
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precautions could be more effective in controlling the spread and infection rate of AMR 

pathogens than more complicated strategies and should remain in the cornerstone of future 

policies. 

Another critical strategy that could reduce the risk resistant pathogens in healthcare 

and clinical settings is environmental control of these pathogens. Studies have clearly 

demonstrated that patients that use hospital equipment or rooms that harbor AMR bacteria 

are at an increased risk of infection from these pathogens [119]. This means environmental 

cleaning plays a pivotal role in controlling these infections. Evidence also backs up these 

conclusions as numerous multicenter studies in various healthcare settings such as ICUs have 

concluded that enhanced environmental cleaning measures such as chemical disinfection 

with soap-based products or probiotic cleaning has resulted in reduction of colonization rates 

and infection rates with difficult-to-treat pathogens [119-121]. 

As for community-based IPC interventions, vaccination remains the most powerful 

tool to tackle the increasing rates of AMR. Vaccines can directly and indirectly prevent the 

emergence of AMR. Directly this occurs by preventing the infection from bacterial pathogens 

that can acquire resistance. An important example is S. pneumoniae which has acquired 

resistance to penicillin. Vaccination against was successful in reducing penicillin-resistant S. 

pneumoniae by 45% in adults above 65 years in the United Sates [122]. Similar trends were 

also observed in European countries such as Italy where there was a reduction by 12% [122]. 

The biggest hurdle remains that many of such pathogens such as S. aureus, P. aeruginosa, and 

K. pneumoniae still have no available vaccines, however, currently vaccination development 

against such pathogens is a priority [123]. Indirectly, vaccinations against viruses can also 

reduce the emergence of AMR as it results in a reduction of symptomatic viral infections and 
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therefore a reduction in antibiotic misuse and/or overuse which, as discussed previously, is a 

major cause of AMR [123].  

4.3 Global Policies  

Various organizations have created action plans and guidelines to tackle the AMR such 

as the WHO, CDC, and various European regulator bodies. There are plans that have been 

conducted at national levels in specific countries, especially those known to be endemic to 

AMR infections. For example, in Greece, the National Action Plan on Antimicrobial Resistance 

based on the WHO Global Action plan was launched and includes measures to improve 

surveillance and monitoring of AMR, promote the responsible use of antibiotics, and increase 

public awareness of the risks associated with AMR [124]. Additionally, the Ministry of Health 

in Greece has implemented multiple antimicrobial stewardship programs per hospitals to 

monitor the prescribing of antimicrobials and created the Agency for Quality Assurance in 

Health S.A. to implement of educational programs on hospital-acquired infection prevention 

and control [125].  

On a global context, the WHO have developed several initiatives and policies to tackle 

the increase in AMR worldwide. The WHO released a policy package, which includes 

recommendations for countries to implement around the globe to combat AMR. The policy 

package included recommendations such as strengthening surveillance and laboratory 

capacity, optimizing and regulating rational use of antimicrobial medicines, enhance infection 

prevention and control, and promote development and research for new relative tools [126]. 

In the United States, the CDC has developed a range of policies and initiatives to 

combat AMR. These include the Antibiotic Resistance Solutions Initiative, which aims to 

coordinate efforts across the public health and healthcare sectors to address AMR, and the 
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National Healthcare Safety Network (NHSN), a secure online surveillance system that 

healthcare facilities can use to track HAIs and antimicrobial use [127, 128]. The CDC also 

provides guidelines for healthcare providers on the appropriate use of antibiotics in hospital 

and community settings that can help establish local antimicrobial stewardship initiatives. 

In Europe, the European One Health Action Plan provides a comprehensive framework 

that seeks to prevent and control AMR across human health, animals, and the environment. 

The plan includes a range of measures, such as improving surveillance and monitoring of AMR 

in farm animals, food, and healthcare settings, promoting the responsible use of antibiotics, 

promoting infection prevention and control practices in hospital settings and the community, 

and increasing research and development into new treatments for infectious diseases [129]. 

The guidelines also emphasize measures to be undertaken in agriculture settings to reduce 

antimicrobial uptake in farm animals [129]. 

4.4 Public awareness 

Public awareness strategies when used efficiently can aid in communicating with the 

general public about AMR and therefore help in reducing its transmission and spread. Efficient 

public awareness campaigns can positively influence the behavior of patients, healthcare 

providers, and policymakers towards the appropriate use of antimicrobial agents. This is 

important because studies have shown that there exists a correlation between lack of 

awareness of the risks associated with AMR among patients and healthcare providers and the 

overuse and/or misuse of antimicrobials and the emergence of AMR in most countries [130].  

A systematic review assessed the results of public awareness campaigns on antibiotic 

use in the United States. The studies included were heterogenous and included different type 

of target population such as veterans, parents of sick children, and Spanish speaking patients. 
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Interestingly, the majority of the studies showed a reduction in prescribing antibiotics 

following such campaigns [131]. However, there remains a lack in evidence if these 

interventions would directly result in a reduction of AMR in the community or healthcare 

settings.   

Similar trends were also observed in studies conducted in Europe. In Europe, a 

campaign known as the European Antibiotic Awareness Day was launched and received 

positive reception from the public and leaders from numerous European countries [132]. 

Studies in various European countries, such as France and Belgium, have demonstrated that 

this campaign resulted in a decrease in antibiotic use in the community [133, 134]. Also, a 

study in Slovenia showed aa reduction in the resistance of S. pneumoniae to penicillin and 

macrolides [133].  

To create effective public awareness campaigns, several steps should be undertaken. 

It is vital to measure the level of awareness among the general population and specific target 

populations before such campaigns are used [76]. Additionally, leaders, such as health 

ministries and important figures in healthcare, should ensure that their message is unified 

and clear since conflicting messages or those filled with misinformation can have negative 

impacts [76]. However, it is imperative to remember that such campaigns without other 

methods to tackle AMR would seldom result in long-term reduction of the AMR rates. 

 

5. Antimicrobial Stewardship 

5.1 Definition 
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Antimicrobial stewardship is defined as a coordinated interventions by healthcare 

organizations to optimize and standardize antibiotic use and promote the selection of 

appropriate antibiotic regimens to treat infections [107]. It can take place in varying 

healthcare systems with the goals of its programs to improve patient outcomes, reduce 

healthcare associated costs, reduce adverse effects associated with antibiotic use, and tackle 

the negative impacts associated with AMR [106]. In the literature, many terminologies have 

been used interchangeably to refer to antimicrobial stewardship, which include antibiotic 

policies, antibiotic management programs, and antibiotic consumption control programs 

[112].      

5.2 Strategies 

The major strategies of hospital ASPs involve prospective audit and feedback, and pre-

authorization and antibiotic restriction. Other ASP strategies involve educating healthcare 

providers, combining antimicrobial treatments, oral-to-parenteral switching, optimizing 

antimicrobial dosages, and developing guidelines or clinical pathways [135]. Table 3 describes 

the different ASP strategies that can be utilized in healthcare settings. 

Table 3. Antimicrobial stewardship program strategies in healthcare settings [107, 136]. 

Program Description Strength of 

recommendation and 

quality of evidence1 

Preauthorization Designed to restrict antimicrobial 

agent use by requiring healthcare 

providers to request approval prior to 

Strong 

recommendation and 
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prescribing certain antimicrobial 

agents 

moderate-quality 

evidence 

Prospective Audit and 

Feedback 

Designed to augment antimicrobial 

use by reviewing antimicrobial 

treatment strategies with healthcare 

providers and providing them 

feedback following initiation of 

treatment 

Strong 

recommendation and 

moderate-quality 

evidence 

Educational didactics Designed to provide education to 

healthcare providers in healthcare 

institutions an interactive lecture 

format to expand their knowledge 

about antimicrobial agents and their 

clinical use. These sessions can also 

cover certain hospital guidelines and 

clinical pathways 

Weak recommendation 

and low-quality 

evidence 

Institution-specific 

treatment guidelines   

Involves the creation of evidence-

based clinical practice guidelines and 

algorithms to standardize the 

prescribing habits of healthcare 

providers in these institutions. They 

should be evidence-based and 

Weak recommendation 

and low-quality 

evidence 
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tailored towards the local 

epidemiology 

Clinical pathways These are clinical pathways that are 

designed for specific infectious 

diseases syndromes to improve and 

standardize prescribing habits among 

healthcare providers. They can be 

institution-based or 

nationally/internationally based 

Weak recommendation 

and low-quality 

evidence 

a) Dose-optimization 

and, 

b) Duration-

optimization  

strategies 

a) Designed to create alternative 

dosing strategies based on 

antimicrobial agents pharmacokinetic 

and pharmacodynamic properties in 

hospitalised patients. 

b) Duration-optimization protocols 

aim to create guidelines that 

recommend a specific duration for 

therapy based on patient-specific 

factors and infection 

a) Strong 

recommendation and 

moderate-quality 

evidence (for 

aminoglycosides) 

Weak recommendation 

and low-quality 

evidence (for broad-

spectrum β-lactams 

and vancomycin) 

b) Strong 

recommendation and 

moderate-quality 
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evidence (for shortest 

duration) 

Intravenous (iv) to oral 

conversion 

Designed to implement programs 

that prioritize the use of oral 

antibiotics when appropriate and 

timely transition IV to oral 

antimicrobials 

Strong 

recommendation and 

moderate-quality 

evidence 

1Following recommendation by the Infectious Diseases Society of America (IDSA) and the 

Society for Healthcare Epidemiology of America (SHEA). 

 

Pre-authorization and prospective audit and feedback are the major and most 

efficient ASP strategies that can be utilized, and both can be comprehensive enough to 

include other ASP strategies. Pre-authorization requires healthcare providers to get prior 

authorization for certain antimicrobials before prescribing them, while prospective audit and 

feedback is an intervention that in which antimicrobial prescribing is assessed by direct 

interaction with healthcare providers and providing feedback to providers following 

prescription [107]. Among both strategies, there is limited evidence to recommend one over 

the other. When hospitals and healthcare facilities consider which strategies to adapt, they 

need to have a clear understanding of their needs and goals (such as cost-savings or 

healthcare providing prescribing patterns) and resources (such as available personnel and 

their skills and data resources) [136].  

Pre-authorization strategies are restrictive in nature and aim to directly control the 

prescribing habits of healthcare providers. The most comprehensive pre-authorization 
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strategies would involve the healthcare prescribing requesting authorization from the ASP 

before an antimicrobial agent is dispensed from the pharmacy [135]. This allows the ASP to 

properly review the antimicrobial agent and ensure it is the appropriate choice for the specific 

patient.  

As for prospective audit and feedback, it is a strategy that emphasizes a team-based 

approach to patient care while protecting healthcare providers autonomy. It works by having 

the ASP team have direct interaction with healthcare providers by reviewing the antimicrobial 

therapy after it administration [136]. Following the review, feedback is provided which could 

serve as an education opportunity for the prescribers. 

5.3 Advantages and Disadvantages of each strategy  

As with any strategy, different ASP strategies have different advantages and 

disadvantages, which are vital to understand to allow for proper implementation. It is 

important to note that no study has proven for any of the major interventions to be superior, 

however, certain interventions could be more difficult to implement at different institutions.  

The major advantages of pre-authorization strategies include: 

 Significant reduction in the inappropriate use of antimicrobial agents, leading to 

reduction in antibiotic resistance, 

 Utilization of evidence-based indications and appropriate use of cultures prior to 

initiating antimicrobials, 

 Optimization of empiric antimicrobial choice, and 

 Significant reduction in antimicrobial associated costs by reduction of treating their 

side-effects (such as CDI) or reduction of using high-cost agents [107].  
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As for the disadvantages of pre-authorization strategies, they include: 

 Effectiveness of strategy depends on the skills of the people providing approval, 

 Downstream use of antibiotics in place of empiric options is not addressed, 

 Healthcare providers could report a loss of autonomy, 

 Requires the availability of real-time providers for quick approvals, 

 May shift antimicrobial resistance patterns to more broad-spectrum agents, and 

 May result in delay of therapy [107].  

On the other hand, the advantages provided by prospective audit and feedback 

interventions are different and may also address many of the disadvantages of pre-

authorization. These advantages include:  

 Prescriber’s autonomy is maintained, 

 Requires less real-time resources as it does not need to be implemented daily, 

 Aids in building collegial relationships which enhances multidisciplinary team function,  

 Increases the amount of clinical evidence available leading to better perception by 

healthcare providers, 

 Provides educational benefit to clinicians, and 

 Addresses de-escalation and other ASPs strategies, such as antimicrobial dose 

optimization and duration of treatment [107]. 

Provided prospective audit and feedback intervention also have specific disadvantages 

that need to be taken into consideration before their implementation. These include: 

 Requires specific resources, such as computerized systems, 
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 Effectiveness depends on the available infrastructure and methods of delivering 

feedback, 

 Labor-intensive, and 

 Persuading healthcare workers to change treatment could prove difficult, which could 

cause these programs to long before any outcomes are met [107]. 

5.4 Existing experience of already implemented hospital ASPs 

Since the introduction of hospital ASPs and the strong recommendation by 

international and national organizations for their use, there has been numerous studies 

conducted to assess their effectiveness in varying parts of the globe. A recent systematic 

review and meta-analysis aimed to assess the results of published studies of hospital ASPs 

until 2016 and found that there were over 200 published papers [137]. The majority of 

published literature covers studies conducted in North America and Europe, which further 

highlights the gap and difficulties in implementing ASPs in low-income countries. It is 

important to note that, when discussing the findings of such studies, many of them have used 

varying strategies of ASPs that were explained above.  

The main findings of the meta-analysis revealed that ASPs were strongly effective in 

increasing compliance with antibiotic guidelines (15% difference from non-ASP 

interventions), reducing the duration of antibiotic treatment by around 2 days, and reducing 

in hospital length of stay by 1.12 days, without an increase in patient mortality or adverse 

effects [137]. There was also a weak association between ASPs and reduction in the CDI rates 

and in the resistance rates of Gram-negative and Gram-positive bacteria [137].  

Even though the authors found no difference in adverse effects between hospitalized 

patients receiving treatment following ASPs and those that did not, there were few studies 
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that reported on these effects [137]. Additionally, it is important to note that one randomized 

controlled trial that used automatic antibiotic stop orders had to be terminated early due to 

delay in antibiotic therapy [138]. Therefore, more studies are still required to fully understand 

the adverse outcomes associated with specific ASP strategies [137]. The authors of the meta-

analysis further divided ASPs strategies into restrictive interventions, that included prior 

authorization, and enabling interventions, that included prospective audit and feedback and 

education. When comparing these interventions, it was showed that both were 

independently associated with the results described above, however, their combination 

enhanced the desired effects [137]. Interestingly, their findings also revealed that enabling 

ASPs that included feedback were more effective than other strategies, however, the number 

of studies used for comparison was too low to make a definitive conclusion [137]. 

5.5 Barriers and facilitators to implementation of ASPs 

The barriers and facilitators to implementation of ASPs vary by the sector in which 

interventions are to be implemented and the economic situation of the institutions and 

countries. Evidence suggests that ASPs are more readily implemented in developed countries 

compared to low-to-middle income countries [112].  

Barriers in low-income countries are broad and include lack of infrastructure and 

resources, lack of national initiatives and local guidelines, and difficulty in changing 

prescribing behaviors [139]. In these countries, involvement of local stakeholders, availability 

of evidence-based guidelines, and availability of readily adaptable resources were considered 

as facilitators [139].  

In developed countries, the barriers to ASP implementation include lack of funding, 

lack of information systems availability, lack of technological resources such as data analysis 
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programs, lack of qualified personnel, lack of laboratories for antibiotic susceptibility testing, 

poor communication and leadership, lack of performance metrics (for feedback), gaps in 

microbiology and infectious disease knowledge, and lack of awareness about the value of 

ASPs among healthcare administrators [140]. Additionally, in countries with MDR bacteria 

epidemics, limited availability of antimicrobial options could be a perceived barrier to ASP 

implementation [141]. In contrast, facilitators reported in developed countries included 

securing of specialized funding to implement ASPs, availability of infectious disease 

specialists, pharmacist and microbiologists to lead these projects, existing of local guidelines 

on implementing ASPs, and availability of electronic prescribing systems [140]. 
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1. Abstract 

Background: Irrational use of antimicrobials poses a significant risk for public health by 

aggravating antimicrobial resistance. The aim of this repeated point prevalence survey (PPS) 

was to evaluate the impact of a carbapenem-focused antimicrobial stewardship program 

(ASP) on overall antimicrobial use and quality of antimicrobial prescribing during the COVID-

19 pandemic. 

Methods: All adult inpatients in the University Hospital of Heraklion in Greece were audited 

twice, before and after the implementation of the ASP, in October 2019 and October 2020, 

respectively. Patient characteristics, indications and diagnoses for antimicrobial 

administration, antimicrobials prescribed, and compliance with treatment guidelines were 

recorded.  

Results: Of 743 adult inpatients on the days of the two surveys, 398 (53.6%) were on 

antimicrobials for 437 diagnoses. Following implementation of the ASP, there was substantial 

decrease in the utilization of carbapenems (4.9% of all antibacterials prescribed in the second 

PPS compared to 10.3% in the first PPS). A significant improvement was observed for all 

indicators of the quality of antimicrobial prescribing.  

Conclusions: Our study demonstrated a positive impact of an ASP implementation during the 

first stages of the COVID-19 pandemic on reducing the use of last-line antimicrobials and 

improving overall quality of antimicrobial prescribing. 
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2. Introduction 

Antimicrobial overuse and misuse represent major public health problems worldwide 

and are tightly linked with negative patient outcomes, emergence and spread of antimicrobial 

resistance (AMR), increased risk of side effects, and higher healthcare cost [1,2]. The COVID-

19 pandemic aggravated the issue of inappropriate antimicrobial use in several ways. 

Specifically, in many cases antibiotics were used irrationally to treat COVID-19 patients 

without proof or suspicion of bacterial co- or superinfection, and antiparasitics were often 

used as repurposed drugs against SARS-CoV-2 in the absence of scientific evidence [3–5]. 

For many years now, Greece ranks among the European countries with the highest 

rates of antibiotic consumption and AMR, both in community and hospital settings, and is one 

of the largest consumers of last-line antibiotics, such as carbapenems and polymyxins [6,7]. 

Implementation of targeted efforts, based on local data, is imperative for improvement of 

antimicrobial use. These efforts should aim to various levels of the antimicrobial prescription 

chain, including prescriber education, prescription practices, patient monitoring and 

feedback, and communication [8]. Relatively little investment per capita in infection 

prevention and control (IPC) strategies and antimicrobial stewardship programs (ASPs) could 

pay itself back in a very short time by reducing the burden of disability and death due to 

infections caused by multidrug-resistant bacteria [9]. Currently, a national action plan on AMR 

is under development, while few Greek hospitals have already attempted to optimize IPC 

practices and to implement ASPs [10–13].  

On the 1 January 2020, a carbapenem-focused ASP was implemented in all adult clinics 

of our hospital in Greece. The program was based on the prospective audit and feedback 

strategy, along with case-based education and meetings on proper use of antimicrobials. The 
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ASP team was alerted by the hospital pharmacy upon prescription order of a carbapenem 

and, within 72 h, provided unsolicited in-person consultation.  

In parallel to the carbapenem-focused ASP in our hospital, repeated point prevalence 

surveys (PPS) were performed among all adult inpatients, aiming to identify risk factors 

associated with inappropriate antimicrobial use in our hospital and to evaluate the impact of 

the ASP on overall antimicrobial utilization and quality of antimicrobial prescribing. 

 

3. Results 

In all, 743 patients were hospitalized on the days of the two surveys, of whom 398 

patients (53.6%) were receiving antimicrobials for 437 diagnoses. Of the 398 inpatients 

surveyed in the 2019 PPS, 203 (51.0%) were on antimicrobials, while in the 2020 PPS, 195 

(56.5%) of the 345 inpatients were receiving antimicrobials. Baseline characteristics of 

patients on antimicrobials are presented in Table 1. 

The majority of antimicrobial prescriptions was for therapeutic reasons. The most 

common indication for antimicrobial treatment was community-acquired infection (CAI) 

followed by hospital-acquired infection (HAI), while between the two surveys there was a 

statistically significant difference regarding indications for antimicrobial administration. The 

top three diagnoses for antimicrobial prescription in both PPSs were respiratory infections, 

followed by skin, soft tissue, bone and joint infections, and gastrointestinal infections 

(including intra-abdominal and Clostridioides difficile infections) (Table 2). 
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Table 1.  Patients' characteristics, 2019 vs 2020. 

 Total 2019 2020 
p-

value 

 (n=398) (n=203) (n=195)  

Female 164 (41.2%) 95 (46.8%) 69 (35.4%)  0.021 

Age (years) 
65.5 (49.0-

78.0) 

66.0 (50.0-

78.0) 

65.0 (48.0-

78.0) 
 0.59 

BMI (kg/m2) 
26.0 (23.0-

29.0) 

25.0 (23.0-

29.0) 

27.0 (24.0-

30.0) 
 0.30 

McCabe score     0.006 

   Non-fatal 233 (58.5%) 133 (65.5%) 100 (51.3%)  

   Ultimately fatal 127 (31.9%) 52 (25.6%) 75 (38.5%)  

   Rapidly fatal 33 (8.3%) 13 (6.4%) 20 (10.3%)  

   Missing 5 (1.3%) 5 (2.5%) 0 (0.0%)  

Treatment setting     0.19 

   Medical 191 (48.0%) 106 (52.2%) 85 (43.6%)  

   Surgical 176 (44.2%) 81 (39.9%) 95 (48.7%)  

   Intensive care 31 (7.8%) 16 (7.9%) 15 (7.7%)  

Inserted invasive devices (total) 1.0 (1.0-2.0) 1.0 (1.0-2.0) 2.0 (1.0-2.0)  0.20 

Indwelling urinary catheter 164 (41.2%) 81 (39.9%) 83 (42.6%)  0.59 

Peripheral vascular catheter 349 (87.7%) 182 (89.7%) 167 (85.6%)  0.22 

Central vascular catheter 59 (14.8%) 29 (14.3%) 30 (15.4%)  0.76 
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Invasive respiratory endotracheal 

intubation 
34 (8.5%) 15 (7.4%) 19 (9.7%)  0.40 

Inserted tubes and drains 50 (12.6%) 16 (7.9%) 34 (17.4%)  0.004 

Data are presented as median (IQR) for continuous measures, and n (%) for categorical 

measures. 

 

Table 2. Indications and diagnoses for antimicrobial use, 2019 vs. 2020. 

Indicator 2019 2020 P-value 

Hospitalized patients 398 (100.0%) 345 (100.0%) - 

Patients on antimicrobials (1)  203 (51.0%)  195 (56.5%) 0.133 

Total number of diagnoses (2)  217 (54.5%)  220 (63.8%) 0.102 

Indication (3)   0.021 

   CAI 83 (38.2%) 94 (42.7%)  

   SP1 1 (0.5%) 0 (0.0%)  

   SP2 0 (0.0%) 10 (4.5%)  

   SP3 42 (19.4%) 34 (15.5%)  

   HAI 68 (31.3%) 64 (29.1%)  

   MP 15 (6.9%) 15 (6.8%)  

   UNK 8 (3.7%) 3 (1.4%)  

Diagnosis (2)   0.142 

   UNK 9 (4.1%) 2 (0.9%)  

   CNS 6 (2.8%) 4 (1.8%)  

   EYE 0 (0.0%) 2 (0.9%)  
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   ENT 6 (2.8%) 6 (2.7%)  

   RESP 46 (21.2%) 41 (18.6%)  

   CVS 9 (4.1%) 4 (1.8%)  

   GI 35 (16.1%) 37 (16.8%)  

   SSTBJ 36 (16.6%) 43 (19.5%)  

   UTI 30 (13.8%) 27 (12.3%)  

   GUOB 12 (5.5%) 17 (7.7%)  

   BAC 4 (1.8%) 13 (5.9%)  

   SEPSIS 9 (4.1%) 4 (1.8%)  

   FN 5 (2.3%) 5 (2.3%)  

   OTHER/NDS 10 (4.6%) 15 (6.8%)  

Treatment for HAI or CAI (4)   0.310 

   Empirical 102 (67.5%) 98 (62.0%)  

   Targeted 49 (32.5%) 60 (38.0%)  

Notes: (1) percentages calculated over the total number of hospitalized patients; (2) each 

patient could have more than one diagnosis; (3) percentages calculated over the total number 

of diagnoses; (4) percentages calculated over the sum of CAIs and HAIs. Abbreviations: CAI = 

community acquired infection, SP1 = surgical prophylaxis 1 dose, SP2 = surgical prophylaxis 

for 1 day, SP3 = surgical prophylaxis > 1 day, HAI = hospital acquired infection, MP = medical 

prophylaxis, UNK = unknown, CNS = central nervous system infection, EYE = eye infection, 

ENT = ear, nose, throat infection, RESP = respiratory infection, CVS = cardiovascular system 

infection, GI = gastrointestinal infection, SSTBJI = skin and soft tissue and bone/joint infection, 

UTI = urinary tract infection, GUOB = genitourinary and obstetric/gynecological infection, BAC 

= bacteremia or fungemia with no clear anatomic site and no shock, SEPSIS = sepsis of any 
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origin, sepsis syndrome or septic shock with no clear anatomic site, FN = fever in neutropenic 

patient, NDS = no defined site. 

 

No statistically significant differences were observed between the two survey periods 

regarding the frequency of use of different antimicrobial types (Table 3). Antibacterials were 

the most common antimicrobials prescribed, followed by antifungals. In both PPSs, 

cephalosporins were the most commonly prescribed antibacterials, while fluoroquinolones 

and penicillins ± β-lactamase inhibitors alternated in the second and third position of the most 

commonly prescribed antibacterials (Table 4). Importantly, after the implementation of the 

carbapenem-focused ASP, there was substantial decrease in the utilization of carbapenems 

(4.9% of all antibacterials prescribed in the second PPS compared with 10.3% in the first PPS). 

Apart from McCabe score, no significant differences were observed regarding the 

characteristics of the patients receiving carbapenems in the two surveys (Table 5). This 

decrease in carbapenem use after the ASP implementation was also accompanied by a 

decrease in colistin use and an increase in piperacillin/tazobactam and tigecycline utilization, 

while the use of cephalosporins ± β-lactamase inhibitors (i.e., ceftolozane/tazobactam and 

ceftazidime/avibactam) remained largely unchanged (Table 4). 

Table 3. Frequencies of antimicrobials prescribed by type, 2019 vs 2020. 

Antimicrobial type 2019 

(n=343) 

2020 

(n=348) 

P-value 

Antibacterial 310 (90.4%) 307 (88.2%) 0.358 

Antimycobacterial 0 (0.0%) 3 (0.9%) 0.085 

Antifungal 25 (7.3%) 30 (8.6%) 0.518 
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Antiviral 7 (2.0%) 8 (2.3%) 0.816 

Antiparasitic 1 (0.3%) 0 (0.0%) 0.313 

Data are presented as n (%) of total number of antimicrobials. 

 

Table 4. Type of antibacterials, 2019 vs 2020. 

 Total 2019 2020 p-value 

 (n=617) (n=310) (n=307)  

Antibacterial group     0.094 

   Penicillin ± β-lactamase inhibitor 89 (14.4%) 38 (12.3%) 51 (16.6%)  

   Cephalosporin 130 (21.1%) 67 (21.6%) 63 (20.5%)  

   Cephalosporin ± β-lactamase inhibitor 11 (1.8%) 5 (1.6%) 6 (2.0%)  

   Carbapenem 47 (7.6%) 32 (10.3%) 15 (4.9%)  

   Aminoglycoside 9 (1.5%) 5 (1.6%) 4 (1.3%)  

   Tetracycline 1 (0.2%) 1 (0.3%) 0 (0.0%)  

   Macrolide 7 (1.1%) 5 (1.6%) 2 (0.7%)  

   Lincosamide 11 (1.8%) 5 (1.6%) 6 (2.0%)  

   Fluoroquinolone 78 (12.6%) 40 (12.9%) 38 (12.4%)  

   Trimethoprim/Sulfamethoxazole 10 (1.6%) 3 (1.0%) 7 (2.3%)  

   Metronidazole 49 (7.9%) 20 (6.5%) 29 (9.4%)  

   Oxazolidinone 19 (3.1%) 13 (4.2%) 6 (2.0%)  

   Glycopeptide 42 (6.8%) 19 (6.1%) 23 (7.5%)  

   Daptomycin 37 (6.0%) 20 (6.5%) 17 (5.5%)  

   Tigecycline 25 (4.1%) 7 (2.3%) 18 (5.9%)  
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   Colistin 29 (4.7%) 18 (5.8%) 11 (3.6%)  

   Other antibacterial 23 (3.7%) 12 (3.9%) 11 (3.6%)  

Data are presented as n (%) of total number of antibacterials. 

 

Table 5. Characteristics of patients receiving carbapenems, 2019 vs 2020. 

 Total 2019 2020 
p-

value 

 (n=44) (n=31) (n=13)  

Female 17 (38.6%) 13 (41.9%) 4 (30.8%)  0.49 

Age (years) 
68.0 (55.5-

79.0) 

68.0 (53.0-

79.0) 

68.0 (59.0-

79.0) 
 0.85 

BMI (kg/m^2) 
25.0 (22.0-

30.0) 

24.0 (21.0-

30.0) 

27.0 (22.0-

30.0) 
 0.40 

McCabe     0.004 

   Non-fatal 17 (38.6%) 16 (51.6%) 1 (7.7%)  

   Ultimately fatal 18 (40.9%) 11 (35.5%) 7 (53.8%)  

   Rapidly fatal 7 (15.9%) 2 (6.5%) 5 (38.5%)  

   Missing 2 (4.5%) 2 (6.5%) 0 (0.0%)  

Treatment unit     0.92 

   Medical 29 (65.9%) 21 (67.7%) 8 (61.5%)  

   Surgical 9 (20.5%) 6 (19.4%) 3 (23.1%)  

   Intensive care 6 (13.6%) 4 (12.9%) 2 (15.4%)  

Inserted invasive devices (total) 2.0 (1.0-2.0) 2.0 (1.0-2.0) 2.0 (2.0-2.0)  0.14 
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Indwelling urinary catheter 24 (54.5%) 15 (48.4%) 9 (69.2%)  0.21 

Peripheral vascular catheter 35 (79.5%) 26 (83.9%) 9 (69.2%)  0.27 

Central vascular catheter 12 (27.3%) 8 (25.8%) 4 (30.8%)  0.74 

Invasive respiratory endotracheal 

intubation 
5 (11.4%) 3 (9.7%) 2 (15.4%)  0.59 

Inserted tubes and drains 5 (11.4%) 1 (3.2%) 4 (30.8%)  0.009 

Data are presented as median (IQR) for continuous measures and n (%) for categorical 

measures. 

 

Regarding the quality of antimicrobial prescribing, a statistically significant 

improvement was observed in all relative indicators after the implementation of the 

carbapenem-focused ASP in our hospital (Table 6). The rate of documentation of reason and 

of stop/review date of antimicrobial administration was significantly higher (p<0.001) in the 

second PPS, while full compliance to national or international treatment guidelines was also 

significantly increased from 61.8% to 73.6% (p=0.003) after ASP implementation. 

 

Table 6. Therapy quality indicators by diagnoses, 2019 vs 2020. 

 Total 2019 2020 p-value 

 (n=437) (n=217) (n=220)  

Reason in notes 331 (75.7%) 130 (59.9%) 201 (91.4%) <0.001 

Stop/Review Date Documented 204 (46.7%) 49 (22.6%) 155 (70.5%) <0.001 

Guidelines Compliance     0.003 

   No 93 (21.3%) 47 (21.7%) 46 (20.9%)  
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   Yes 296 (67.7%) 134 (61.8%) 162 (73.6%)  

   Not assessable 9 (2.1%) 8 (3.7%) 1 (0.5%)  

   No information 11 (2.5%) 9 (4.1%) 2 (0.9%)  

   Partially 28 (6.4%) 19 (8.8%) 9 (4.1%)  

Data are presented as n (%) of the total number of diagnoses for which an antimicrobial was 

prescribed. 

 

4. Materials and Methods 

4.1. Study Design and Study Site 

The first and second PPSs were conducted in October 2019 and October 2020, 

respectively. All adult wards of the University Hospital of Heraklion in Greece, a 770-bed 

hospital that covers all medical and surgical specialties, were audited. The study was 

approved by the hospital review board. 

4.2. Study Population 

All adult inpatients who were in the ward at 08:00 a.m. were audited for receipt of 

antimicrobials, including antibacterials, antifungals, antivirals, and antiparasitics. The routes 

of antimicrobial administration were parenteral (i.e., intravenous, subcutaneous, 

intramuscular, intraventricular, and intraperitoneal), inhalation, oral, and rectal. Outpatients, 

patients in the emergency department, and day hospitalizations were excluded. The number 

of eligible patients on the day of each survey determined the study size and no a priori 

calculation of sample size was performed. 

4.3. Data Collection 

Each survey was conducted on a single day by the infection control team, which 

constituted by infectious disease fellows and internal medicine residents. Both surveys were 
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conducted by the same infection control team members. The Global Point Prevalence Survey 

(Global PPS) 2019 methodology was used with adaptations for data collection on ward and 

patient level [14]. The required patient data were collected by reviewing patients’ case notes 

and prescribing charts.  

Wards were grouped by type as follows: medicine, surgery, and intensive care unit 

(ICU). Antimicrobial utilization data is presented in terms of proportions. Numerator data 

included patients on at least one antimicrobial, while denominator data involved all 

hospitalized patients included in the surveys. For each patient receiving antimicrobials, 

information was collected about sex, age, body mass index (BMI), McCabe score, presence of 

invasive devices, therapeutic indication, diagnosis, microbiological data, antimicrobial agents, 

route of administration, dosage, and a set of quality indicators: documentation of reason for 

antimicrobial administration in notes and of stop/review date, and compliance with national 

or international treatment guidelines. Each patient could have more than one diagnoses for 

antimicrobial treatment. Treatment guidelines compliance per diagnosis was considered as 

partial if the choice of antimicrobial agent(s) was following existing guidelines but dosage, 

route of administration or duration of treatment were inappropriate, while compliance was 

considered as full if all of the aforementioned treatment parameters were according to 

relative national or international guidelines. Of note, treatment guidelines focus on diagnosis 

and a patient might have more than one infection diagnosed, while each infection might be 

treated with more than one antimicrobial. Therefore, and in contrast to most previous 

studies, we selected number of diagnoses as numerator and denominator (not antimicrobials 

or number of patients) for the above quality indicators. 

4.4. Statistical Analysis 



 

98 
 

Categorical data were presented as frequencies and proportions (%) and were 

compared between the two independent surveys (2019 vs. 2020) by means of Pearson’s chi 

square test. Continuous data were summarized as mean with standard deviation or median 

with interquartile range (IQR) depending on the degree of skewness in the distributions and 

were compared between 2019 and 2020 using the t-test and the Wilcoxon–Mann–Whitney 

U test, respectively. Statistical significance was considered at the p < 0.05 threshold. All 

analyses were performed using Stata version 17 (Stata Corp., College Station, TX, USA). 

 

5. Discussion 

This is the first study in the current literature examining the impact of a hospital-wide 

carbapenem-focused ASP that was implemented during the initial stages of the COVID-19 

pandemic on antimicrobial utilization and quality of antimicrobial prescribing. The results of 

this study confirm the feasibility and effectiveness of a hospital ASP even under the difficult 

circumstances of a pandemic. 

Among the main findings of our study is that the implementation of the carbapenem-

focused ASP in our hospital led to a decrease of carbapenem use without increasing the 

utilization of newer antibiotics that can be used as alternatives to carbapenems, specifically 

ceftolozane/tazobactam and ceftazidime/avibactam, thus preserving their efficacy through 

prudent use. Furthermore, the ASP caused a statistically significant improvement in quality 

indicators of antimicrobial prescribing, specifically in indication/diagnosis and stop/review 

date documentation, and adherence to treatment guidelines. 

The prevalence of antimicrobial use in both our surveys (51% and 56.5%) was higher 

than the overall prevalence rate reported for southern Europe (39%) and the weighted 

prevalence in the European Union/European Economic Area (30.5%) in the pre-COVID-19 era 
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[15,16], and also higher than the prevalence reported in multicenter studies in Japan (33.5%) 

and Canada (33.5%) [17,18]. However, the rates of antimicrobial use in our study were similar 

to those previously reported for Greece (55.6%) in the most recent (2016–2017) European 

Centre for Disease Prevention and Control PPS [16]. Prevalence of antimicrobial use over 50% 

in hospitalized patients has also been reported in studies from countries outside Europe, such 

as Brazil (52.2%) and Nigeria (59.6%) [19,20], and in a multinational study in Latin America 

that examined only the use of antibiotics (54.6%) [21]. In a multicenter PPS conducted in 2015 

in the United States, almost half of inpatients surveyed were on antimicrobials [22]. 

Interestingly, in the above study, there was no significant reduction in the prevalence of 

antimicrobial use from 2011, even though the majority (79.4%) of participating hospitals 

reported having an ASP following the Centers for Disease Control and Prevention 

recommendation made in 2014 that all hospitals in the USA have an ASP [22,23]. However, 

compared with the 2011 survey, some positive, though unrelated to the overall prevalence 

of antimicrobial use, changes were observed, such as a smaller percentage of patients on 

fluoroquinolones and a lower prevalence of antimicrobial use in neonatal critical care settings 

[22]. Accordingly, in our study, although there was no significant change in the prevalence of 

antimicrobial use between the two surveys, ASP implementation had a positive impact on 

utilization of last-line antibiotics and on prescribing quality.  

During the first waves of the COVID-19 pandemic, increased and often inappropriate 

use of antimicrobials was observed in patients with COVID-19 [24]. The reported pro portion 

of COVID-19 inpatients receiving antibiotics ranged between 6% and 58% and in most cases, 

treatment was empirical [25–27]. In a recent multinational European PPS, 52.7% of 

hospitalized COVID-19 patients were receiving antibiotics and/or antifungals (range, 32.9–

85.6%), pneumonia was the most common diagnosis, and treatment was mostly empirical 
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[28]. Due to the low number of hospitalized COVID-19 patients on the day of the second 

survey of our study (data not shown), we did not perform separate analysis for these patients, 

although the majority (>50%) of them were on antibiotics and/or antifungals as empirical 

treatment for respiratory infections. 

The most common indication of antimicrobial treatment was CAI, as has been 

observed in similar studies from all over the world, even during the pre-COVID-19 era 

[15,16,18–21,29,30]. Approximately 30% of total indications for antimicrobial treatment in 

both our surveys were HAIs, a proportion that is considered high compared to data reported 

from other countries [21]. There was a slight decrease in the rate of antimicrobial 

administration for HAIs in the second PPS of our study compared to the first (29.1% versus 

31.3%); however, taking into account the strengthening of the infection control measures in 

our hospital due to the COVID-19 pandemic during the second survey, this only slight decrease 

cannot be considered as promising. Importantly, there was a decrease in the prevalence of 

surgical prophylaxis for more than one day among patients on antimicrobials in the second 

PPS, probably due to the implementation of the ASP. 

In both surveys of this study, cephalosporins were the most common antibiotics 

prescribed, which has also been reported in Africa, Latin America, the United States, Middle 

East, India, and in other studies from Greece [20–22,30–32]. This is mostly due to the wide 

utilization of third generation cephalosporins, which are considered safe antibiotics that can 

be used as empirical treatment against many common bacteria in different infection sites, 

such as the abdomen, and the respiratory and urinary tract. The second most commonly 

prescribed group of antibacterials were penicillins ± β-lactamase inhibitors, while in other 

similar studies, particularly from northern/western Europe and Canada, these antibacterials 

were the most commonly used [15,29]. The third most common group were 
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fluoroquinolones, with an unchanged percentage of utilization between the two surveys 

(12.9% of all antibacterials in 2019 versus 12.4% in 2020), which is higher compared to that 

reported in studies derived from several other countries worldwide [21,29,30]. Taking into 

account the association of fluoroquinolone use with adverse drug reactions and risk of C. 

difficile infection, this class of antibacterials should be included among the primary targets of 

stewardship efforts. 

An important outcome of our study was the decrease of carbapenem use between the 

two surveys after the implementation of the carbapenem-focused ASP, without concomitant 

increase in the utilization of most of the other antibiotics for multidrug-resistant Gram-

negative bacteria, such as colistin and, most importantly, ceftolozane/tazobactam and 

ceftazidime/avibactam. Before the COVID-19 pandemic and the ASP implementation in our 

hospital, carbapenem use represented 10.3% of all antibacterials, which, even similar to that 

reported in a recent multinational study from Latin America [21], was considered as high and, 

therefore, was set as the main target of our antimicrobial stewardship intervention. In the 

second survey, post-ASP implementation, the respective percentage fell to 4.9%. Considering 

that our study was conducted in a setting of high endemicity for resistant Gram-negative 

microorganisms, while there was healthcare personnel shortage for stewardship activities 

due to the COVID-19 pandemic, this is an encouraging finding towards the feasibility of 

implementing an effective hospital ASP in countries with high AMR rates and limited staff 

resources. 

The implementation of the ASP in our hospital took into account selected problems 

regarding antimicrobial prescribing quality that were detected during the first PPS. These 

problems were related to compliance to treatment guidelines and indication/diagnosis and 

stop/review date documentation in patient files. Even though guidelines cannot always 
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account for individual variations among patients, adherence is associated with favorable 

patient outcomes. In addition, reporting the reason for antimicrobial administration and of 

administration stop/review date in patient charts ensures communication of diagnosis and 

treatment among healthcare providers and allows for appropriate follow-up plans and 

interventions, such as antimicrobial de-escalation [15]. Before ASP implementation, the rates 

of full compliance to guidelines and documentation of the reason for treatment and 

stop/review date of treatment were considered low compared to most of other analogous 

studies, which, however, used a similar but not exactly the same approach for calculating 

these indicators [18,20,29,33]. In the second PPS, these rates were significantly improved, 

which indirectly reflects the effectiveness of our antimicrobial stewardship intervention. Of 

note, the majority (98.5%) of the doctors in our hospital were in favor of continuing and 

further developing the ASP during the COVID-19 pandemic [34]. 

The current study has several strengths and limitations. Apart from the fact that it is 

the first of its kind, both surveys were conducted by the same members of the infection 

control team, which was composed by doctors of the Internal Medicine and Infectious 

Diseases department of our hospital, thus minimizing bias in collecting and interpreting data. 

In addition, each PPS was conducted in the same season of the year, out of summer holiday, 

when hospital stuffing is usually low, and winter, when antimicrobial use is the highest, in 

order to reduce potential confounders. On the other hand, the main limitation of our study is 

inherent to the method used for the two cross-sectional surveys, namely the interpretation 

of single point data. Furthermore, this is a single center study, in a hospital whose capacity 

was not exceeded due to the COVID-19 pandemic, therefore the results should be generalized 

with caution. Finally, our intention in this repeated PPS was to detect changes in antibiotic 

prescribing indicators following the implementation of the carbapenem-focused ASP, but 
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should note that prevalence percentages presented in this study may be imprecise due to the 

small sample sizes available per year. 

 

6. Conclusions 

Our study demonstrated a positive impact of an ASP implementation on the utilization 

of last-line antimicrobials during the first stages of the COVID-19 pandemic in a healthcare 

setting with high AMR rates. Even under the pressure of the pandemic, the relation between 

stewardship efforts and improved quality of antimicrobial prescribing was confirmed. The 

findings of this study provide infectious disease doctors with useful insights into the design, 

implementation and further development of hospital ASPs. 
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1. Abstract 
 
 Background: Greece is among the countries characterized by high rates of antimicrobial 

resistance and high consumption of antibiotics, including carbapenems.  

Objectives: To measure the impact of a carbapenem-focused antimicrobial stewardship 

programme (ASP) on the antibiotic consumption and patient outcomes in a Greek tertiary 

hospital during the COVID-19 pandemic.  

Methods: A quasi-experimental, before–after study, comparing a 12 month pre-intervention 

period with a 12 month intervention period in which a carbapenem-focused ASP was 

implemented.  

Results: A total of 1268 patients were enrolled. The proportion of admitted patients who 

received carbapenems decreased from 4.1% (842 of 20 629) to 2.3% (426 of 18 245) (−1.8%; 

P < 0.001). A decrease of −4.9 DDD/100 patient-days (PD) (95% CI −7.3 to −2.6; P = 0.007) in 

carbapenem use and an increase in the use of piperacillin/tazobactam [+2.1 DDD/100 PD 

(95% CI 1.0–3.3; P = 0.010)] were observed. Thirty-day mortality following initiation of 

carbapenem treatment and all-cause in-hospital mortality remained unaltered after ASP 

implementation. In contrast, length of hospital stay increased (median 17.0 versus 19.0 days; 

P < 0.001), while the risk of infection-related readmission within 30 days of hospital discharge 

decreased (24.6% versus 16.8%; P = 0.007). In the post-implementation period, acceptance 

of the ASP intervention was associated with lower daily hazard of in-hospital death [cause-

specific HR (csHR) 0.49; 95% CI 0.30–0.80], lower odds of 30 day mortality (OR 0.36; 95% CI 

0.18–0.70) and higher rate of treatment success (csHR 2.45; 95% CI 1.59–3.77).  

Conclusions: Implementing and maintaining a carbapenem-focused ASP is feasible, effective 

and safe in settings with high rates of antimicrobial resistance, even during the COVID-19 

pandemic.  
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2. Introduction 

 
  Carbapenems are important elements of the antibiotic armamentarium, with 

established efficacy against most infections caused by MDR Gram-negative bacteria (GNB). 

Their efficacy is mainly due to (i) their stability against most β-lactamases, including the 

AmpCs and the ESBLs, and (ii) the broad spectrum of their activity [1]. In addition, 

carbapenems have a better safety profile compared with other last-line antibiotics, such as 

polymyxins [1]. However, inappropriate use of these broad-spectrum β-lactam antibiotics 

aggravates the problem of antimicrobial resistance (AMR) by promoting the emergence of 

XDR and pandrug-resistant Gram-negative nosocomial pathogens through the induction of 

selective pressure [2,3]. 

Over the last decade, Greece has ranked among the countries with the highest 

consumption of antibiotics in Europe, including carbapenems and other broad-spectrum 

antibiotics, both in community and hospital settings [4]. In parallel, the country’s AMR rates, 

including carbapenem-resistant GNB, have been extremely high, and this is also the case in 

some other European countries [5]. The observed infections due to MDR-GNB in these 

countries pose a significant challenge for clinicians and a major threat for healthcare systems 

due to their high attributable mortality and hospital costs [6]. 

 The threat of AMR may become more evident in the years to come, in part due to 

the high and often inappropriate use of antimicrobials during the coronavirus disease 2019 

(COVID-19) pandemic [7]. Especially in the early phases of the pandemic, antimicrobials 

were widely used as repurposed drugs and as empirical coverage of coinfections and 

superinfections in COVID-19 patients [8]. However, no reliable scientific evidence supports 

the use of antibiotics, antiretrovirals and antiparasitics as repurposed drugs against severe 
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acute respiratory syndrome coronavirus 2 [9]. In addition, almost three-quarters of COVID-

19 patients received antibiotics during the first months of the pandemic, but only a minority 

of them had documented bacterial coinfection or superinfection [10]. This observed 

overprescription included carbapenems in several studies of hospitalized patients, especially 

in ICU [11–14]. 

Accordingly, a pivotal target of antimicrobial stewardship programmes (ASPs) is to 

decrease unnecessary administration of carbapenems. To optimize carbapenem prescription 

in our hospital, a setting with high rates of MDR-GNB, a carbapenem-focused ASP was 

implemented during the first year of the COVID-19 pandemic. The aim of our study was to 

examine the impact of this ASP on the consumption of antibiotics used to treat MDR-GNB and 

on patient safety and outcomes. 

 

3. Materials and methods  

3.1 Study design, setting and population  

This retrospective-prospective, before–after, quasi-experimental study was 

conducted at a 770-bed tertiary university hospital that covers all surgical and medical 

specialties, including cardiac surgery, neurosurgery, surgical oncology, rheumatology, 

oncology, haematology and ICU. Before January 2020 there was no formal ASP implemented 

in the study site. The pre-implementation period from January 2019 to December 2019 was 

retrospectively evaluated and was compared with the intervention period of January 2020 to 

December 2020.  

The study enrolled all patients ≥16 years of age who received carbapenems (i.e., 

meropenem, imipenem or ertapenem) for at least 24 h during the 24-month study period. 

Those who received more than one course of carbapenems during each of the study 
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subperiods were only included once in the corresponding subperiod analysis, the first time 

they received the carbapenem antibiotic. Patients who died within 24 h of carbapenem 

administration or had been transferred from another hospital and had received carbapenem 

therapy during their hospitalization at that hospital were excluded.  

The study was approved by the hospital’s Review Board. The need for the patient’s 

informed consent was waived because the study represented customary medical practice and 

the ASP complied with national medical guidelines and legislation for the control of AMR in 

Greece.  

3.2 Intervention  

Starting 1 January 2020, a multifaceted ASP was implemented to optimize the 

prescription of carbapenems with regard to indication, dosage and duration of 

administration. Whenever appropriate, the intervention promoted recommendation for 

judicious use of carbapenem-sparing antibiotics. The ASP team comprised of an infectious 

disease (ID) specialist, an ID fellow, a microbiologist and a pharmacist. The programme was 

based on the strategy of prospective audit and feedback to prescribers and was 

supplemented by parallel case-based educational sessions, meetings and presentations on 

proper use of antibiotics.  

The ID specialist and the ID fellow were alerted by the pharmacy upon prescription order for 

a carbapenem and provided unsolicited in-person (‘handshake’) consultation within 72 h for 

all adult patients receiving a carbapenem antibiotic. Further ID consultation service was 

available 24/7 through telephone or in person upon request by the treating doctors. 

Unsolicited follow-up bedside ID consultation was provided daily or every other day for 

patients whose treating physicians had accepted the intervention. After examining each 

eligible patient and reviewing their medical record, the ID specialist or the ID fellow discussed 
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with the prescribers whether continuing carbapenems or using non-carbapenem antibiotics 

for empirical treatment would be appropriate. Whenever relevant microbiological data were 

available, the options of targeted de-escalation to narrow-spectrum antibiotics or targeted 

escalation to ceftazidime/avibactam, tigecycline or colistin were considered. Of note, and 

only when susceptibility data were available, ceftolozane/tazobactam was used as a 

carbapenem-sparing treatment option while ceftazidime/avibactam was used only for the 

targeted treatment of carbapenem-resistant GNB. Treating physicians were not obligated to 

comply with ASP team’s recommendations.  

3.3. Variables  

Antibiotic consumption data per calendar quarter for carbapenems, 

piperacillin/tazobactam, ceftolozane/tazobactam, ceftazidime/avibactam, tigecycline and 

colistin were retrieved from the hospital pharmacy records and were expressed as DDD per 

100 patient-days (PD).  

Patient demographics, clinical characteristics, length of hospital stay, and outcomes 

were retrospectively reviewed during the pre-intervention period and prospectively collected 

during the intervention period. Outcome endpoints included inpatient death, death within 30 

days of carbapenem initiation (including post-discharge cases) and infection-related 

readmission within 30 days of hospital discharge. Outcome during or at the end of the 

antibiotic treatment could be assessed only for the post-implementation cohort and was 

classified as death, new/recurrent infection or favourable outcome. For every patient in the 

post-implementation cohort, it was recorded whether the treating physician accepted the 

ASP recommendation or not.  

3.4. Statistical analysis  
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The effect of the ASP implementation on hospital antibiotic use was assessed using 

interrupted time series analyses. A segmented Poisson regression model was employed to 

examine the extent to which the ASP was associated with an immediate level change and/or 

a gradual trend change of the monthly numbers of carbapenem-treated patients. In this 

model, the series of monthly counts of carbapenem-treated patients formed the dependent 

variable. Independent variables were the time elapsed since the start of the study, the ASP 

implementation indicator (post- versus pre-ASP) and the time after the intervention. The 

monthly series of hospital admissions (log transformed) was used as an offset variable to 

convert the outcome into a rate that accounts for variation in the hospital population size 

over time. Two pairs of sine–cosine Fourier functions of time were included to capture 

seasonality. The model coefficients were estimated using the maximum-likelihood method. 

Residual autocorrelation was ruled out by examining autocorrelation graphs. Sensitivity 

analyses were conducted by using the monthly numbers of hospitalized patients and PD as 

alternative denominators for the treatment rate, and by inflating the standard errors by the 

scaled Pearson chi-squared statistics to adjust for the possibility of overdispersion.  

In addition, we examined the temporal trends in the consumption of carbapenems 

and other selected antibiotics with activity against MDR-GNB by using quarterly hospital data. 

A level-change linear regression model for interrupted time series was used for this purpose. 

Stratification per quarter was employed to adjust for seasonality. The model was estimated 

using the ordinary least squares method, and Newey–West standard errors were used to 

account for autocorrelation. 

The impact on patient outcomes was assessed on an ITT principle by comparing all 

carbapenem-treated patients between the pre- implementation period and the ASP 

intervention period. Pearson’s chi-squared test was used to assess between-group 
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differences in overall proportions of in-hospital mortality, total mortality within 30 days of 

initiation of carbapenem treatment, and infection-related readmission within 30 days of 

hospital discharge. The Wilcoxon rank-sum test was used to assess between-group 

differences in length of hospital stay. Multivariable Cox regression was employed to obtain 

cause-specific HRs (csHRs) for in-hospital death and discharge alive, adjusting for differences 

in baseline covariates. The time origin was set to hospital admission. Discharge alive from the 

hospital was treated as a competing event to in-hospital death. In this analysis, a low csHR for 

discharge alive reflects a low daily rate of discharge resulting in prolonged hospital stay. 

Multivariable logistic regression was employed to estimate OR for total mortality within 30 

days of initiation of carbapenem treatment and OR for infection-related readmission within 

30 days of hospital discharge, correcting for differences in baseline covariates. All models 

adjusted for patient sex, age, ward of hospitalization, and history of previous hospitalization. 

A series of sensitivity analyses were performed to assess the likely clinical impact of 

the ASP intervention under different conditions. On a modified ITT analysis, we compared the 

pre-implementation cohort to the post-implementation cohort, excluding patients for whom 

the intervention was not accepted. On per-protocol analysis, we compared patients who did 

not receive the intervention in either the pre- or the post-implementation period with those 

who received the intervention. Finally, restricting the analysis within the post-

implementation period, we compared patients for whom the intervention was accepted with 

patients for whom the intervention was not. In the latter analysis, we additionally compared 

the clinical outcome at the end of therapy. 

None of the study variables had missing data. Statistical significance was considered 

at the usual P < 0.05 threshold. Data processing and statistical modelling were performed 

using Stata version 17 (Stata Corp., College Station, TX, USA). 
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4. Results 

4.1 Antibiotic consumption 

In all, 1329 carbapenem courses were administered to 1268 patients during the 2 year 

study period, 55 of whom received more than one course of carbapenems in any of the two 

study subperiods. After the ASP implementation, the proportion of admitted patients who 

received carbapenem treatment decreased significantly, from 4.1% (842 of 20 629) to 2.3% 

(426 of 18 245) (−1.8%; P < 0.001). The interrupted time series analysis confirmed that the 

implementation of the carbapenem-focused ASP was associated with an overall level 

reduction in the rate of carbapenem treatments per 100 hospital admissions [incidence rate 

ratio (IRR) 0.63; 95% CI 0.50–0.80; P < 0.001], while no substantial trend change occurred 

after the ASP implementation (IRR 1.02; 95% CI 1.00–1.04; P = 0.117) (Figure 1). Sensitivity 

analyses confirmed that the estimated level change in the rate of carbapenem-treated 

patients was robust against different statistical modelling specifications and rate 

denominators (Table 1). 

Analysis of quarterly data on hospital consumption of carbapenems showed that the 

ASP was associated with a decrease of −4.9 DDD/100 PD (95%CI −7.3 to −2.6; P = 0.007). A 

concurrent increase in the consumption of piperacillin/tazobactam was noted [+2.1 DDD/100 

PD (95% CI 1.0–3.3; P = 0.010)]. There was also a non-statistically significant increase of 

tigecycline consumption and decrease of colistin consumption. The consumption of 

ceftolozane/tazobactam and ceftazidime/avibactam remained largely unaffected (Table 2 

and Figure 2). 
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Figure 1. Monthly rates of carbapenem (CR)-treated patients per 100 hospital admissions, 

pre- and post-implementation of the ASP. Dots show observed rates, the solid line shows 

predicted rates from Poisson regression model adjusted for seasonality and overdispersion, 

the dashed line shows the deseasonalized trend, the dotted line shows the counterfactual 

scenario assuming the intervention was not implemented, and the vertical dashed line shows 

the time of the beginning of the intervention. 
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Table 1. Sensitivity analyses of estimating the effect of the antimicrobial stewardship programme implementation on the rate of carbapenem 

prescription for various types of model specifications. 

Outcome being modelled Poisson model specifications IRR 95% CI p-value 

Monthly rate of carbapenem treated patients, 

per 100 hospital admissions 

Unadjusted 0.70 0.56 - 0.87 0.002 

Adjusted for seasonality 0.63 0.50 - 0.80 <0.001 

Adjusted for seasonality, overdispersion 0.63 0.39 - 1.01 0.056 

Monthly rate of carbapenem treated patients, 

per 100 in-patients 

Unadjusted 0.71 0.57 - 0.88 0.002 

Adjusted for seasonality 0.69 0.55 - 0.86 0.001 

Adjusted for seasonality, overdispersion 0.69 0.44 - 1.08 0.103 

Monthly rate of carbapenem treated patients, 

per 1000 patient-days 

Unadjusted 0.68 0.55 - 0.85 0.001 

Adjusted for seasonality 0.71 0.57 - 0.88 0.002 

Adjusted for seasonality, overdispersion 0.71 0.46 - 1.08 0.107 

IRR, incidence rate ratio 
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Table 2. Quarterly hospital consumption of carbapenems and other selected antibiotics with activity against Gram-negative bacteria and level 

changes due to the antimicrobial stewardship programme implementation (measured in DDD per 100 patient-days). Level changes were 

estimated by segmented linear regression adjusting for seasonality and autocorrelation. 

Antibiotic group or agent 2019 (pre-intervention year) 2020 (intervention year) After-before level change 

Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Estimate 95% CI p-value 

Carbapenems 8.81 8.40 10.94 8.98 4.65 5.40 4.93 5.73 -4.9 -7.3 to -2.6 0.007 

     Meropenem 8.67 8.33 10.80 8.91 4.56 5.20 4.65 5.44 -5.0 -7.3 to -2.6 0.007 

     Imipenem 0.02 0.00 0.02 0.01 0.02 0.00 0.04 0.00 0.0 -0.0 to 0.1 0.145 

     Ertapenem 0.12 0.07 0.12 0.06 0.07 0.20 0.24 0.29 0.0 -0.4 to 0.4 0.995 

Piperacillin/tazobactam 6.54 6.86 7.53 6.51 8.46 9.91 8.78 8.28 2.1 1.0 to 3.3 0.010 

Ceftolozane/tazobactam 0.38 0.15 0.21 0.20 0.33 0.77 0.32 1.21 0.0 -1.5 to 1.4 0.930 

Ceftazidime/avibactam 0.51 0.57 0.72 0.62 0.83 1.33 0.75 1.07 0.2 -0.2 to 0.5 0.224 

Tigecycline 2.88 2.42 1.86 2.10 3.22 3.82 3.83 3.18 1.7 -0.7 to 4.2 0.111 

Colistin 3.05 2.69 3.62 4.05 3.42 2.73 3.12 3.67 -1.0 -2.2 to 0.3 0.098 

Q, quarter  



 

122 
 

Figure 2. Interrupted time series graphs showing level changes in the consumption of 

carbapenems and other selected antibiotics with activity against MDR-GNB following the ASP 

implementation. The dots correspond to quarterly antibiotic consumption rates. 
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4.2. Clinical outcomes  

Demographic and clinical characteristics of the patients before and after ASP 

implementation did not differ significantly, as summarized in Table 3. Mortality within 30 days 

of initiation of carbapenem treatment (22.4% versus 23.1%; P = 0.798) and all-cause in-

hospital mortality (23.6% versus 28.4%; P = 0.065) remained unaltered after ASP 

implementation. In contrast, length of hospital stay increased (median 17.0 versus 19.0 days; 

P < 0.001), while the risk of infection-related readmission within 30 days of hospital discharge 

decreased (24.6% versus 16.8%; P = 0.007). Multivariable regression analyses showed similar 

effect sizes after adjustment for baseline differences in patient sex, age, ward of 

hospitalization, and history of previous hospitalization (Tables S1–S19, available as 

Supplementary I data). The results of sensitivity analyses in Table 4 confirmed that the effects 

of the ASP on patient outcomes were consistent under different assumed conditions. 

Apart from age, demographic and clinical characteristics did not differ substantially 

between patients with and without acceptance of ASP recommendations during the post-

implementation period, but patient outcomes were worse for the latter (Table 3). 

Multivariable analysis confirmed that patients for whom ASP recommendations were 

accepted had lower daily hazard of in-hospital death (csHR 0.49; 95% CI 0.30–0.80), lower 

odds of 30 day mortality (OR 0.36; 95% CI 0.18–0.70) and, albeit not statistically significant, 

lower odds of infection-related readmission (OR 0.57; 95% CI 0.20–1.61) compared with 

patients for whom the intervention was not accepted. Moreover, acceptance of the ASP 

intervention was associated with a higher rate of treatment success (csHR 2.45; 95% CI 1.59–

3.77) (Table 4). 
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Table 3. Comparison of patient characteristics and outcomes on an ITT principle (pre- versus post-implementation of the antimicrobial 

stewardship programme) and per acceptance of the antimicrobial stewardship intervention. 

 ITT analysis Acceptance analysis  

(post-implementation cohort) 

Variables Pre-

implementation 

cohort (n=842) 

Post-

implementation 

cohort (n=426) 

p-value Intervention 

non-accepted 

(n=46) 

Intervention 

accepted (n=380) 

p-value 

Male sex, n (%) 540 (64.1) 266 (62.4) 0.554  33 (71.7) 233 (61.3) 0.168 

Age, median (IQR) 68.0 (56.0-78.0) 69.0 (58.0-79.0) 0.422 73.0 (64.0-84.0) 69.0 (56.0-78.0) 0.048 

Ward of hospitalisation   0.591   0.200 

     Intensive care, n (%)  92 (10.9)  54 (12.7)    2 (4.4)  52 (13.7)  

     Medicine, n (%) 529 (62.8) 263 (61.7)   29 (63.0) 234 (61.5)  

     Surgery, n (%) 217 (25.8) 105 (24.6)   15 (32.6)  90 (23.7)  

     Other, n (%)   4 (0.5)   4 (0.9)    0 (0.0)   4 (1.1)  

Previous hospitalisation, n (%) 493 (58.6) 236 (55.4) 0.284  20 (43.5) 216 (56.8) 0.085 
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CCI, median (IQR)  na 2.0 (1.0-4.0) na 3.0 (2.0-6.0) 2.0 (1.0-4.0) 0.104 

Length of hospital stay (days) before 

carbapenem therapy, median (IQR) 

5.0 (1.0-11.0) 5.0 (1.0-12.0) 0.272 6.0 (3.0-14.0) 4.5 (1.0-12.0) 0.279 

Length of hospital stay (days), median 

(IQR) 

17.0 (9.0-31.0) 19.0 (12.0-37.0) <0.001 17.0 (10.0-33.0) 20.0 (12.0-38.0) 0.497 

In-hospital any-cause death 199 (23.6) 121 (28.4) 0.065  21 (45.7) 100 (26.3) 0.006 

Death within 30 days of carbapenem 

initiation, n (%) 

187 (22.4)  98 (23.1) 0.798  18 (39.1)  80 (21.1) 0.006 

Infection-related readmission within 

30 days of discharge alive, n (%) 

153 (24.6)  51 (16.8) 0.007   6 (24.0)  45 (16.1) 0.313 

Treatment outcome      <0.001 

     Death, n (%)     15 (32.6)  62 (16.3)  

     New or recurrent infection, n (%)      8 (17.4)   9 (2.4)  

     Success, n (%)     23 (50.0) 309 (81.3)  

 na, not available; CCI, Charlson comorbidity index; IQR, interquartile range 
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Table 4. Results of multivariable Cox proportional hazards regression and logistic regression quantifying the effects of the antimicrobial 

stewardship programme on patient outcomes under different conditions (sensitivity analyses). All effects are corrected for baseline differences 

in patient sex, age, ward of hospitalisation, and history of previous hospitalisation. 

  ITT analysis a Modified ITT analysis b Per protocol analysis c Per acceptance analysis 

d 

Clinical outcomes and effect 

measure 

ES (95%CI) p-

valu

e 

ES (95%CI) p-

value 

ES (95%CI) p-

value 

ES (95%CI) p-

value 

In-hospital death, csHR 0.99 (0.79-

1.24) 

0.92

2 

0.91 (0.71-

1.16) 

0.450 0.87 (0.69-

1.11) 

0.256 0.49 (0.30-

0.80) 

0.004 

Discharge alive, csHR 0.80 (0.70-

0.92) 

0.00

2 

0.83 (0.72-

0.95) 

0.009 0.85 (0.74-

0.98) 

0.022 1.32 (0.87-

2.00) 

0.187 
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30-day death, OR e 1.26 (0.95-

1.67) 

0.10

7 

1.10 (0.82-

1.49) 

0.513 1.03 (0.77-

1.38) 

0.852 0.36 (0.18-

0.70) 

0.003 

30-day infection-related 

readmission, OR f 

0.60 (0.42-

0.86) 

0.00

6 

0.57 (0.39-

0.83) 

0.003 0.57 (0.39-

0.83) 

0.003 0.57 (0.20-

1.61) 

0.290 

Treatment outcome g         

     Death, csHR       0.74 (0.40-

1.37) 

0.337 

     Re-infection, csHR       0.26 (0.09-

0.74) 

0.011 

     Success, csHR       2.45 (1.59-

3.77) 

<0.00

1 

ES, effect size attributed to the intervention; csHR, cause-specific hazard ratio. 
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Notes: 

a Compares the pre-implementation cohort (n=842) to the post-implementation cohort (n=426). 

b Compares the pre-implementation cohort (n=842) to the post-implementation cohort excluding patients for whom the intervention was not 

accepted (n=380). 

c Compares patients who did not receive the intervention in either the pre- or the post-implementation period (n=888) with those who received 

the intervention (n=380). 

d Compares patients for whom the intervention was accepted (n=380) to patients for whom the intervention was not accepted (n=46) in the 

post-implementation period. 

e Includes death from any cause within 30 days of initiation of carbapenem therapy. 

f Assessed within 30 days of hospital discharge alive. 

g Assessed during or at the end of treatment with carbapenems. 
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5. Discussion  

This study describes the implementation of a carbapenem-focused ASP during the first 

year of the COVID-19 pandemic and its impact on the consumption of several broad-spectrum 

antibiotics with activity against MDR-GNB and on patient outcomes. It is one of the few studies 

to assess a hospital ASP for carbapenems in Greece, a country with high rates of antibiotic 

consumption and AMR. The results demonstrate that judicious use of carbapenems in a setting 

with high rates of MDR-GNB was feasible and led to a significant decrease of their consumption 

and, importantly, improvement of patient outcomes.  

The implementation and maintenance of the ASP in our hospital during the first phases 

of the COVID-19 pandemic was a challenging and laborious process. At its beginning, the 

pandemic caused a tremendous depletion of human and structural resources in many hospitals 

worldwide, compromising their antimicrobial stewardship activities [15]. This resulted in 

increased consumption of antimicrobials in hospitals, including carbapenems [16], even though 

medical guidelines regarding the administration of this class of antibiotics had not changed during 

the COVID-19 pandemic. In some cases, the increased antimicrobial consumption was mitigated 

by reinstating stewardship activities [17] or by intensifying ongoing ASPs [14]. These observations 

are in accordance with the findings of our study regarding the feasibility of an effective ASP during 

the COVID-19 period.  

The two core strategies of an ASP for inpatient populations include formulary restriction 

and pre-authorization, and prospective audit and feedback to prescribers. These strategies can 

be applied separately or in combination. In the pre-pandemic era, both strategies have been 

shown to effectively and safely reduce unnecessary in-hospital antibiotic use [18]. However, few 
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relevant data exist during the COVID-19 pandemic. The initial lack of evidence on optimal 

management of COVID-19 and the accompanying fear of it, the overwhelmed hospitals amid 

COVID-19 surges, the shortage of available skilled doctors for the implementation or 

maintenance of ASPs, and medication supply problems, had created an entirely new situation in 

the hospital sector that may have affected the performance of ASPs. In a recent study from an 

academic medical centre in the USA, introduction of restriction criteria regarding meropenem 

use for 2 months during the third year of the pandemic successfully reduced inappropriate 

meropenem utilization and hospital length of stay, contributing to significant cost savings for the 

institution [19]. On the other hand, the results of the present study confirm the preservation of 

the efficiency of an ASP based on a prospective audit and feedback strategy. Recently, another 

study showed that the strengthening of an ASP that was already in place, by using a combination 

of restrictive policies and persuasive techniques, was successful in safely controlling the observed 

increase of carbapenem consumption during the first wave of COVID-19 pandemic [14]. Thus, 

there is evidence to suggest that both core antimicrobial stewardship strategies continue to be 

safe and effective during the COVID-19 era. 

Several reports before the COVID-19 pandemic described reduced carbapenem use 

without negatively affecting patient outcomes through the implementation of carbapenem-

focused ASPs [20–25]. However, few studies on antimicrobial stewardship were performed in 

Greece [26–28], and only one study examined a carbapenem-focused intervention [27]. None of 

these studies addressed the impact of the intervention on the consumption of newer non-

carbapenem antibiotics with activity against MDR-GNB. Our study adds new evidence as the 

sharp and sustained decrease in carbapenem use achieved by the ASP was associated with an 
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increase only in the consumption of piperacillin/ tazobactam, which has a lower ecological impact 

than carbapenems. Moreover, the carbapenem-focused ASP in this study did not significantly 

affect the consumption of tigecycline and colistin, which are associated with several toxicities 

and adverse effects, or the consumption of ceftolozane/tazobactam and ceftazidime/avibactam. 

The latter is important, considering the need to preserve the efficacy of new antibiotics through 

their judicious use. 

Following the ASP implementation in this study, there were no significant changes in all-

cause in-hospital mortality and 30 day mortality after carbapenem initiation. On the contrary, 

the infection-related readmission rate was lower over the post- implementation period. In 

addition, when the analysis was restricted to the post-implementation cohort, acceptance of the 

intervention was associated with reduced in-hospital and 30 day mortality after carbapenem 

initiation, as well as better treatment outcome. These findings are in accordance with the results 

of the great majority of hospital ASP studies that measured patient outcomes and reported 

statistically significant reductions or at least non-significant changes in patient mortality and 

infection-related readmissions [29–31]. 

The difference in treatment outcome between cases with accepted and non-accepted 

intervention in the post-implementation subgroup was probably due to the optimization of 

diagnostic work-up and antimicrobial treatment through the acceptance of the intervention, 

reflecting the benefits of ID consultation on this parameter [32–34]. However, other factors 

might have acted as potential sources of bias on the estimation of treatment outcome. First, 

contrary to cases where ASP team recommendation was declined and further consultation was 

provided only upon request, unsolicited follow-up consultation was given regularly until 
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completion of antimicrobial treatment when the intervention was accepted, thus enhancing the 

prompt, continuous and efficient handling of possible new-onset complications in these patients. 

Furthermore, the intervention was not accepted for a number of patients with terminal illness 

and without proof of concurrent infection for whom the treating physician hesitated to withdraw 

antibiotics, thus defying the ASP team recommendation.  

Previous studies have reported reductions in length of hospital stay after implementing 

ASPs [18,30]. However, we found that patients in the post-implementation group experienced 

longer length of hospital stay, on average, compared with the pre-implementation group. This 

finding cannot be fully explained. A possible reason could be found in the decreased proportion 

of admitted patients that received carbapenems during the intervention period, indicating that 

treating physicians used carbapenems more judiciously then, reserving them only for severe 

cases, which, however, required longer hospitalization compared with the cases in the pre-

intervention period. Unfortunately, we were unable to retrieve more data on the severity of 

patients’ illness during the pre-implementation period to test this hypothesis.  

A key strength of our study is the use of a multidimensional methodology to assess the 

impact of a carbapenem-focused ASP on antibiotic use and clinical outcomes. Another important 

feature is the high rate (89%) of acceptance of the intervention by treating physicians. 

Furthermore, a cross-sectional survey in our hospital near the end of the post-implementation 

period showed that the ASP described here had positive impact on doctors’ perceptions, 

attitudes and practices regarding the management of infections due to MDR microorganisms, 

and 98.5% of respondents wanted the ASP to continue during the COVID-19 pandemic [35]. 
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Finally, our study can be easily replicated in settings where targeting a specific antibiotic class is 

needed and ID physicians are available for this purpose.  

The present study is not exempt from limitations. Although our segmental regression 

analysis of interrupted time series is recommended as a powerful tool to assess temporal trends 

following an intervention [36,37], it shares the same limitations as any analysis of observational 

data. Our analysis examined level and slope changes in the rates of use of carbapenems and other 

antibiotics following ASP implementation, by accounting for potential confounding effects by 

seasonality and varying inpatient population size over time. The absence of differences in 

demographic and clinical characteristics of the patients before and after ASP implementation 

provides some assurance that our results are unlikely to have been confounded by differences in 

local epidemiology between the pre-intervention and intervention periods. However, we cannot 

completely exclude the possibility of residual confounding by unmeasured factors, such as 

varying frequency and severity of infections with highly resistant bacteria that would require 

carbapenems. Our sensitivity analyses produced consistent estimates of the relative reduction in 

the number of patients treated with carbapenems following the ASP under different statistical 

modelling specifications, but we must note that adjustment for overdispersion resulted in less 

precise estimates and higher P values. We do not view the latter as a major concern as the P 

values remained relatively low (ranging from 0.056 to 0.107) after we inflated the standard errors 

for overdispersion, and because a separate analysis of hospital volume data of carbapenem 

consumption confirmed a significant reduction following the ASP implementation. Furthermore, 

we did not evaluate the impact of the ASP on AMR or the incidence of Clostridioides difficile 

infection, because we considered that the strengthening of infection prevention and control 
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measures due to COVID-19 in the post-implementation period would be an important 

confounder. In addition, the retrospective nature of the study in the pre-intervention period did 

not allow the retrieval of reliable data on patient comorbidities during that period. Moreover, 

paediatric patients were not included in our study. Lastly, this was a single-centre study in a large 

academic hospital whose capacity was not exceeded during the study period because of the 

COVID-19 pandemic, thus limiting the generalizability of our results to hospitals of different size 

and characteristics.  

In conclusion, this study demonstrates that implementing and maintaining a carbapenem-

focused ASP is feasible, effective and safe in settings with high rates of MDR-GNB, even during 

the COVID-19 pandemic. The ASP not only effectively reduced the use of carbapenems, but also 

led to improved patient outcomes, without increasing the consumption of newer antibiotics. 
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1. Abstract 

Background: Greece is among the European countries with the highest consumption of 

antibiotics, both in community and hospital settings, including last-line antibiotics, such as 

carbapenems. We sought to explore doctors’ perceptions, attitudes and practices towards the 

management of patients with multidrug-resistant organism (MDRO) infections after the 

implementation of an antimicrobial stewardship programme (ASP) in a tertiary academic hospital 

during the COVID-19 pandemic.  

Methods: A self-administered, internet-based questionnaire survey was completed by doctors of 

the University Hospital of Heraklion in Crete, Greece.  

Results: In total, 202 (59.1%) hospital doctors fully completed the questionnaire. Most of them 

agreed that the prospective audit and feedback ASP strategy is more effective and educational 

than the preauthorization ASP strategy. ASP implementation prompted most respondents to 

monitor the continuously evolving microbiological data of their patients more closely and 

affected them towards a multidisciplinary and personalised care of patients with infections 

caused by MDROs and towards a more rigorous implementation of infection prevention and 

control measures. The vast majority of participants (98.5%) stated that ASP must be continued 

and further developed during the COVID-19 pandemic.  

Conclusion: The ASP implementation in our hospital had a beneficial impact on doctors’ 

perceptions, attitudes and practices with regard to the management of infections due to MDROs.  
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2. Introduction 

Excessive antimicrobial consumption and misuse are major problems worldwide and 

significantly contribute to antimicrobial resistance [1]. The emergence and spread of 

antimicrobial resistance negatively affect patient outcomes, healthcare costs and the enduring 

efficacy of antimicrobial agents [2,3]. Antibiotic consumption in Greece ranks among the highest 

in Europe, both in the community and the hospital sector [4], whereas recent data for other 

categories of antimicrobials do not exist. In parallel, antimicrobial resistance (AMR) rates in 

Greece are extremely high during this decade [5]. Therefore, a national action plan on AMR is 

currently under development [6], while many Greek hospitals have already optimised infection 

prevention and control (IPC) practices and implemented antimicrobial stewardship programmes 

(ASPs). 

Since the beginning of 2020, an ASP has been implemented for a first time in the adult 

clinics of the University Hospital of Heraklion in Greece. This ASP is focused on the prescription 

of carbapenems with regard to the indication, dosage and duration of treatment, combined with 

the judicious use of carbapenem-sparing antibiotics whenever appropriate. The programme is 

based on the prospective audit and feedback strategy, along with a case-based education of 

treating doctors. An infectious diseases (ID) specialist and an ID fellow are being alerted by the 

hospital pharmacy upon prescription request for carbapenem and provide unsolicited in-person 

(“handshake”) consultation within 72 h for all patients for whom the treating doctors have 

prescribed carbapenem. This approach includes a lack of prior authorization by the ASP members 

for carbapenem administration (i.e., treating doctors can prescribe a carbapenem for their 

patients without previous approval and even continue carbapenem administration despite a 
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potentially opposite recommendation by the ASP members), the patient’s clinical examination 

by the ID specialist or ID fellow, review of the patient’s laboratory data and of all prescribed 

antimicrobials, and a subsequent daily, rounding-based, in-person approach to feedback by the 

ID doctors. Further ID consultation service upon request is available 7 days a week, 24 h a day, 

through telephone or in-person. The execution of the ASP has not been affected by the COVID-

19 pandemic, since our hospital’s capacity has not been exceeded during the care of COVID-19 

patients. In this context, and after eleven months of ASP implementation, we sought to examine 

doctors’ perceptions, attitudes and practices towards the management of patients with 

multidrug-resistant organism (MDRO) infections. To the best of our knowledge, this was the first 

study of its kind conducted during the COVID-19 pandemic. 

 

3. Materials and Methods 

3.1. Study Design, Setting, Duration and Participants 

A cross-sectional web-based survey was conducted from 21 November to 4 December 

2020 at the 760-bed University Hospital of Heraklion in Greece. All resident and specialist doctors 

of hospital adult clinics were eligible to participate. 

3.2. Survey Instrument 

A self-administered questionnaire was developed on the SurveyMonkey platform 

(SurveyMonkey Inc., San Mateo, CA, USA) by a multidisciplinary team of infectious diseases 

specialists and fellows, clinical pharmacists and hospital epidemiologists. It was partially based 

on previously validated questionnaires in the published literature [7,8]. It consisted of 15 items, 

including close-ended, multiple choice and Likert-scale questions (with sub-questions), divided 



 

145 
 

as follows: 5 on demographics and practice-related information; 4 on previous and current 

experience with ASP; 4 on perceptions related to the management of patients with MDRO 

infections after ASP implementation; and 2 on attitudes and practices towards the management 

of patients’ MDRO infections after ASP implementation. The questionnaire is available as 

Supplementary II material. Prior to dissemination, the questionnaire was piloted among 10 

resident and specialist doctors to assess length and readability. 

3.3. Participation and Ethical Approval 

Participation was voluntary, anonymous and without compensation. The invitation to 

participate was sent via email through the SurveyMonkey platform. Questionnaires not 

completely answered within 10 days generated a single reminder email. Informed consent for 

the questionnaire’s completion was declared on its first page. This study was approved by the 

hospital’s Ethics Committee. 

3.4. Statistical Analysis 

Data coding and descriptive statistical analyses were performed in R version 3.6.2 (12 

December 2019) (R Foundation for Statistical Computing, Vienna, Austria). Qualitative data are 

presented as counts and percentages. Continuous variables were assessed for normality and due 

to not normal distributions are presented as median and interquartile range. In addition, we used 

chi-square, Fisher’s exact and Mann–Whitney U tests for assessing the differences according to 

the level of practice (resident versus specialist doctor) and to specialty (medical versus surgical). 

Significance level was set at 5%. 

 

4. Results 
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4.1. Participants 

Three hundred and forty-two hospital doctors were eligible to participate in this study. A 

total of 202 (59.1%) responded with the full completion of the questionnaire and were included 

in the analysis. Among them, 105 (52%) were residents and 97 (48%) were specialists. There was 

representation from all hospital adult specialties. Table 1 shows the basic characteristics of the 

respondents and their experience with previous and current ASPs. 

 

Table 1. Characteristics of survey respondents and their experience with ASPs. 

Characteristic Total (n=202) Residents (n=105) Specialists (n=97) 

Age, median (IQR) 37 (30-46) 30 (27-33) 46 (40-53) 

Gender    

 Male 114 (56.4) 50 (47.6) 64 (66) 

 Female 88 (43.6) 55 (52.4) 33 (34) 

Specialty    

 Medical 124 (61.4) 76 (72.4) 48 (49.5) 

 Surgical 65 (32.2) 29 (27.6) 36 (37.1) 

 ICU 13 (6.4) 0 (0) 13 (13.4) 

Years of experience, 

median (IQR) 
   

 In residency n/a 4 (2-5) n/a 

 Post-residency n/a n/a 11 (5-19) 
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Previous experience 

with ASPs 
   

 Yes 29 (14.4) 9 (8.6) 20 (20.6) 

 No 173 (85.6) 96 (91.4) 77 (79.4) 

Rate of patients with 

MDR gram-negative 

infection under 

respondents’ care 

   

 Zero 23 (11.4) 14 (13.3) 9 (9.3) 

 1-4 cases/month 120 (59.4) 72 (68.6) 48 (49.5) 

 5-10 cases/month 34 (16.8) 13 (12.4) 21 (21.6) 

 >10 cases/month 25 (12.4) 6 (5.7) 19 (19.6) 

Rate of ASP 

consultation for 

patients with MDR 

Gram-negative 

infection under 

respondents’ care 

   

 Zero  29 (14.3) 20 (19) 9 (9.3) 

 1-4 times/month 125 (61.9) 70 (66.7) 55 (56.7) 

 5-10 times/month 40 (19.8) 13 (12.4) 27 (27.8) 

 >10 times/month 8 (4) 2 (1.9) 6 (6.2) 
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Respondents’ 

adherence to ASP 

team 

recommendations  

   

Never 5 (2.5) 5 (4.8) 0 (0) 

Rarely 5 (2.5) 1 (0.9) 4 (4.1) 

Sometimes 32 (15.8) 14 (13.3) 18 (18.6) 

Often 67 (33.2) 34 (32.4) 33 (34) 

Always 93 (46) 51 (48.6) 42 (43.3) 

All data in n (%), unless otherwise indicated. 

ASPs: antimicrobial stewardship programmes; IQR: interquartile range; ICU: intensive care unit; 

n/a: not available; MDR: multidrug-resistant. 

 

4.2. Perceptions 

Respondents’ perceptions in relation to the ASP strategy pursued are presented in Figure 

1.  The great majority of doctors believed that prospective audit and feedback ASP strategy is 

more effective and educational than preauthorization ASP strategy (90.6% and 77.7%, 

respectively). Most of respondents (90.6%) agreed that the implementation of an ASP improves 

patients' outcome compared to the absence of such a programme regardless of the strategy 

pursued, even though a third of participants considered that preauthorization strategy suits a 

Greek hospital better; yet less than 10% of participants agreed that prospective audit and 

feedback strategy of the current ASP should change. 
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More than 80% of respondents agreed that in-person consultation is the preferred 

practice for the ASP, welcome as often as possible, constituting at the same time an educational 

process for the treating doctors (Figure 2). Only 5% of respondents thought that in-person 

consultation disrupts their daily clinical practice, while approximately one-fourth of participants 

reported that it can be largely replaced by telephone or electronic communication. 
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Figure 1. Respondents’ perceptions regarding the strategy pursued in our hospital’s   

ASP. 
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Figure 2. Respondents’ perceptions regarding in-person consultation as the followed practice for 
our hospital’s ASP. 
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Regarding the proposed measures for the improvement of the current ASP (Figure 3), 

the majority of participants agreed that these could be helpful, with the most popular 

preferences in the following order: availability of hospital resistance data and the development 

of hospital guidelines for the treatment of infections caused by MDROs, more educational 

sessions and training regarding the optimal use of antimicrobials, and the availability of 

stewardship-focused mobile/tablet applications. Noteworthy, in a subsequent question 

regarding the future of the ASP in our hospital during the COVID-19 pandemic, 98.5% of 

respondents stated that ASP must be continued and further developed, and only 1.5% that it 

must be postponed. 
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Figure 3. Respondents’ perceptions regarding potential interventions to improve our hospital’s 
ASP. 
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4.3. Attitudes 

The impact of the ASP implementation on respondents’ attitudes regarding management 

of patients with MDRO infections seemed to be quite positive (Figure 4). Specifically, ASP 

existence increased, at least moderately, most doctors’ (>80%) concern regarding 

overuse/misuse of antimicrobials and antimicrobial resistance, and amplified their awareness 

regarding appropriate use of antimicrobials in their daily clinical practice. Similarly, ASP 

reinforced their acknowledgement of the importance of microbiological analyses, and enriched 

their way of thinking about the diagnosis and treatment of infections caused by MDROs. In a 

separate question regarding respondents’ willingness to participate more actively in the ASP in 

the future, 67.3% responded positively and 33.7% negatively. 

 

4.4. Practices 

ASP incited the majority of respondents (>80%) to perform closer monitoring of the 

microbiological data of their patients, and stimulated them to seek further knowledge on 

selecting the optimal antimicrobial treatment for patients with infections caused by MDROs 

(Figure 4). In addition, ASP had a beneficial impact on most respondents (>85%) towards 

multidisciplinary and personalised care of patients with more rigorous implementation of IPC 

measures. Notably, with regard to respondents’ perceptions, attitudes and practices, no 

statistically significant differences were identified between residents and specialists, and 

between medical and surgical specialties (data not shown). 
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Figure 4. Respondents’ attitudes and practices towards management of patients with MDROs 
infections 
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5. Discussion 

 This study was the first to examine the perceptions, attitudes and practices of hospital 

doctors towards the management of hospitalised patients with infections caused by MDROs after 

the implementation of an ASP during the COVID-19 pandemic. The study’s significance lies not 

only on its actual findings, but also in the fact that it was conducted under the pressure that 

COVID-19 put on health systems and healthcare workers worldwide. 

The response rate of invited doctors in the current survey (59.1%) was comparable to or 

higher than most similar studies [7–11]. Both genders were represented almost equally in the 

study sample, as was also the case regarding the professional status, i.e., resident or specialist. 

About half of respondents reported that they always accept ASP team recommendations and 

about a third reported that they often do, in line with the adherence rates of 68–81% that have 

been reported in the literature [12]. 

The majority of participants in this study perceived the prospective audit and feedback 

strategy as more educational for the prescribers and more effective for patients’ favourable 

outcome compared with the preauthorization strategy. Furthermore, the existence of an ASP 

was perceived as a contributing factor for improved patients’ outcome compared with its 

absence. Indeed, the prospective audit and feedback strategy represents a more educational 

process for the prescribers through evidence-based discussions between them and the ASP team 

members [13]. However, no rigorously designed studies directly compare prospective audit and 

feedback to preauthorization with respect to patient outcomes [14]. In addition, current 

literature data show that ASPs, regardless of the strategy pursued, reduce patients’ duration of 

treatment and hospital stay, but they do not affect mortality [15]. Thus, some of the 
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aforementioned perceptions may simply reflect the fact that doctors do not favour interventions 

that limit their prescribing autonomy. 

Most respondents agreed that in-person consultation is the preferred practice for our 

hospital’s ASP, however, the majority of respondents did not have previous experience with ASPs, 

making this positive perception of in-person consultation less objective. Regardless of that, in-

person consultation was perceived as an educational interaction which is desirable as often as 

possible. The latter, in combination with what was mentioned in the preceding paragraph, 

further highlights doctors’ tendency for additional education on antimicrobial prescribing in a 

country characterised by inappropriate use of antimicrobials and high resistance rates [16]. This 

tendency is confirmed by the fact that the demand for more educational sessions and training 

regarding the optimal use of antimicrobials was among the most popular interventions that 

participants want to be included or enhanced in the current ASP, along with the availability of 

hospital resistance data and guidelines. 

A notable finding of the present study is that the vast majority of respondents wanted the 

ASP to be continued and further developed despite the fact that their workload had already been 

increased due to the COVID-19 pandemic [17]. This is quite encouraging, since high and 

inappropriate antimicrobial use has been observed during this pandemic [18,19]. Many studies 

revealed heavy use of empirical broad-spectrum antimicrobials in hospitals while evidence so far 

suggests that the rates of bacterial and fungal infection in COVID-19 patients are rather low 

[20,21]. Therefore, the integration of an ASP in every hospital’s COVID-19 response effort is 

imperative. 
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The ASP implementation in our hospital had a beneficial impact on doctors’ attitudes 

regarding the management of infections due to MDROs. Most of the participants reported an 

increase in their concern about the imprudent use of antimicrobials and in their awareness on 

this issue. They also reported a greater recognition of the importance of microbiological analyses, 

including Gram stain, cultures, molecular techniques and serology, which is a prerequisite for a 

successful ASP [22], and enrichment of their approach to managing MDRO infections. 

Interestingly, about two-thirds of respondents would be willing to participate in ASP activities to 

improve the quality of antimicrobial use in the hospital, a proportion similar to or even higher 

than that observed in other studies [7,8,23]. 

One of the most important findings of this study was the observed change in doctors’ 

practices in their daily clinical activity, eleven months after ASP implementation. In particular, 

ASP implementation prompted most respondents to more closely monitor the continuously 

evolving microbiological data of their patients. Furthermore, respondents were affected towards 

a multidisciplinary and personalised care of patients with infections caused by MDROs, which is 

essential for a favourable outcome in many cases, especially during the COVID-19 pandemic 

[24,25]. In addition, a more rigorous implementation of IPC measures after the ASP initiation was 

reported by the majority of respondents, an encouraging finding considering that a successful 

ASP concurrently requires well-performing IPC practices [26]. 

The ASP of our hospital will incorporate the potential interventions that the participants 

of this study found most helpful, such as the development of hospital guidelines for the 

treatment of MDRO infections, more educational sessions regarding the prudent administration 

of antimicrobials, and the use of stewardship-focused mobile or tablet applications. Moreover, 
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in the near future, we will examine the impact of the ASP on patients’ outcomes, on hospital 

antibiotic consumption and on hospital AMR, by comparing pre- and post-ASP implementation 

periods. Finally, the ASP will be expanded in order to monitor and direct the appropriate use of 

additional antimicrobials.  

This study has certain limitations that should be mentioned. The survey was conducted at 

a single site, a well-resourced academic hospital whose capacity has not been exceeded during 

COVID-19 pandemic, therefore the results should be generalised with caution. In addition, as a 

survey, responses are prone to social desirability bias; confidentiality minimised this as much as 

possible. Furthermore, participation was voluntary, and volunteer bias is possible; however, the 

response rate was relatively high and all targeted departments were represented, therefore, 

there is confidence that the results are representative of the study population. 

 

6. Conclusions 

This study demonstrates a positive impact of ASP implementation on hospital doctors’ 

perceptions, attitudes and practices towards the management of patients with MDRO infections. 

The study also confirms that doctors find the continuation of ASPs during the COVID-19 pandemic 

supportive and beneficial. The findings of this study will be useful for the design, implementation, 

and further development of hospital ASPs.  
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1. Summary of main findings 

 Our work clearly demonstrated, through repeated point prevalence surveys and 

continuous surveillance, the positive impact of the implementation of this carbapenem-focused 

ASP in the University Hospital of Heraklion, Greece, on the quality of the antimicrobial prescribing 

[1]. In addition, the intervention per se comprised a retrospective-prospective, before–after, 

quasi-experimental cohort study, which showed a reduction in the carbapenems consumption 

without a concurrent increased of other broad-spectrum antibiotics with activity against Gram-

negative bacteria, with the exemption of piperacillin-tazobactam [2]. Importantly, this reduction 

in carbapenems use was accompanied with an improvement in patient outcomes [2]. 

Furthermore, it was shown through a cross-sectional study that the aforementioned 

carbapenem-focused ASP had a beneficial impact on hospital’s doctor perceptions and attitudes 

regarding the management of patients with MDRO infections [3]. Notably, it should be 

emphasized that the intervention described in this dissertation was implemented in a hospital 

setting of high endemicity for MDR GNB during the initial phase of the COVID-19 pandemic, which 

at that time was causing a tremendous pressure on health systems and healthcare workers, 

disrupting the majority of antimicrobial stewardship activities worldwide [4-6]. 

1.1 Quality of antibiotic prescribing 

 Τhe quality of healthcare can be measured by using quality indicators (QIs), which are 

defined as “measurable elements of practice performance for which there is evidence or 

consensus that they can be used to assess the quality of care provided” [7,8]. QIs can be 
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categorized as structure-, process- and outcome indicators [7]. This acknowledges the 

relationship between comprehensive structures, adequate processes, and favorable outcomes.  

The majority of reports on the effects of ASPs have focused on the decrease in antibiotic 

consumption following the deployment of various stewardship interventions [9,10]. If used 

alone, this approach entrains modest results. Any ASP should strive to evaluate the adequacy of 

antimicrobial prescribing, focused not only on administrating fewer antimicrobials but also on 

using them optimally. It is the appropriate use of antibiotics, and not only their reduction, which 

has been related to fewer adverse events and better clinical outcomes [10,11]. Furthermore, 

although the magnitude of the antibiotic use contributes to the emergence and spread of 

resistance to some extent, the inappropriate use of antibiotics is one of the most significant 

aggravating factors. Thus, reducing both overall antibiotic consumption and improper use of the 

antibiotics is an effective approach to slow the pace of the emergence of AMR [12,13].  

Specifically for hospital ASPs, over two hundred QIs have been described in the medical 

literature, addressing a broad range of areas of ASPs in the hospital setting [14]. A recent, 

multidisciplinary, international consensus procedure led to the development of 51 generic QIs 

for antibiotic use in the inpatient setting, that are meant to be generally relevant, independent 

of the type of infectious disease, location, or socioeconomic environment. The majority of these 

IQIs were categorized as process, nearly one-third as structure, and only two as patient outcome 

indicators [13]. 

Continuous surveillance and PPS are the methods of choice to assess the quality of 

prescribing in hospital settings. When resources and time do not permit ongoing monitoring, PPS 
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have shown to be helpful in evaluating prescription quality and determining the reasons behind 

the inappropriate use of antibiotics [10]. These two methods provide targets for stewardship 

interventions, also enabling the evaluation of the results of these interventions. 

1.1.1 Process indicators 

This dissertation included both a continuous surveillance, through the prospective arm of 

the quasi-experimental cohort study, and a repeated PPS before and after the implementation 

of the ASP [1, 2]. The latter was based on the Global-PPS 2019 methodology [15], with some 

adaptations. The implementation of the ASP took into account several issues related to 

antimicrobial prescribing quality that were detected during the initial PPS. These issues included 

process indicators, specifically compliance to treatment guidelines and documentation of 

indication/diagnosis and stop/review date of antimicrobial treatment in patient files. Prior to the 

implementation of the ASP, the rates of the complete adherence to treatment guidelines and of 

the recording in patient files of the justification for therapy and the stop/review date of 

antimicrobial treatment were considered as being low compared to the majority of other similar 

studies [16-19]. In the second PPS, after the stewardship intervention, these rates were 

significantly increased, reflecting the effectiveness of the carbapenem-focused ASP on the quality 

of the overall antimicrobial prescribing in our hospital [1]. However, we could not examine all the 

process QIs that are reported in the literature, as the Global-PPS 2019 methodology does not 

include all of them [15]. 

1.1.2 Patient outcome indicators 
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 The limited number of patient outcome QIs identified in the literature reflects the 

challenges of ASPs to precisely measure and demonstrate their influence on patient outcomes 

[20,21]. Even though expert panels developing QIs for hospital ASPs appraise patient outcome 

measures as quite important [20,22], there is a reluctance to include such measure in the 

proposed QI sets because of the existence of confounding factors that may be quite difficult to 

be adjusted reliably [23]. Such factors include, among others, random changes in the patterns of 

bacterial prevalence in the hospital setting and modification of the infection control activities 

[14]. Furthermore, concern exists that specific patient outcomes, including mortality, may be 

intrinsic insensitive to improvement after various stewardship interventions, for example i.v. to 

oral switching [22]. As a result, the most recent set of QIs developed for antimicrobial 

stewardship activities includes only two patient outcome indicators, the clinical outcomes of 

patients receiving antibiotics and the rates of nosocomial CDIs, whereas bacterial and resistance 

outcomes of patients on antibiotics are not included [13]. 

A 2017 Cochrane systematic review showed that stewardship interventions are probably 

associated with lower use of antibiotics and reduced length of hospital stay without increasing 

patient mortality [24].  A later systematic review also found that the majority of studies, that 

were included and evaluated the corresponding parameters, reported a decrease in length of 

hospital stay, re-admission rate, and all-cause and infection-related mortality [25]. 

In accordance with the results of the aforementioned systematic reviews, following the 

ASP implementation in the context of this distinctive (due to the unprecedented conditions of 

the COVID-19 pandemic in a hospital setting of pre-existing high rates of AMR) project, there was 

a statistically significant decrease in the infection-related readmission rate compared to the pre-
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implementation period, while no significant changes in all-cause in-hospital mortality and 30-day 

mortality after carbapenem initiation were observed. Importantly, the analysis of the patient 

outcomes of the post-implementation cohort showed that the acceptance of the stewardship 

team recommendation was associated with reduced in-hospital and 30-day mortality after 

carbapenem initiation, as well as better treatment outcome. The optimization of diagnostic 

testing and antimicrobial therapy brought about by accepting the intervention, which reflected 

the advantages of ID consultation on this parameter, is likely the main factor that caused the 

difference in treatment outcomes between cases with accepted and non-accepted interventions 

in the post-implementation subgroup of patients [2].  

Contrarily to the majority of the studies included in the above-mentioned systematic 

reviews, we found that, on average, patients in the post-implementation group had a longer 

hospital length of hospital stay than those in the pre-implementation group. A possible reason 

may be the fact that the proportion of admitted patients who received carbapenems decreased 

during the intervention period, indicating that treating physicians used them more sparingly at 

that time and only reserved them for severe cases, which, however, required longer 

hospitalization compared to the cases in the pre-intervention period [2]. Finally, we preferred 

not to evaluate the impact of the ASP on AMR or the incidence of CDI, because we considered 

that the strengthening of infection prevention and control measures due to COVID-19 pandemic 

during the post-implementation period would be an important and difficult-to-adjust 

confounder. 

1.2 Quantity of antibiotic prescribing 
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 Many studies before the COVID-19 pandemic showed that the implementation of 

carbapenem-focused ASPs result in decreased carbapenem use without having a negative impact 

on patient outcomes [26-29]. None of these studies assessed the effect of a carbapenem-focused 

stewardship intervention on the use of newer, non-carbapenem, antibiotics with efficacy against 

MDR-GNB. In this project, a decrease in carbapenem use was achieved safely, with a concurrent 

increase only in the use of piperacillin/tazobactam, while the consumption of colistin, tigecycline, 

ceftolozane/tazobactam and ceftazidime/avibactam was not significantly affected [2]. Our 

research provides additional scientific evidence because it shows that a reduction in carbapenem 

use is feasible and safe, even during a pandemic, without a concurrent increase of other broad-

spectrum antibiotics with comparable ecological impact with carbapenems on AMR. The fact that 

this observation included the recently licensed antibiotics ceftolozane/tazobactam and 

ceftazidime/avibactam is of great importance, because it is necessary to use these newer 

compounds wisely in order to maintain their effectiveness.  

1.3 Prescribers’ perceptions, attitudes, and practices regarding the management of infections 

caused by MDROs. 

 Through the survey study that we performed eleven months after the ASP 

implementation, shortly before the end of the intervention period, we assessed fruitfully the 

impact of the ASP on prescribers’ way of thinking and acting. The findings were quite encouraged, 

since the great majority of the doctors of our hospital perceived the intervention as a contributing 

factor for improved patient outcomes, which was later confirmed by the analysis of the ASP’s 

data. In addition, in-person ID consultation was viewed as an educational interaction which 

increased their awareness regarding the appropriate use of antimicrobials in their daily clinical 
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practice. Furthermore, the 98.5% of the respondents wanted the ASP to be continued and further 

developed despite the fact that their workload had already been increased due to the COVID-19 

pandemic at that time [3]. The above-mentioned findings implied a positive effect of the 

stewardship intervention on the behavior of the doctors of our hospital with regard to the 

management of patients suffering infections caused by MDR bacteria. 

 

2. Directions and challenges for future research 

 There is considerable design heterogeneity of the different antimicrobial stewardship 

interventions in the literature [24] and, therefore, there is an unmet need for a comprehensive 

framework to inform the design and planning of the ASPs. Moreover, studies on antimicrobial 

stewardship have primarily focused on process and structural indicators until now [14], with little 

progress made in developing outcome indicators. Future research is required to introduce 

appropriate outcome indicators or to link effectively structural and process indicators to 

outcomes in order to evaluate the stewardship interventions reliably through the development 

of benchmarks. Finally, few ASPs to date have included behavioral theory or behavior 

modification methodologies into their design, assessment, and reporting processes [30]. This is 

one of the key shortcomings of current stewardship interventions. Behavioral science should be 

incorporated in every antimicrobial stewardship intervention in order to optimize the 

implementation of these interventions and, thus, their positive impact. 

 

3. Conclusions 
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 More research is needed to fully evaluate the true value of these programs, particularly 

in real-world settings across a variety of geographies and resource settings. The carbapenem-

focused ASP that we implemented in our hospital was associated with improvement of the 

quality of the antimicrobial prescribing, significant decrease in the carbapenem utilization, better 

patient outcomes, and positive impact on the attitudes and practices of the treating physicians 

with regard to the management of infections caused by difficult-to-treat bacteria. The findings 

of this project may guide future research and policy regarding effective stewardship 

interventions.  
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Table S1. Results of multivariable Cox proportional hazards regression quantifying the effects of 

the antimicrobial stewardship intervention on all-cause hospital mortality. This is an ITT analysis 

comparing the pre-implementation cohort (n=842) to the post-implementation cohort (n=426).  

 csHR Std. error 95% CI Wald Z p-value 

ITT analysis      

  Pre- implementation group 1.00 0.00    

  Post- implementation group 0.99 0.12 [0.79,    1.24] -0.10 0.922 

Sex      

  Female 1.00 0.00    

  Male 0.97 0.11 [0.77,    1.22] -0.25 0.805 

Age (years) 1.04 0.00 [1.03,    1.05] 9.04 <0.001 

Ward of hospitalisation      

  Intensive care 2.71 0.53 [1.85,    3.97] 5.14 <0.001 

  Medicine 2.17 0.38 [1.53,    3.07] 4.38 <0.001 

  Surgery 1.00 0.00    

  Other specialty 5.23 5.33 [0.71,   38.59] 1.62 0.104 

Hospitalisation in previous 3 months      

  No 1.00 0.00    

  Yes 1.61 0.19 [1.28,    2.04] 4.04 <0.001 

Abbreviations: csHR, cause-specific hazard ratio 
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Table S2. Results of multivariable Cox proportional hazards regression quantifying the effects of 

the antimicrobial stewardship intervention on hospital discharge alive. This is an ITT analysis 

comparing the pre-implementation cohort (n=842) to the post-implementation cohort (n=426).  

 csHR Std. error 95% CI Wald Z p-value 

ITT analysis      

  Pre-implementation group 1.00 0.00    

  Post-implementation group 0.80 0.06 [0.70,    0.92] -3.16 0.002 

Sex      

  Female 1.00 0.00    

  Male 0.97 0.07 [0.85,    1.11] -0.40 0.690 

Age (years) 1.00 0.00 [1.00,    1.01] 1.48 0.139 

Ward of hospitalisation      

  Intensive care 0.33 0.05 [0.25,    0.43] -8.05 <0.001 

  Medicine 0.96 0.07 [0.83,    1.12] -0.48 0.630 

  Surgery 1.00 0.00    

  Other specialty 2.90 1.12 [1.36,    6.19] 2.76 0.006 

Hospitalisation in previous 3 months      

  No 1.00 0.00    

  Yes 1.16 0.08 [1.02,    1.33] 2.27 0.023 

Abbreviations: csHR, cause-specific hazard ratio  
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Note. In this analysis, a low csHR for discharge alive reflects a low daily rate of discharge, resulting 

in prolonged hospital stay. 
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Table S3. Results of multivariable Logistic regression quantifying the effects of the antimicrobial 

stewardship intervention on all-cause mortality within 30 days of initiation of carbapenem 

therapy.  This is an ITT analysis comparing the pre-implementation cohort (n=842) to the post-

implementation cohort (n=426).  

 OR Std. error 95% CI Wald Z p-value 

ITT analysis      

  Pre-implementation group 1.00 0.00    

  Post-implementation group 1.26 0.18 [0.95,    1.67] 1.61 0.107 

Sex      

  Female 1.00 0.00    

  Male 1.06 0.15 [0.80,    1.41] 0.42 0.672 

Age (years) 1.03 0.01 [1.02,    1.04] 6.61 <0.001 

Ward of hospitalisation      

  Intensive care 9.34 2.29 [5.78,   15.09] 9.12 <0.001 

  Medicine 2.04 0.39 [1.39,    2.97] 3.68 <0.001 

  Surgery 1.00 0.00    

  Other specialty 1.50 1.66 [0.17,   13.05] 0.37 0.714 

Hospitalisation in previous 3 months      

  No 1.00 0.00    

  Yes 1.22 0.18 [0.93,    1.62] 1.42 0.156 
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Intercept 0.01 0.01 [0.01,    0.03] -10.65 <0.001 
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Table S4. Results of multivariable Logistic regression quantifying the effects of the antimicrobial 

stewardship intervention on infection-related readmission within 30 days of hospital discharge 

alive. This is an ITT analysis comparing the pre-implementation cohort (n=842) to the post-

implementation cohort (n=426).  

 OR Std. error 95% CI Wald Z p-value 

ITT analysis      

  Pre-implementation group 1.00 0.00    

  Post-implementation group 0.60 0.11 [0.42,    0.86] -2.76 0.006 

Sex      

  Female 1.00 0.00    

  Male 1.44 0.25 [1.02,    2.03] 2.09 0.037 

Age (years) 1.01 0.01 [1.00,    1.02] 1.40 0.163 

Ward of hospitalisation      

  Intensive care 1.16 0.47 [0.52,    2.57] 0.36 0.716 

  Medicine 2.04 0.41 [1.37,    3.02] 3.53 <0.001 

  Surgery 1.00 0.00    

  Other specialty 1.35 1.51 [0.15,   12.04] 0.27 0.786 

Hospitalisation in previous 3 months      

  No 1.00 0.00    

  Yes 1.82 0.32 [1.30,    2.56] 3.46 0.001 
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Intercept 0.07 0.03 [0.03,    0.15] -6.64 <0.001 
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Table S5. Results of multivariable Cox proportional hazards regression quantifying the effects of 

the antimicrobial stewardship intervention on all-cause hospital mortality. This is a modified ITT 

analysis comparing the pre-implementation cohort (n=842) to the post-implementation cohort 

excluding patients for whom the intervention was not accepted (n=380).  

 csHR Std. error 95% CI Wald Z p-value 

Modified ITT analysis      

  Pre-implementation group 1.00 0.00    

  Post-implementation intervention-accepted  

  group 0.91 0.11 [0.71,    1.16] -0.76 0.450 

Sex      

  Female 1.00 0.00    

  Male 0.95 0.12 [0.75,    1.20] -0.45 0.652 

Age (years) 1.04 0.00 [1.03,    1.05] 8.81 <0.001 

Ward of hospitalisation      

  Intensive care 2.85 0.58 [1.91,    4.25] 5.13 <0.001 

  Medicine 2.26 0.42 [1.56,    3.27] 4.34 <0.001 

  Surgery 1.00 0.00    

  Other specialty 5.64 5.77 [0.76,   41.80] 1.69 0.090 

Hospitalisation in previous 3 months      

  No 1.00 0.00    
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  Yes 1.65 0.20 [1.29,    2.10] 4.04 <0.001 

Abbreviations: csHR, cause-specific hazard ratio
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Table S6. Results of multivariable Cox proportional hazards regression quantifying the effects of 

the antimicrobial stewardship intervention on hospital discharge alive. This is a modified ITT 

analysis comparing the pre-implementation cohort (n=842) to the post-implementation cohort 

excluding patients for whom the intervention was not accepted (n=380).  

 csHR Std. error 95% CI Wald Z p-value 

Modified ITT analysis      

  Pre-implementation group 1.00 0.00    

  Post-implementation intervention-accepted  

  group 0.83 0.06 [0.72,    0.95] -2.62 0.009 

Sex      

  Female 1.00 0.00    

  Male 0.97 0.07 [0.84,    1.11] -0.50 0.616 

Age (years) 1.00 0.00 [1.00,    1.01] 1.78 0.075 

Ward of hospitalisation      

  Intensive care 0.33 0.05 [0.25,    0.43] -8.09 <0.001 

  Medicine 0.96 0.07 [0.83,    1.12] -0.50 0.614 

  Surgery 1.00 0.00    

  Other specialty 2.88 1.11 [1.35,    6.13] 2.74 0.006 

Hospitalisation in previous 3 months      

  No 1.00 0.00    
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  Yes 1.17 0.08 [1.02,    1.34] 2.31 0.021 

Abbreviations: csHR, cause-specific hazard ratio 

Note. In this analysis, a low csHR for discharge alive reflects a low daily rate of discharge, resulting 

in prolonged hospital stay. 
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Table S7. Results of multivariable Logistic regression quantifying the effects of the antimicrobial 

stewardship intervention on all-cause mortality within 30 days of initiation of carbapenem 

therapy. This is a modified ITT analysis comparing the pre-implementation cohort (n=842) to the 

post-implementation cohort excluding patients for whom the intervention was not accepted 

(n=380).  

 OR Std. error 95% CI Wald Z p-value 

Modified ITT analysis      

  Pre-intervention group 1.00 0.00    

  Post-implementation intervention- 

  accepted group 1.10 0.17 [0.82,    1.49] 0.65 0.513 

Sex      

  Female 1.00 0.00    

  Male 1.06 0.16 [0.79,    1.42] 0.40 0.691 

Age (years) 1.03 0.01 [1.02,    1.04] 6.35 <0.001 

Ward of hospitalisation      

  Intensive care 10.00 2.53 [6.09,   16.43] 9.10 <0.001 

  Medicine 2.13 0.43 [1.43,    3.18] 3.73 <0.001 

  Surgery 1.00 0.00    

  Other specialty 1.68 1.86 [0.19,   14.66] 0.47 0.636 

Hospitalisation in previous 3 months      
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  No 1.00 0.00    

  Yes 1.25 0.18 [0.94,    1.67] 1.51 0.130 

Intercept 0.01 0.01 [0.01,    0.03] -10.37 <0.001 
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Table S8. Results of multivariable Logistic regression quantifying the effects of the antimicrobial 

stewardship intervention on infection-related readmission within 30 days of hospital discharge 

alive. This is a modified ITT analysis comparing the pre-implementation cohort (n=842) to the 

post-implementation cohort excluding patients for whom the intervention was not accepted 

(n=380).  

 OR Std. error 95% CI Wald Z p-value 

Modified ITT analysis      

  Pre-implementation group 1.00 0.00    

  Post-implementation intervention- 

  accepted group 0.57 0.11 [0.39,    0.83] -2.93 0.003 

Sex      

  Female 1.00 0.00    

  Male 1.37 0.24 [0.97,    1.94] 1.78 0.075 

Age (years) 1.01 0.01 [1.00,    1.02] 1.24 0.216 

Ward of hospitalisation      

  Intensive care 1.16 0.47 [0.52,    2.57] 0.36 0.720 

  Medicine 1.99 0.41 [1.33,    2.97] 3.37 0.001 

  Surgery 1.00 0.00    

  Other specialty 1.31 1.46 [0.15,   11.65] 0.24 0.809 

Hospitalisation in previous 3 months      
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  No 1.00 0.00    

  Yes 1.80 0.32 [1.27,    2.54] 3.34 0.001 

Intercept 0.08 0.03 [0.03,    0.17] -6.32 <0.001 
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Table S9. Results of multivariable Cox proportional hazards regression quantifying the effects of 

the antimicrobial stewardship intervention on all-cause hospital mortality. This is an analysis per 

protocol, comparing patients who did not receive the intervention in either the pre- or the post-

implementation period (n=888) to those who received the intervention (n=380).  

 csHR Std. error 95% CI Wald Z p-value 

Per-protocol analysis      

  Non-intervention group 1.00 0.00    

  Intervention group 0.87 0.11 [0.69,    1.11] -1.14 0.256 

Sex      

  Female 1.00 0.00    

  Male 0.97 0.11 [0.77,    1.22] -0.28 0.779 

Age (years) 1.04 0.00 [1.03,    1.05] 9.09 <0.001 

Ward of hospitalisation      

  Intensive care 2.74 0.53 [1.87,    4.00] 5.18 <0.001 

  Medicine 2.17 0.38 [1.53,    3.06] 4.38 <0.001 

  Surgery 1.00 0.00    

  Other specialty 5.47 5.58 [0.74,   40.39] 1.67 0.095 

Hospitalisation in previous 3 months      

  No 1.00 0.00    

  Yes 1.59 0.19 [1.26,    2.01] 3.93 <0.001 
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Abbreviations: csHR, cause-specific hazard ratio 
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Table S10. Results of multivariable Cox proportional hazards regression quantifying the effects 

of the antimicrobial stewardship intervention on hospital discharge alive. This is an analysis per 

protocol, comparing patients who did not receive the intervention in either the pre- or the post-

implementation period (n=888) to those who received the intervention (n=380).  

 csHR Std. error 95% CI Wald Z p-value 

Per-protocol analysis      

  Non-intervention group 1.00 0.00    

  Intervention group 0.85 0.06 [0.74,    0.98] -2.29 0.022 

Sex      

  Female 1.00 0.00    

  Male 0.97 0.07 [0.85,    1.11] -0.40 0.692 

Age (years) 1.00 0.00 [1.00,    1.01] 1.35 0.178 

Ward of hospitalisation      

  Intensive care 0.33 0.05 [0.25,    0.44] -7.99 <0.001 

  Medicine 0.97 0.07 [0.84,    1.12] -0.44 0.659 

  Surgery 1.00 0.00    

  Other specialty 2.91 1.12 [1.36,    6.19] 2.77 0.006 

Hospitalisation in previous 3 months      

  No 1.00 0.00    

  Yes 1.17 0.08 [1.03,    1.34] 2.36 0.018 
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Abbreviations: csHR, cause-specific hazard ratio 

Note. In this analysis, a low csHR for discharge alive reflects a low daily rate of discharge, resulting 

in prolonged hospital stay. 
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Table S11. Results of multivariable Logistic regression quantifying the effects of the antimicrobial 

stewardship intervention on all-cause mortality within 30 days of initiation of carbapenem 

therapy.  This is an analysis per protocol, comparing patients who did not receive the intervention 

in either the pre- or the post-implementation period (n=888) to those who received the 

intervention (n=380).  

 OR Std. error 95% CI Wald Z p-value 

Per-protocol analysis      

  Non-intervention group 1.00 0.00    

  Intervention group 1.03 0.15 [0.77,    1.38] 0.19 0.852 

Sex      

  Female 1.00 0.00    

  Male 1.06 0.15 [0.80,    1.41] 0.40 0.686 

Age (years) 1.03 0.00 [1.02,    1.04] 6.65 <0.001 

Ward of hospitalisation      

  Intensive care 9.38 2.30 [5.80,   15.16] 9.14 <0.001 

  Medicine 2.04 0.39 [1.40,    2.98] 3.70 <0.001 

  Surgery 1.00 0.00    

  Other specialty 1.59 1.74 [0.18,   13.70] 0.42 0.676 

Hospitalisation in previous 3 months      

  No 1.00 0.00    
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  Yes 1.21 0.17 [0.92,    1.61] 1.36 0.174 

Intercept 0.01 0.01 [0.01,    0.03] -10.51 <0.001 
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Table S12. Results of multivariable Logistic regression quantifying the effects of the antimicrobial 

stewardship intervention on infection-related readmission within 30 days of hospital discharge 

alive. This is an analysis per protocol, comparing patients who did not receive the intervention in 

either the pre- or the post-implementation period (n=888) to those who received the 

intervention (n=380).  

 OR Std. error 95% CI Wald Z p-value 

Per-protocol analysis      

  Non-intervention group 1.00 0.00    

  Intervention group 0.57 0.11 [0.39,    0.83] -2.96 0.003 

Sex      

  Female 1.00 0.00    

  Male 1.43 0.25 [1.02,    2.02] 2.05 0.040 

Age (years) 1.01 0.01 [1.00,    1.02] 1.37 0.172 

Ward of hospitalisation      

  Intensive care 1.19 0.48 [0.53,    2.63] 0.42 0.674 

  Medicine 2.05 0.41 [1.38,    3.04] 3.56 <0.001 

  Surgery 1.00 0.00    

  Other specialty 1.38 1.54 [0.15,   12.29] 0.29 0.774 

Hospitalisation in previous 3 months      

  No 1.00 0.00    
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  Yes 1.84 0.32 [1.31,    2.59] 3.52 <0.001 

Intercept 0.07 0.03 [0.03,    0.15] -6.63 <0.001 
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Table S13. Results of multivariable Cox proportional hazards regression quantifying the effects 

of the antimicrobial stewardship intervention on all-cause hospital mortality. This analysis is 

restricted in the post-implementation period and compares patients for whom the intervention 

was accepted (n=380) to patients for whom the intervention was not accepted (n=46).  

 csHR Std. error 95% CI Wald Z p-value 

Intervention acceptance      

  Intervention non-accepted group 1.00 0.00    

  Intervention accepted group 0.49 0.12 [0.30,    0.80] -2.85 0.004 

Sex      

  Female 1.00 0.00    

  Male 0.98 0.19 [0.66,    1.43] -0.13 0.898 

Age (years) 1.03 0.01 [1.02,    1.05] 4.72 <0.001 

Ward of hospitalisation      

  Intensive care 2.97 0.96 [1.57,    5.60] 3.36 0.001 

  Medicine 2.35 0.68 [1.34,    4.15] 2.96 0.003 

  Surgery 1.00 0.00    

  Other specialty 9.04 9.53 [1.15,   71.28] 2.09 0.037 

Hospitalisation in previous 3 months      

  No 1.00 0.00    

  Yes 1.99 0.40 [1.34,    2.95] 3.41 0.001 
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Abbreviations: csHR, cause-specific hazard ratio 
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Table S14. Results of multivariable Cox proportional hazards regression quantifying the effects 

of the antimicrobial stewardship intervention on hospital discharge alive. This analysis is 

restricted in the post-implementation period and compares patients for whom the intervention 

was accepted (n=380) to patients for whom the intervention was not accepted (n=46).  

 csHR Std. error 95% CI Wald Z p-value 

Intervention acceptance      

  Intervention non-accepted group 1.00 0.00    

  Intervention accepted group 1.32 0.28 [0.87,    2.00] 1.32 0.187 

Sex      

  Female 1.00 0.00    

  Male 1.04 0.13 [0.82,    1.33] 0.36 0.718 

Age (years) 1.00 0.00 [0.99,    1.01] -0.07 0.944 

Ward of hospitalisation      

  Intensive care 0.40 0.09 [0.26,    0.63] -3.94 <0.001 

  Medicine 1.08 0.15 [0.83,    1.42] 0.58 0.562 

  Surgery 1.00 0.00    

  Other specialty 3.52 2.11 [1.09,   11.39] 2.10 0.036 

Hospitalisation in previous 3 months      

  No 1.00 0.00    

  Yes 1.37 0.17 [1.08,    1.74] 2.62 0.009 
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Abbreviations: csHR, cause-specific hazard ratio 

Note. In this analysis, a low csHR for discharge alive reflects a low daily rate of discharge, resulting 

in prolonged hospital stay. 
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Table S15. Results of multivariable Logistic regression quantifying the effects of the antimicrobial 

stewardship intervention on all-cause mortality within 30 days of initiation of carbapenem 

therapy.  This analysis is restricted in the post-implementation period and compares patients for 

whom the intervention was accepted (n=380) to patients for whom the intervention was not 

accepted (n=46).  

 OR Std. error 95% CI Wald Z p-value 

Intervention acceptance      

  Intervention non-accepted group 1.00 0.00    

  Intervention accepted group 0.36 0.12 [0.18,    0.70] -3.02 0.003 

Sex      

  Female 1.00 0.00    

  Male 0.94 0.22 [0.59,    1.49] -0.27 0.786 

Age (years) 1.03 0.01 [1.01,    1.04] 3.37 0.001 

Ward of hospitalisation      

  Intensive care 6.54 2.59 [3.01,   14.19] 4.75 <0.001 

  Medicine 1.66 0.51 [0.90,    3.04] 1.63 0.103 

  Surgery 1.00 0.00    

  Other specialty 2.22 2.69 [0.21,   23.80] 0.66 0.511 

Hospitalisation in previous 3 months      

  No 1.00 0.00    
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  Yes 1.19 0.28 [0.75,    1.89] 0.73 0.462 

Intercept 0.09 0.06 [0.02,    0.33] -3.56 <0.001 
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Table S16. Results of multivariable Logistic regression quantifying the effects of the antimicrobial 

stewardship intervention on infection-related readmission within 30 days of hospital discharge 

alive. This analysis is restricted in the post-implementation period and compares patients for 

whom the intervention was accepted (n=380) to patients for whom the intervention was not 

accepted (n=46).  

 OR Std. error 95% CI Wald Z p-value 

Intervention acceptance      

  Intervention non-accepted group 1.00 0.00    

  Intervention accepted group 0.57 0.30 [0.20,    1.61] -1.06 0.290 

Sex      

  Female 1.00 0.00    

  Male 1.78 0.63 [0.89,    3.56] 1.64 0.102 

Age (years) 1.02 0.01 [1.00,    1.05] 2.06 0.039 

Ward of hospitalisation      

  Intensive care 1.34 0.98 [0.32,    5.62] 0.40 0.689 

  Medicine 1.92 0.79 [0.86,    4.31] 1.58 0.113 

  Surgery 1.00 0.00    

  Other specialty 1.00 0.00    

Hospitalisation in previous 3 months      

  No 1.00 0.00    
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  Yes 2.09 0.72 [1.06,    4.11] 2.13 0.033 

Intercept 0.02 0.02 [0.00,    0.14] -3.88 <0.001 
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Table S17. Results of multivariable Cox proportional hazards regression quantifying the effects 

of the antimicrobial stewardship intervention on all-cause hospital mortality. This analysis is 

restricted in the post-implementation period and compares patients for whom the intervention 

was accepted (n=380) to patients for whom the intervention was not accepted (n=46).  

 csHR Std. error 95% CI Wald Z p-value 

Intervention acceptance      

  Intervention non-accepted group 1.00 0.00    

  Intervention accepted group 0.74 0.23 [0.40,    1.37] -0.96 0.337 

Sex      

  Female 1.00 0.00    

  Male 0.97 0.23 [0.61,    1.55] -0.12 0.906 

Age (years) 1.02 0.01 [1.01,    1.04] 2.62 0.009 

Ward of hospitalisation      

  Intensive care 3.18 1.36 [1.37,    7.37] 2.70 0.007 

  Medicine 1.69 0.62 [0.82,    3.49] 1.42 0.155 

  Surgery 1.00 0.00    

  Other specialty 2.90 3.11 [0.35,   23.70] 0.99 0.321 

Hospitalisation in previous 3 months      

  No 1.00 0.00    

  Yes 1.46 0.36 [0.90,    2.37] 1.52 0.127 
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Abbreviations: csHR, cause-specific hazard ratio 
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Table S18. Results of multivariable Cox proportional hazards regression quantifying the effects 

of the antimicrobial stewardship intervention on new or recurrent infection. This analysis is 

restricted in the post-implementation period and compares patients for whom the intervention 

was accepted (n=380) to patients for whom the intervention was not accepted (n=46).  

 csHR Std. error 95% CI Wald Z p-value 

Intervention acceptance      

  Intervention non-accepted group 1.00 0.00    

  Intervention accepted group 0.26 0.14 [0.09,    0.74] -2.53 0.011 

Sex      

  Female 1.00 0.00    

  Male 1.02 0.55 [0.36,    2.92] 0.04 0.966 

Age (years) 1.02 0.02 [0.99,    1.05] 1.09 0.275 

Ward of hospitalisation      

  Intensive care 0.88 0.78 [0.15,    4.98] -0.15 0.881 

  Medicine 0.69 0.39 [0.22,    2.11] -0.66 0.512 

  Surgery 1.00 0.00    

  Other specialty 0.00 0.00 [0.00,       .] -0.00 >0.999 

Hospitalisation in previous 3 months      

  No 1.00 0.00    

  Yes 0.42 0.22 [0.14,    1.20] -1.63 0.103 
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Abbreviations: csHR, cause-specific hazard ratio 
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Table S19. Results of multivariable Cox proportional hazards regression quantifying the 

effects of the antimicrobial stewardship intervention on favourable treatment outcome. This 

analysis is restricted in the post-implementation period and compares patients for whom the 

intervention was accepted (n=380) to patients for whom the intervention was not accepted 

(n=46).  

 csHR Std. error 95% CI Wald Z p-value 

Intervention acceptance      

  Intervention non-accepted group 1.00 0.00    

  Intervention accepted group 2.45 0.54 [1.59,    3.77] 4.09 <0.001 

Sex      

  Female 1.00 0.00    

  Male 1.00 0.12 [0.80,    1.26] 0.04 0.969 

Age (years) 1.00 0.00 [0.99,    1.00] -1.35 0.177 

Ward of hospitalisation      

  Intensive care 0.60 0.12 [0.41,    0.89] -2.53 0.012 

  Medicine 0.86 0.11 [0.66,    1.12] -1.14 0.255 

  Surgery 1.00 0.00    

  Other specialty 0.81 0.48 [0.25,    2.61] -0.35 0.728 

Hospitalisation in previous 3 months      

  No 1.00 0.00    

  Yes 0.88 0.10 [0.70,    1.10] -1.14 0.254 

Abbreviations: csHR, cause-specific hazard ratio 
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Supplementary II 

Questionnaire of Chapter IV  
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Questionnaire 

 

General information  

 

1. Age:  

 

2. Gender: 

Male     ☐ 

Female  ☐ 

 

3. What is your professional status? 

 

Resident doctor  ☐ 

Specialist doctor ☐ 

 

4. What is your specialty? 

 

Vascular surgery   ☐  Haematology             ☐           Gastroenterology               

☐ 

General practice    ☐  General surgery          ☐           Dermatology                      

☐ 

Endocrinology      ☐  Cardiology            ☐           Cardiac surgery                  

☐  

Neurology        ☐  Neurosurgery             ☐           Nephrology                         

☐ 

Orthopedic        ☐  Urology                      ☐           Ophthalmology                   

☐ 

Internal medicine  ☐  Oncology                    ☐           Obstetrics & Gynaecology  

☐ 

Plastic surgery       ☐             Respiratory medicine  ☐           Rheumatology                     

☐ 

Psychiatry             ☐  ENT                         ☐           Thoracic surgery                  

☐ 

ICU                       ☐    Craniofacial surgery    ☐ 
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5. How many years of experience do you have as a doctor? (If you are a specialist 

doctor, please report only the years of experience you have as a specialist 

doctor)      

 

6. Do you have previous experience (>3 months) with antimicrobial stewardship 

programmes (ASPs)? 

 

Yes ☐  No ☐ 

 

7. How often do you have patients with multidrug-resistant (MDR) Gram-negative 

infections under your care? 

 

Not at all                  ☐ 

1-4 times/month      ☐ 

5-10 times/month    ☐ 

>10 times/month     ☐ 

 

8. How often do you seek ASP consultation for patients with MDR Gram-negative 

infections who are under your care? 

 

Not at all                  ☐ 

1-4 times/month      ☐ 

5-10 times/month    ☐ 

>10 times/month     ☐ 

 

 

9. How often do you accept the recommendations provided by the ASP team? 

 

Never  ☐ 

Rarely  ☐ 

Sometimes ☐ 

Often  ☐ 

Always  ☐ 

 

Perceptions 
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10. How much do you disagree or agree with each of the following statements? 

 

1 = Strongly disagree, 2 = Disagree, 3 = Neutral, 4 = Agree, 5 = Strongly agree 

 

 Prospective audit and feedback strategy is more effective than preauthorization 

strategy in improving patients' outcome 

 ☐1  ☐ 2  ☐ 3  ☐4  ☐5 

 

 Prospective audit and feedback strategy is more educational for me than 

preauthorization strategy 

☐1  ☐ 2  ☐ 3  ☐4  ☐5 

 

 Preauthorization strategy suits a Greek hospital better than prospective audit and 

feedback strategy 

☐1  ☐ 2  ☐ 3  ☐4  ☐5 

 

 Preauthorization strategy should substitute prospective audit and feedback strategy in 

our hospital 

☐1  ☐ 2  ☐ 3  ☐4  ☐5 

 

 Regardless of the strategy followed, the implementation of an ASP improves patients' 

outcome compared to the absence of such a program 

☐1  ☐ 2  ☐ 3  ☐4  ☐5 

 

11. How much do you disagree or agree with each of the following statements regarding 

in-person consultation as the followed practice for the ASP in our hospital? 

1 = Strongly disagree, 2 = Disagree, 3 = Neutral, 4 = Agree, 5 = Strongly agree 

 

 It is the preferred practice for the ASP 

☐1  ☐ 2  ☐ 3  ☐4  ☐5 

 

 It can be largely replaced by telephone or electronic communication 

☐1  ☐ 2  ☐ 3  ☐4  ☐5 
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 It is welcome as often as possible 

☐1  ☐ 2  ☐ 3  ☐4  ☐5 

 

 It is also a very useful educational process for me regarding prudent use of 

antimicrobials 

☐1  ☐ 2  ☐ 3  ☐4  ☐5 

 

 It disrupts my daily life in the clinic 

☐1  ☐ 2  ☐ 3  ☐4  ☐5 

 

12. How helpful do you find each of the following interventions for the improvement of 

the current ASP? 

1 = Not helpful, 2 = Slightly helpful, 3 = Somewhat helpful, 4 = Very helpful, 5 = Extremely helpful 

 

 Availability of hospital resistance data and development of hospital guidelines for the 

treatment of infections caused by multidrug-resistant organisms 

☐1  ☐ 2  ☐ 3  ☐4  ☐5 

 

 More educational sessions and training regarding optimal use of antimicrobials 

☐1  ☐ 2  ☐ 3  ☐4  ☐5 

 

 Stewardship-focused mobile/tablet applications 

☐1  ☐ 2  ☐ 3  ☐4  ☐5 

 

 More contact via telephone with ASP team members 

☐1  ☐ 2  ☐ 3  ☐4  ☐5 

 

 Communication via hospital's electronic systems 

☐1  ☐ 2  ☐ 3  ☐4  ☐5 

 

13. During COVID-19 pandemic, the ASP must be: 

 

continued and further developed         ☐ 

postponed      ☐ 
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Attitudes and Practices 

 

14. The existence of the ASP in our hospital: 

1 = Not at all, 2 = Slightly, 3 = Moderately, 4 = Significantly, 5 = Extremely 

 

 Increased my concern regarding overuse/misuse of antimicrobials and antimicrobial 

resistance 

☐1  ☐ 2  ☐ 3  ☐4  ☐5 

 

 Amplified my awareness regarding appropriate use of antimicrobials in my daily 

clinical practice 

☐1  ☐ 2  ☐ 3  ☐4  ☐5 

 

 Stimulated me to seek further knowledge on selecting the optimal antimicrobial, 

whenever it is needed, and its dosage, route and duration of administration 

☐1  ☐ 2  ☐ 3  ☐4  ☐5 

 

 Reinforced my acknowledgement of the importance of microbiological analyses for 

infections' diagnosis and treatment 

☐1  ☐ 2  ☐ 3  ☐4  ☐5 

 

 Incited me to perform closer monitoring of the microbiological data of my patients 

☐1  ☐ 2  ☐ 3  ☐4  ☐5 

 

 Enriched my way of thinking about the diagnosis and treatment of infections caused 

by multidrug-resistance organisms 

☐1  ☐ 2  ☐ 3  ☐4  ☐5 

 

 Affected me towards multidisciplinary and personalised care of patients with 

infections caused by multidrug-resistant organisms 

☐1  ☐ 2  ☐ 3  ☐4  ☐5 
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 Influenced my daily practice towards more rigorous implementation of infection 

prevention and control measures 

☐1  ☐ 2  ☐ 3  ☐4  ☐5 

 

15. Would you be willing to participate more actively in the ASP in the future? 

 

Yes ☐  No ☐ 
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