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Euxaplotiec

H mopovoa Sidaktopikry StatplBry ekmovhBnKe ot KAWLIKEC KOl OTIC MOVASEG
voonAsiag evnAlkwv oto Mavemotnuioko Mevikd Noookopeio HpakAeiou (Ma.l.N.H.) oe
ouvepyaoia pe to MikpoBlohoyikd Tunua kat to Qappokeio tou Noookopeiou, umo tnv
eniBAePn tou Kabnyntn k. Atapavty Kodptepidn kat pe cuvenifAEnovieg tov Kabnyntn K.

lewpylo XapnAo kat tov Opotipo Kabnyntn k. AxtAAéa Mkika.

Oa nbeha va ekppacw tn Pabld pou evyvwpoouvn og 6Aoug 6coug BorBnoav otnv

nmpaypartonoinon tng StatpBng:

a) Ztov Kabnyntn k. Atapavtr) Kodtepidn yla tTnv ukalpio mTou PoU TAPEIXE Vol EUITAQKW
otV €vvola tng dlaxeiptong/emipeAnteiag tTng opOoAOYLKAC XPrIONG TWV AVTLUIKPOBLOKWYV Kall
yla tn ouvexn kabodriynon Kol €VEPYO GCUMUETOXN TOU TPOC TNV OAOKANPWON TNG
OUYKEKPLUEVNC SLatpLBrg Katd tn StapKkela TN e€eldikevon g pou otn Aotpwéloloyia UTto TV

eniPAeyn tou.

B) Ztov KaBnyntn k. Fewpylo XapnAo, o omoiog e eloiyaye oTov KOOHO TnG AoluwéLoAoyiag,
OVTAG ELOLKEUOUEVOC TOU YLO TIEPLTIOU TECCEPQ ATIO TAL TIEVTE XPOVLA TNG ELOIKOTNTAG OV OTNV

Eowtepikn MaboAoyia.

y) Ztov Opotipo Kabnyntr k. AxtAAéa Tkika yla Tig eukatpieg Staoclvdeong mou pou mapeixe
HE T EAANVIKA Kol gupwraikd Siktua AolpwloAoywv, KaBwg emiong KAl yla tn ouvexn

umootnpLEn Kal kabodrynon tou.

6) Ztov AvamAnpwt Kabnynt k. Eudyyelo Kpltowtdkn yla TNV €EQLPETIKA ONUAVTLKA

oupBoAn Tou otnv avaluon twv dedouévwy ta onoia oxetilovtal pe TV mapovoa Statplpn.
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TN ouvelodopd TouG.
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Abbreviations (in alphabetical order)

AMR: antimicrobial resistance

ASP: antimicrobial stewardship program

BMI: body mass index

CAl: community-acquired infection

CDC: Centers for Disease Control and Prevention

CDI: Clostridioides difficile infection

COVID-19: Coronavirus Disease 2019

cpCRA: carbapenemase-producing CR Acinetobacter
cpCRE: carbapenemase-producing carbapenem-resistant Enterobacteriaceae
cpCRP: carbapenemase-producing CR Pseudomonas

CR: carbapenem-resistant

CRBSI: catheter-related blood stream infection

DDD: Define Daily Doses

DHP-1: dehydropeptidase 1

ECDC: European Centre for Disease Prevention and Control
EMA: European Medicines Agency

ESBL: extended-spectrum beta-lactamase

FDA: Food and Drug Administration

GNB: Gram-negative bacteria

HAI: hospital-acquired infection

HAP: hospital-acquired pneumonia



HGT: horizontal gene transfer

ICU: intensive care unit

ID: infectious diseases

IDSA: Infectious Diseases Society of America

IMP: imipenemase

IPC: infection prevention and control

LRTI: lower respiratory tract infection

MDR: multi-drug resistance (or resistant)

MDRO: multidrug-resistant organism
MexAB-OprM: multidrug efflux system AB-outer membrane protein M
MRSA: methicillin-resistant Staphylococcus aureus
NDM: New Delhi metallo-B-lactamase

OXA: oxacillin-hydrolyzing

PBP: penicillin-binding protein

PD: patient-days

PDR: pan-drug resistance (or resistant)

PPS: point prevalence survey

Ql: quality indicators

SHEA: Society for Healthcare Epidemiology of America
SP: surgical prophylaxis

SSI: surgical site infection

UTI: urinary tract infection

VIM: Verona integron-encoded metallo-B-lactamase
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VRE: vancomycin-resistant enterococci

XDR: extremely-drug resistance (or resistant)
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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 1%
of January 2020 and 31°t 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 (Qls) 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% Cl -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% ClI 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% Cl
0.30-0.80], lower odds of 30-day mortality (OR 0.36; 95% Cl 0.18-0.70) and higher rate of
treatment success (csHR 2.45; 95% Cl 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.

17



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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NepiAnyn

Ewoaywyn: H pikpoBLakn avtoxr anoteAel €va amno ta onUavtikotepa mpoBAnuata Anpootag
Yyelag maykoopiwc. H AavBaopévn kat n untepBoALkr xprion Twv avILULKPoBLOKwWY, Kuplwg
TWV avTLBLOTIKWY, glval évag amo Toug KUPLOUG OLTLOAOYLKOUG TIOPAYOVTEC TNG ULKPOPBLAKAG
avtoxnc. H EAAada Bploketal petafl Twv XWPwV oL omoleg xapaktnpilovtal and vyPnAn
oUXVOTNTA TTOAUAVOEKTIKWV ULKPOOPYOVIOUWY OTNV KOLVOTNTA KOL 0TOV VOOOKOUELOKO TOUED
Kol amo auénuévn Xpnon e€upEoc GACHOTOC OVTLBLOTIKWY, CUUMEPIAAUBAVOUEVWV TWV
KapBamevepwy. IKomog tn¢ mapouvaoag Statplfrc ntav va a€LoAoyroEL TOV QVTIKTUTIO EVOG
E0TIOIOUEVOU OTIG KOpBamevéUeg Tpoypappatog Staxeiplong tg opBoloyilknc xpnong
avTLBloTiIKwY 0g €VAALKEG a0Bevelc evOg eAANVIKOU TIAVETILOTNULOKOU VOOOKOUELOU OTNV
TOLOTNTA.  TNC Ouvtayoypadnong TwV OVILUKPOBLOKWY, OTn OUVOALKH KaTavaAwon
TPOWONUEVWY AVTIBLOTIKWY HE SpACTLKOTNTA EVOVTL TWV Gram-opvnTIKWwV Baktnpiwy, oTig
EKBAOELS TWV aocBevwy, Kal oTn cupmepldopd Twv BePANMOVIWY LATPWY CE OXECN UE TN

Slaxeiplon AolpwEewv MPokaAoU LEVWY aTtd TIOAUAVOEKTLKOUG HLKPOOPYAVLOUOUC.

Médobot: H mapouaoa Statplpr) cupmnepléAaBe Tpelg SLadopeTIKEG LEAETEC EKTEAECUEVEC OTO
MNaveruotnuiako Nocokopeio HpakAeiou, otnv EAAGSa. Eva E0TLACUEVO OTLG KOPBOTTEVEUEC
Tipoypappa dtaxeiplong tng opBoAoyLKAC XPronG TWV avTLBLOTIKWY EHAPUOOTNKE HETALY 1M
lavouapiou 2020 kat 31" AekepPpiou 2020 o€ OAEG TLG KALVLKEG EVNALKWY TOU VOGOKOUELOU.
MPOKELUEVOU VA TIPOOEYYLOTEL O QVTIKTUTIOC TOU OTnV moldtnNTa TNG ouvtayoypddnong
QVTLULKPOBLaKWY, pla emavoAapBavouevn UEAETN ONUELAKOU eTUTOAACUOU €Aafe xwpa
HETAEL OAWV TWV evnAlkwv aoBevwy TpLv Kal HETA TNV edapuoyr Tou mpoavadepBEvTog
TIPOYPAUUATOG. ETUMpOoBeTa, Lo OLOVEL-TIELPAUATLKY, TIPO KAl HETA UEAETN KOOPTNG EAaPe
Xwpa, cuykpivovtag tn dwdekaunvn mepiodo mpo tn¢ mapépPaong pe tn dwdekaunvn
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neplodo petd TNV TopEpBacn avadoplkd HE TNV KATAVOAWGON EUPEOG PACUOTOC
aVTLBLOTIKWY HE SpAcTIKOTNTA EVAVTL TWV Gram-opvnTIKwV Baktnpiwyv Kot avadoplkd UE TIG
ekBaoel Twv acBsvwv. TEANOG, TEAEOTNKE WLOL OUYXPOVIKN HEAETN HETALU OAWV TWV
ELOLKEVOPEVWV KL ELSLKWV LATPWVY TWV KALVLKWY EVNALKWY TOU VOCGOKOELOU O TIPOKELLEVOU
va eKTLUNOEL n emibpaon Tou MPOYyPAUUATOC OTLC AVTIANYELS, OTACELG KOl TIPAKTIKEG TOUG
OXeTlka He tn Olaxeiplton twv Aowwwéewv oL omoie¢ mpokoaAolvtal amd SUoKoAa va

BepamneuBolv Baktrpla.

AnoteAéouara: H smavalapBavopevn HEAETN onUeLOKOU €mUTOAOCHOU £8€l€E OTATIOTIKA
onUavtikn BeAtiwon og apkeToUE TOLOTLKOUG SEIKTEC IOV oxeTilovtal pe Tn ocuvtayoypadnon
TWV OVTLLKPORBLAKWVY. ZUYKEKPLUEVA, N CUXVOTNTA TNE YPATITIC AMOTUNWONG 0TOUC GAKEAOUG
TwV aocBsvwv TNG aLtloAdynong Kol TnG nUepopnviag Slakomng/emavektipnong tng
XOPNYNOoNG avILpkpoBLlakwy Atav onpaviika vPnAotepn (p < 0,001) otn deltepn HeAETn
ONUELAKOU ETLITOAACHOU, EVW N TIANPNG CUUUOPpPwWON HE TG €OVIKEG 1N SleBveic obnyieg
Bepamneilag emiong auvéndnke onupavtika, amo 61,8% oe 73,6% (p = 0,003). H olovei-
TIELPAUOTIKI) HEAETN KOOPTNG AVESELEE OTATLOTIKA CNUAVTIKY eAATTwon -4,9 Kaboplopévwy
nuepnowwv 86oewv (Define Daily Doses, DDD)/100 acBevonuépeg (Patient-Days, PD) (95% Cl
-7,3t0-2,6; p=0,007) oTn Xxpron Twv KopPBAmMEVEUWY KL OTATLOTIKA GNHAVTLKH auénon Lovo
otn xpnon tng mutepakiAAivng/talopmnaktaung [+2,1 DDD/100 PD (95% Cl 1,0-3,3; p =
0,010)], EVW ol KOTOVAAWOELG ™g keTOAOLAVNCG/TALOUTTAKTAMNG, g
KeDTAlSIUNG/ABLUTTAKTAWNG, TNG TLYEKUKALVNG, KaL TNG KOALOTIVNG SV e AVIOAV OTATIOTIKA
ONUAVTIKEG LETABOAEG. H Bvntotnta 30 NUEPWYV UETA TNV Evapén xoprynong KopPameveung
Kol N ev6ovoookopeLaKr Bvntotnta avefaptTwe atttoAoyiag mapéUevay apeTaBANTeG HeTd
™V edapuoyn Tou Tpoypappatos. AvtiBetwe, n Stdapkela voonAeiag auvénbnke (dtapecog

17.0 évavtt 19.0 nuépeg; p < 0,001) evw o kivbuvog emavelocaywyng eviog 30 nUEPWV Ao To
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g&utiplo Aoyw Aoipwéng ehattwbnke (24,6% €vavtl 16,8%; p = 0,007). Afloonueiwta, Katd
Vv nepiodo edappoyng Tou MPoYyPAUUATOG, N armodoxn TnG MapEUBacng Tou TPOoyPAUMOTOC
oo TOUuG OepAMOVIEC LATPOUC OXETIOTNKE WPE XAUNAOTEPO nueprolo kivbuvo yla
evbovoookopelokr) Bvntéotnta [cause-specific HR (csHR) 0,49; 95% Cl 0,30-0,80],
XouNAotepeg miBavotnteg yla Bdvato evtog 30 nuepwv HPETA TNV €vapén xopnynong
kapBamevéunc (OR 0,36; 95% Cl 0,18-0,70) kat uPnAOTEPN CUXVOTNTA EMLITUXOUC £KPBaaong
(csHR 2,45; 95% ClI 1,59-3,77). Avadoplkd pe TNV emidpacn TOU TMPOYPAUUATOC OTN
ouunepLPOPA TWV LATPWV TOU VOOOKOUELOU pag o€ oxéon e Tn Sdloxeiplon Aotpweewv amno
TIOAUQVOEKTLIKOUG HLKPOOPYAVIOUOUG, N TapEUBOON TNG E0TIAOUEVNG OTLG KOPPBATIEVEUEG
ETUUEANTELOC TWV OVTIBLOTIKWY OUVETEAECE OTn OTEVOTEPN TApaKoAouBnon amd Toug
BepAMOVTEC LATPOUC TWV SLOPKWG TIPOKUTITOVTWVY ULKPOPBLOAOYIKWYV SE£S0UEVWY TWV aoBEVWV.
Emiong, toug¢ wBnoe mpoc tnv KatevBuvon TG SLETLOTNHUOVIKAC KoL €EATOULKEUMEVNC
dpovtibag Twv acBsvwv oL omoiot eudavilav  AOLUWEELG om0 TOAUVOEKTLKOUG
HLKPOOPYQVLOUOUG, KaBwG eMiong Kal Pog tnv KateuBuvon TG auotnpotepns edapuoyng
HETPWV MPOANYNG Kot EAEYXOU AOLUWEEWYV EVTOC TOU VOONAEUTIKOU LEPU UATOG. H GUVTPLITTLKN
mAeloPndia twv cuvadéddwy pag (98,5%) eMBUUOVCE TO TPOYPOULA VAL CUVEXLOTEL KaL val
e€elxBel mepaltépw, mapoAo mou ekeivn TNV nepiodo ot cuvadeldol autol eupLokOvVIoUCAV

UTIO TNV Ttieon ¢ avdnuioag COVID-19.

Suunepaouara: H mapovoa Slatppn aveédelfe tnVv LVoikr EMISPACN EVOC ECTIOOUEVOU OTLG
KapBarmnevéueg mpoypappatog dtaxeiptong tng opBoAoyLkng Xpriong avtLBLOTIKWY oTn Xpron
TWV MPoWBNUEVWY avTLBLOTIKWY HE SpaoTIKOTNTA £vavTl Twv Gram-opvnTikwy Baktnpiwy,
KOl OTNV TIOLOTNTA TNG ocuvtayoypAadnong OVTLUKPOPBLOKWY YEVIKOTEPQ, OKOUO KOl KOTA TN
Slapkela tng mavdnuiag tng COVID-19. Afloonueiwta, n mapéufaocn n omnoia nmeplypddnke

ebw oxetiotnke pe PeAtiwpéveg ekPaocelc twv aocBevwv. TéAog, n edoapuoyn TOU
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TIPOYPAUHUOTOC OTO VOOOKOUELO pag €ixe BeTikO avTIKTUTIO OTIC QVTIANPELG, OTAOELS Kol
TIPAKTIKEG TWV LATPWV O oxéon Pe tn Slaxeiplon aoBevwv pe SUokoAeg otn Bepameia

AolpweELG.
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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
theirrational 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 B-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 B-lactamase inhibitors to preserve
the use of penicillin [7]. The impressive chemical structure of carbapenems is key to their B-
lactamase inhibitory activity. Previous B-lactams such as penicillin have a cis acylamino side
chain that make them susceptible to B-lactamase inhibitors, while carbapenems possess a

trans-a-1-hydroxyethyl in its place, giving them their broad-spectrum activity and resistance
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to hydrolysis by B-lactamases [7, 8]. The trans-a-1-hydroxyethyl substituent displaces the
water necessary for B-lactamases for hydrolysis of the acylated enzyme and thus rendering it

inactive [9].

Despite their impressive resistance to B-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-B methyl group which
protects the carbonyl group of B-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

HO ‘(
1985. " /

Sl

Approved for use by Vi )
o
EMA 7
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) >;N

N
Approved since 2009 — H p
H S
(Japan) Vi
[e]
OH
(0]
Panipenem Approved since 1993

(Japan, China, and

Korea)

Biapenem Phase 1 clinical trial -

T
[

(USA)

/ S
Approved since 2001 g
o AN

(Japan) o \\_>

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 (UTls)
[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].

28



Compound Name

Spectrum coverage

Clinical Indications

(bacteria)
Imipenem Gram-positive e Intra-abdominal
e methicillin- infections
susceptible e Skin and soft tissue
Staphylococcus aureus infections
(MSSA) e UTIs
e S. pneumoniae & S. e Lower respiratory
pyogenes tract infections
e L. faecalis' (LRTIs) (including
Gram-negative: pneumonia?)
e P.aeruginosa e Osteoarticular
e Neisseria species infections
e Enterobacteriaceae e [Endocarditis
e Acinetobacter species e Obstetric infections
e Sepsis
e Polymicrobial
infections
Meropenem Gram-positive e Intra-abdominal

e MSSA

infections

e Skin infections
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e S. pneumoniae & S.
pyogenes
e E. faecalis!
Gram-negative:
o P.aeruginosa
e Neisseria species
e Enterobacteriaceae

e Acinetobacter species

e Meningitis

Ertapenem Gram-positive e Intra-abdominal
e MSSA infections
e S. pneumoniae* & S. e Skin and soft tissue
pyogenes infections
e L. faecalis e UTIs
Gram Negative: e LRTIs (including
e Neisseria species pneumonia®)
e Enterobacteriaceae
Doripenem? Gram-positive e Intra-abdominal

e MSSA

e S. pneumoniae & S.

pyogenes

e E. faecalis'

infections

e UTIs
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Gram-negative:
e P.aeruginosa
e Enterobacteriaceae

e Acinetobacter species

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

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

3Not approved for use in Europe.

40nly 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 B-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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CDlI 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 (Cl) 1.32-4.49] and
cephalosporins (RR = 2.24, 95% Cl 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 B-lactamases, and their activity extends to all
B-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-B-lactamase), IMP (imipenemase), and NDM (New Delhi metallo-B-
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 B-lactam hydrolysis)
[30]. The functional classification is divided into 3 major groups (1-3); groups 1 and 2 is for
serine B-lactamases, while group 3 includes metallo-B-lactamases [30]. The functional

groups/subgroups of interest are:

e Subgroup 2df B-lactamases, which include the OXA enzymes that are capable of
inhibiting carbapenems and are most frequently found in A. baumannii [30].
e Subgroup 2f B-lactamases, which includes serine carbapenemases, such as the KPC

carbapenemases found in K. pneumoniae and other Enterobacteriaceae [30].
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e Subgroup 3ainclude 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 B-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 B-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 blanom gene, which also encode for other B-lactamases and 16S rRNA
methylases, making these bacteria resistant to virtually all B-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-B-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-B-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-B-lactamases such as blacawm-: 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-si-like genes due to insertion of ISAbal 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 B-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 21 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. B-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 B-Lactam
antibiotics, such as alterations in PBPs, decreased access to bind to PBPs, and ability to
produce B-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].
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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 (Ul) 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% Ul 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% Ul 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].
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When examining numbers concerning Europe, Eastern Europe number had a higher
burden with an estimated 19.9 (95% Ul 13.1-28.5) fatalities per 100,000 attributed to AMR
than Central Europe [16.6 (95% Ul 10.5-25.0) per 100,000 attributed to resistant bacteria]
and Western Europe [11.7 (95% Ul 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

45



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.
colistrains. Their study showed the increased odds were highest among carbapenem resistant
E. coli (aOR 2.06, 95% Cl 0.91-4.66), and those resistant to multiple antimicrobials (aOR 2.58,

95% Cl 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% Cl, 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 IPCis to prevent hospital-acquired infections (HAIs) such
as hospital-acquired pneumonia (HAP), catheter-related blood stream infections (CRBSIs),
and surgical site infections (SSls), 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 HAls 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 publicabout 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 evidence?

Preauthorization Designed to restrict antimicrobial Strong
agent use by requiring healthcare recommendation and

providers to request approval prior to
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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 B-lactams
and vancomycin)

b) Strong
recommendation and

moderate-quality
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evidence (for shortest
duration)
Intravenous (iv) to oral | Designed to implement programs Strong
conversion that prioritize the use of oral recommendation and
antibiotics when appropriate and moderate-quality
timely transition IV to oral evidence
antimicrobials

'Following 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:

e Significant reduction in the inappropriate use of antimicrobial agents, leading to
reduction in antibiotic resistance,

e Utilization of evidence-based indications and appropriate use of cultures prior to
initiating antimicrobials,

e Optimization of empiric antimicrobial choice, and

e 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:

e Effectiveness of strategy depends on the skills of the people providing approval,
e Downstream use of antibiotics in place of empiric options is not addressed,

e Healthcare providers could report a loss of autonomy,

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

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

e 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:

e Prescriber’s autonomy is maintained,

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

e Aidsin building collegial relationships which enhances multidisciplinary team function,

e Increases the amount of clinical evidence available leading to better perception by
healthcare providers,

e Provides educational benefit to clinicians, and

e 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:

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

e Labor-intensive, and

e 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].

Onthe 1January 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 (CAl)
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 >
value
(n=398) (n=203) (n=195)
Female 164 (41.2%) 95 (46.8%) 69 (35.4%)  0.021
65.5 (49.0- 66.0 (50.0- 65.0 (48.0-
Age (years) 0.59
78.0) 78.0) 78.0)
26.0 (23.0- 25.0(23.0- 27.0(24.0-
BMI (kg/m?) 0.30
29.0) 29.0) 30.0)

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
34 (8.5%) 15 (7.4%) 19 (9.7%) 0.40
intubation

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 () 203 (51.0%) 195 (56.5%) 0.133
Total number of diagnoses %) 217 (54.5%) 220 (63.8%) 0.102
Indication ® 0.021

CAIl 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 ) 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%)
Gl 35 (16.1%) 37 (16.8%)
SSTBJ 36 (16.6%) 43 (19.5%)
uTl 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 CAl ¥ 0.310

Empirical 102 (67.5%) 98 (62.0%)
Targeted 49 (32.5%) 60 (38.0%)

Notes: M) percentages calculated over the total number of hospitalized patients; ¥ each
patient could have more than one diagnosis; ®) percentages calculated over the total number
of diagnoses; () percentages calculated over the sum of CAls and HAls. Abbreviations: CAl =
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, Gl = 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 £ B-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 + B-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 2020 P-value
(n=343) (n=348)

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 £ B-lactamase inhibitor 89(14.4%) 38(12.3%) 51 (16.6%)
Cephalosporin 130(21.1%) 67 (21.6%) 63(20.5%)

Cephalosporin + B-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

Other antibacterial

29 (4.7%)

23 (3.7%)

18 (5.8%)

12 (3.9%)

11 (3.6%)

11 (3.6%)

Data are presented as n (%) of total number of antibacterials.

Table 5. Characteristics of patients receiving carbapenems, 2019 vs 2020.

p-
Total 2019 2020
value
(n=44) (n=31) (n=13)
Female 17 (38.6%) 13 (41.9%) 4 (30.8%) 0.49
68.0 (55.5- 68.0 (53.0- 68.0 (59.0-
Age (years) 0.85
79.0) 79.0) 79.0)
25.0 (22.0- 24.0 (21.0- 27.0 (22.0-
BMI (kg/mA2) 0.40
30.0) 30.0) 30.0)

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

5 (11.4%) 3(9.7%) 2(15.4%)  0.59

intubation

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%)

95



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
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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 CAIl, 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 HAls, 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 HAls 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 + B-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% Cl -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% Cl 0.30-0.80], lower odds of 30 day mortality (OR 0.36; 95% Cl
0.18-0.70) and higher rate of treatment success (csHR 2.45; 95% Cl 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 B-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 B-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 216 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

Inall, 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% Cl 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%ClI -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% Cl 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% ClI p-value
Monthly rate of carbapenem treated patients, Unadjusted 0.70 0.56-0.87 0.002
per 100 hospital admissions 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, Unadjusted 0.71 0.57-0.88 0.002
per 100 in-patients 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, Unadjusted 0.68 0.55-0.85 0.001
per 1000 patient-days 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 1094 898 4.65 540 493 5.73 -4.9 -7.3t0-2.6 0.007

Meropenem 8.67 833 10.80 891 4.56 5.20 4.65 5.44 -5.0 -7.3t0-2.6 0.007

Imipenem 0.02 0.00 0.02 0.01 0.02 0.00 0.04 o0.00 0.0 -0.0to 0.1 0.145

Ertapenem 0.12 0.07 0.12 0.06 0.07 0.20 0.24 0.29 0.0 -0.4t0 0.4 0.995
Piperacillin/tazobactam 6.54 6.86 7.53 6,51 846 991 8.78 8.28 2.1 1.0to 3.3 0.010
Ceftolozane/tazobactam 0.38 0.15 0.21 0.20 0.33 0.77 032 1.21 0.0 -1.5t0 1.4 0.930
Ceftazidime/avibactam 0.51 0.57 0.72 062 0.83 133 0.75 1.07 0.2 -0.2t0 0.5 0.224
Tigecycline 2.88 242 186 210 3.22 3.82 383 3.18 1.7 -0.7to 4.2 0.111
Colistin 3.05 269 3.62 405 3.42 273 312 3.67 -1.0 -2.2t0 0.3 0.098

Q, quarter
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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 | 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% Cl 0.30-0.80), lower
odds of 30 day mortality (OR 0.36; 95% Cl 0.18—0.70) and, albeit not statistically significant,
lower odds of infection-related readmission (OR 0.57; 95% Cl 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% Cl 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.

Variables

ITT analysis Acceptance analysis
(post-implementation cohort)
Pre- Post- p-value Intervention Intervention p-value

implementation

cohort (n=842)

implementation

cohort (n=426)

non-accepted

(n=46)

accepted (n=380)

Male sex, n (%)

Age, median (IQR)

Ward of hospitalisation
Intensive care, n (%)
Medicine, n (%)
Surgery, n (%)
Other, n (%)

Previous hospitalisation, n (%)

540 (64.1)

68.0 (56.0-78.0)

92 (10.9)

529 (62.8)

217 (25.8)
4(0.5)

493 (58.6)

266 (62.4) 0.554

69.0 (58.0-79.0) 0.422

0.591
54 (12.7)
263 (61.7)
105 (24.6)
4(0.9)
236 (55.4) 0.284

33 (71.7)

73.0 (64.0-84.0)

2 (4.4)
29 (63.0)
15 (32.6)
0(0.0)

20 (43.5)

233 (61.3) 0.168

69.0 (56.0-78.0)  0.048

0.200
52 (13.7)
234 (61.5)
90 (23.7)
4(1.1)
216 (56.8) 0.085
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CCl, median (IQR)
Length of hospital stay (days) before
carbapenem therapy, median (IQR)
Length of hospital stay (days), median
(IQR)
In-hospital any-cause death
Death within 30 days of carbapenem
initiation, n (%)
Infection-related readmission within
30 days of discharge alive, n (%)
Treatment outcome

Death, n (%)

New or recurrent infection, n (%)

Success, n (%)

na

5.0 (1.0-11.0)

17.0 (9.0-31.0)

199 (23.6)

187 (22.4)

153 (24.6)

2.0 (1.0-4.0) na

5.0 (1.0-12.0) 0.272

19.0(12.0-37.0) <0.001

121 (28.4) 0.065
98 (23.1) 0.798
51 (16.8) 0.007

3.0 (2.0-6.0) 2.0 (1.0-4.0)

6.0 (3.0-14.0)  4.5(1.0-12.0)

17.0(10.0-33.0) 20.0(12.0-38.0)

21(45.7) 100 (26.3)
18 (39.1) 80 (21.1)
6 (24.0) 45 (16.1)
15 (32.6) 62 (16.3)
8 (17.4) 9(2.4)
23 (50.0) 309 (81.3)

0.104

0.279

0.497

0.006

0.006

0.313

<0.001

na, not available; CCl, 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 ?

Modified ITT analysis °

Per protocol analysis ©

Per acceptance analysis

d

Clinical outcomes and effect ES (95%Cl) p- ES (95%Cl) p- ES (95%Cl) p- ES (95%Cl) p-
measure valu value value value
e
In-hospital death, csHR 0.99 (0.79- 0.92 0.91 (0.71- 0.450 0.87 (0.69- 0.256 0.49 (0.30- 0.004
1.24) 2 1.16) 1.11) 0.80)
Discharge alive, csHR 0.80 (0.70- 0.00 0.83 (0.72- 0.009 0.85 (0.74- 0.022 1.32 (0.87- 0.187
0.92) 2 0.95) 0.98) 2.00)
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30-day death, OR ¢

30-day infection-related

readmission, ORf

Treatment outcome &

Death, csHR

Re-infection, csHR

Success, csHR

126  (0.95-
1.67)
0.60  (0.42-
0.86)

0.10

0.00

1.10

1.49)

0.57

0.83)

(0.82- 0.513

(0.39- 0.003

1.03

1.38)

0.57

0.83)

(0.77-

(0.39-

0.852

0.003

0.36

0.70)

0.57

1.61)

0.74

1.37)

0.26

0.74)

2.45

3.77)

(0.18-

(0.20-

(0.40-

(0.09-

(1.59-

0.003

0.290

0.337

0.011

<0.00

ES, effect size attributed to the intervention; csHR, cause-specific hazard ratio.
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Notes:
2Compares 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).

¢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).

4 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.

¢Includes death from any cause within 30 days of initiation of carbapenem therapy.

f Assessed within 30 days of hospital discharge alive.

8 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

144



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 Il 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 MIDR
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.

Regarding the strategy pursued in our hospital's ASP:

Prospective audit and feedback strategy is more effective
than preauthorization strategy in improving patients'
outcome

Prospective audit and feedback strategy is more
educational for me than preauthorization strategy

Preauthorization strategy suits a Greek hospital better
than prospective audit and feedback strategy

Preauthorization strategy should substitute prospective
audit and feedback strategy in our hospital

Regardless of the strategy pursued, the implementation of
an ASP improves patients' outcome compared to the
absence of such a program

(=]

10 20 30 40 50 60 70 80 S0 100

mstrongly agree M agree neutral disagree  mstrongly disagree
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Figure 2. Respondents’ perceptions regarding in-person consultation as the followed practice for
our hospital’s ASP.

In-person consultation as the followed practice for our hospital’s ASP:

It is the preferred practice for the ASP

It can be largely replaced by telephone or electronic
communication

It is also a very useful educational process for me
regarding prudent use of antimicrobials

It disrupts my daily life in the clinic I -
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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.

How helpful do you find each of the following interventions for the improvement of the
current ASP?

Availability of hospital resistance data and development of
hospital guidelines for the treatment of infections caused
by multidrug-resistant organisms

More educational sessions and training regarding optimal

use of antimicrobials

Stewardship-focused mobile/tablet applications

More contact via telephone with ASP team members

Communication via hospital's electronic systems

o

10 20 30 40 50 60 70 &80 90 100

mextremely helpful — m very helpful somewhat helpful slightly helpful ~ mnot helpful
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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

The existence of the ASP in our hospital:

Increased my concern regarding overuse/misuse of
antimicrobials and antimicrobial resistance

Amplified my awareness regarding appropriate use of
antimicrobials in my daily clinical practice

Stimulated me to seek further knowledge on selecting the
optimal antimicrobial, whenever itis needed, and its
dosage, route and duration of administration

Reinforced my acknowledgement of the importance of
microbiological analyses for infections' diagnosis and
treatment

Incited me to perform closer monitoring of the
microbiological data of my patients

Enriched my way of thinking about the diagnosis and
treatment of infections caused by multidrug-resistance
organisms

Affected me towards multidisciplinary and personalised
care of patients with infections caused by multidrug-
resistant organisms

Influenced my daily practice towards more rigorous
implementation of infection prevention and control
measures

(=]
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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.

159



7. References

1. Roberts SC, Zembower TR. Global increases in antibiotic consumption: a concerning trend
for WHO targets. Lancet Infect Dis 2020, 21, 10-11.

2. Tamma PD, Avdic E, Li DX, Dzintars K, Cosgrove SE. Association of Adverse Events With
Antibiotic Use in Hospitalized Patients. JAMA Internal Medicine 2017, 177, 1308-1315.

3. Cassini A, Hogberg LD, Plachouras D, Quattrocchi A, Hoxha A, Simonsen GS, Colomb-
Cotinat M, Kretzschmar ME, Devleesschauwer B, Cecchini M, et al. Attributable deaths and
disability-adjusted life-years caused by infections with antibiotic-resistant bacteria in the EU and
the European Economic Area in 2015: a population-level modelling analysis. Lancet Infect Dis
2019, 19, 56-66.

4, European Centre for Disease Prevention and Control. Antimicrobial consumption in the
EU/EEA — Annual Epidemiological Report 2019. Stockholm: ECDC; 2020.

5. European Centre for Disease Prevention and Control. Antimicrobial resistance in the
EU/EEA (EARS-Net) - Annual Epidemiological Report 2019. Stockholm: ECDC; 2020.

6. Organisation for Economic Co-operation and Development. Antimicrobial Resistance -
Tackling the Burden in the European Union. Paris: OECD; 2019.

7. Baraka MA, Alsultan H, Alsalman T, Alaithan H, Islam MA, Alasseri AA. Health care
providers' perceptions regarding antimicrobial stewardship programs (AMS) implementation-
facilitators and challenges: a cross-sectional study in the Eastern province of Saudi Arabia. Ann
Clin Microbiol Antimicrob 2019, 18, 26.

8. Sutthiruk N, Considine J, Hutchinson A, Driscoll A, Malathum K, Botti M. Thai clinicians'

attitudes toward antimicrobial stewardship programs. Am J Infect Control 2018, 46, 425-430.

160



9. Hayat K, Rosenthal M, Zhu S, Gillani AH, Chang J, Bogale AA, Kabba JA, Yang C, Jiang M,
Zhao M, et al. Attitude of clinicians towards hospital-based antimicrobial stewardship programs:
a multicenter cross-sectional study from Punjab, Pakistan. Expert Rev Anti Infect Ther 2019, 17,
661-669.

10. Perozziello A, Lescure FX, Truel A, Routelous C, Vaillant L, Yazdanpanah Y, Lucet JC.
Prescribers' experience and opinions on antimicrobial stewardship programmes in hospitals: a
French nationwide survey. J Antimicrob Chemother 2019, 74, 2451-2458.

11. Salsgiver E, Bernstein D, Simon MS, Eiras DP, Greendyke W, Kubin CJ, Mehta M, Nelson B,
Loo A, Ramos LG, et al. Knowledge, Attitudes, and Practices Regarding Antimicrobial Use and
Stewardship Among Prescribers at Acute-Care Hospitals. Infect Control Hosp Epidemiol 2018, 39,
316-322.

12. Wee LE, Chung SJ, Tang SLS, Liew YX, Tan LY, Cherng PZB, Kwa LHA, Chlebicki MP. Who
listens and who doesn't? Factors associated with adherence to antibiotic stewardship
intervention in a Singaporean tertiary hospital. J Glob Antimicrob Resist 2020, 22, 391-397.

13. Tamma PD, Avdic E, Keenan JF, Zhao Y, Anand G, Cooper J, Dezube R, Hsu S, Cosgrove SE.
What Is the More Effective Antibiotic Stewardship Intervention: Preprescription Authorization or
Postprescription Review With Feedback? Clinical Infectious Diseases 2016, 64, 537-543.

14, Van Schooneveld TC, Rupp ME. Antimicrobial stewardship strategies: preauthorization or
postprescription audit and feedback? Infect Control Hosp Epidemiol 2014, 35, 1100-1102.

15. Davey P, Marwick CA, Scott CL, Charani E, McNeil K, Brown E, Gould IM, Ramsay CR,
Michie S. Interventions to improve antibiotic prescribing practices for hospital inpatients.

Cochrane Database Syst Rev 2017, 2, CD003543.

161



16. Spernovasilis N, lerodiakonou D, Milioni A, Markaki L, Kofteridis DP, Tsioutis C. Assessing
the knowledge, attitudes and perceptions of junior doctors on antimicrobial use and
antimicrobial resistance in Greece. J Glob Antimicrob Resist 2020, 21, 296-302.

17. Martin E, Philbin M, Hughes G, Bergin C, Talento AF. Antimicrobial stewardship challenges
and innovative initiatives in the acute hospital setting during the COVID-19 pandemic. J
Antimicrob Chemother 2021, 76, 272-275.

18. Rawson TM, Moore LSP, Zhu N, Ranganathan N, Skolimowska K, Gilchrist M, Satta G,
Cooke G, Holmes A. Bacterial and Fungal Coinfection in Individuals With Coronavirus: A Rapid
Review To Support COVID-19 Antimicrobial Prescribing. Clin Infect Dis 2020, 71, 2459-2468.

19. Spernovasilis NA, Kofteridis DP. COVID-19 and antimicrobial stewardship: What is the
interplay? Infect Control Hosp Epidemiol 2020, 1-2.

20. Garcia-Vidal C, Sanjuan G, Moreno-Garcia E, Puerta-Alcalde P, Garcia-Pouton N, Chumbita
M, Fernandez-Pittol M, Pitart C, Inciarte A, Bodro M, et al. Incidence of co-infections and
superinfections in hospitalized patients with COVID-19: a retrospective cohort study. Clin
Microbiol Infect 2020, 27, 83—88.

21. Rawson TM, Wilson RC, Holmes A. Understanding the role of bacterial and fungal
infection in COVID-19. Clin Microbiol Infect 2020, 27, 9-11.

22. Dyar 0lJ, Beovi¢ B, Pulcini C, Tacconelli E, Hulscher M, Cookson B. ESCMID generic
competencies in antimicrobial prescribing and stewardship: towards a European consensus. Clin

Microbiol Infect 2019, 25, 13-19.

162



23. Cotta MO, Robertson MS, Tacey M, Marshall C, Thursky KA, Liew D, Buising KL. Attitudes
towards antimicrobial stewardship: results from a large private hospital in Australia. Healthcare
infection 2014, 19, 89-94.

24, Leone M, Pulcini C, De Waele J. Improving care for the ICU patient with suspected
infection: a multidisciplinary perspective. Clin Microbiol Infect 2020, 26, 6-7.

25. Romei C, De Liperi A, Bartholmai BJ. COVID-19: The Importance of Multidisciplinary
Approach. Academic radiology 2020, 27, 1327-1328.

26. Manning ML, Septimus EJ, Ashley ESD, Cosgrove SE, Fakih MG, Schweon SJ, Myers FE,
Moody JA. Antimicrobial stewardship and infection prevention-leveraging the synergy: A position

paper update. Am J Infect Control 2018, 46, 364-368.

163



CHAPTER YV

Overview Discussion

164



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,
guasi-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

The quality of healthcare can be measured by using quality indicators (Qls), 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]. Qls 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 Qls 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 Qls
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
IQls 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 Qls 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 Qls 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 Qls 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 Qls 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 WaldZ 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 217 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 WaldZ 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 290 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% Cl WaldZ 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 o0.01 [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% Cl WaldZ 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 2.04 041 [1.37, 3.02] 3.53 <0.001
Surgery 1.00 0.00
Other specialty 135 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 WaldZ p-value
Modified ITT analysis
Pre-implementation group 1.00 0.00
Post-implementation intervention-accepted
group 091 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 226 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

187



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 WaldZ 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 288 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] 231 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 WaldZ 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 213 043 [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 o0.01 [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% Cl WaldZ 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 1.99 041 [1.33, 2.97] 3.37 0.001
Surgery 1.00 0.00
Other specialty 131 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 WaldZ 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 217 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

196



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 WaldZ 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 291 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% Cl WaldZ 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 o0.01 [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% Cl WaldZ 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 205 041 [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 WaldZ 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 WaldZ 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 3.52 211 [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% Cl WaldZ 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 222 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% Cl WaldZ 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 WaldZ 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 290 3.11 [0.35, 23.70] 0.99 0.321

Hospitalisation in previous 3 months

No 1.00 0.00

Yes 146 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

WaldZ p-value

Intervention acceptance

Intervention non-accepted group

Intervention accepted group

Sex

Female

Male

Age (years)

Ward of hospitalisation

Intensive care

Medicine

Surgery

Other specialty

Hospitalisation in previous 3 months

No

Yes

1.00

0.26

1.00

1.02

1.02

0.88

0.69

1.00

0.00

1.00

0.42

0.00

0.14

0.00

0.55

0.02

0.78

0.39

0.00

0.00

0.00

0.22

0.74]

2.92]

1.05]

4.98]

2.11]

1.20]

-2.53

0.04

1.09

-0.15

-0.66

-0.00

-1.63

0.011

0.966

0.275

0.881

0.512

>0.999

0.103




Abbreviations: csHR, cause-specific hazard ratio

214



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 WaldZ 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 Il

Questionnaire of Chapter IV
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Questionnaire

General information

1. Age:

2. Gender:

Male O
Female I

3. What is your professional status?

Resident doctor [
Specialist doctor [J

4. What is your specialty?

Vascular surgery [ Haematology O Gastroenterology
O

General practice [ General surgery O Dermatology

O

Endocrinology [ Cardiology O Cardiac surgery
O

Neurology O Neurosurgery O Nephrology

O

Orthopedic O Urology O Ophthalmology
O

Internal medicine O Oncology O Obstetrics & Gynaecology
O

Plastic surgery [ Respiratory medicine O Rheumatology
O

Psychiatry O ENT O Thoracic surgery
O

ICU O 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 O
1-4 times/month [
5-10 times/month  [J
>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 O
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 O
Rarely O
Sometimes [
Often I
Always O

Perceptions
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10.

11.

How much do you disagree or agree with each of the following statements?

L = 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

01 02 03 04 015

Prospective audit and feedback strategy is more educational for me than
preauthorization strategy

01 02 03 04 015

Preauthorization strategy suits a Greek hospital better than prospective audit and
feedback strategy

01 02 03 04 015

Preauthorization strategy should substitute prospective audit and feedback strategy in
our hospital

01 02 03 04 05

Regardless of the strategy followed, the implementation of an ASP improves patients’
outcome compared to the absence of such a program

01 02 03 04 015

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?

L = Strongly disagree, 2 = Disagree, 3 = Neutral, 4 = Agree, 5 = Strongly agree|

It is the preferred practice for the ASP
01 0?2 03 04 5

It can be largely replaced by telephone or electronic communication
01 0?2 03 04 05
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It is welcome as often as possible
01 0?2 03 04 5

It is also a very useful educational process for me regarding prudent use of
antimicrobials

01 02 03 04 015

It disrupts my daily life in the clinic
01 0?2 O3 04 5

12. How helpful do you find each of the following interventions for the improvement of

the current ASP?

L = Not helpful, 2 = Slightly helpful, 3 = Somewhat helpful, 4 = Very helpful, 5 = Extremely helpfull

13.

Availability of hospital resistance data and development of hospital guidelines for the
treatment of infections caused by multidrug-resistant organisms

01 02 03 04 05

More educational sessions and training regarding optimal use of antimicrobials
01 a2 03 04 5

Stewardship-focused mobile/tablet applications
01 a2 O3 04 5

More contact via telephone with ASP team members
01 0?2 03 04 5

Communication via hospital's electronic systems
01 0?2 03 04 5

During COVID-19 pandemic, the ASP must be:

continued and further developed O
postponed O
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Attitudes and Practices

14. The existence of the ASP in our hospital:

L = Not at all, 2 = Slightly, 3 = Moderately, 4 = Significantly, 5 = Extremely]

e Increased my concern regarding overuse/misuse of antimicrobials and antimicrobial
resistance

01 02 03 04 015

e Amplified my awareness regarding appropriate use of antimicrobials in my daily
clinical practice

01 02 03 04 015

e Stimulated me to seek further knowledge on selecting the optimal antimicrobial,
whenever it is needed, and its dosage, route and duration of administration

01 02 03 04 05

e Reinforced my acknowledgement of the importance of microbiological analyses for
infections' diagnosis and treatment

01 02 03 04 015

e Incited me to perform closer monitoring of the microbiological data of my patients
01 0?2 03 04 5

e Enriched my way of thinking about the diagnosis and treatment of infections caused
by multidrug-resistance organisms

01 02 03 04 015

e Affected me towards multidisciplinary and personalised care of patients with
infections caused by multidrug-resistant organisms

01 02 03 04 015
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e Influenced my daily practice towards more rigorous implementation of infection
prevention and control measures
01 0?2 O3 04 05

15. Would you be willing to participate more actively in the ASP in the future?

Yes [ No [
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