
SIR-systemet
Nya antibiotika

Daniel Bremell

2023-03-20 1



”I” i resistensbeskedet –
vad ska jag göra med det?
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Brytpunkter - terminologi

• Brytpunkterna är internationellt överenskomna/fastställda gränsvärden för när en 
bakterie/infektion anses vara behandlingsbar med ett visst antibiotikum

• MIC – minimum inhibitory concentration – den lägsta antibiotikakoncentrationen 
som hindrar bakteriens tillväxt

• För att kunna behandla en infektion måste antibiotikakoncentrationen nå över 
MIC under delar av (eller hela) doseringsintervallet

• Brytpunkten är den koncentration av givet antibiotikum som man med säkerhet 
(95-99%) uppnår med normal (eller hög) dosering

• Bakterier med MIC ≤ brytpunkten är behandlingsbara med aktuellt antibiotikum
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Enterobacterales * EUCAST kliniska brytpunkter v. 11.0, NordicAST v. 11.0, 2021-01-22
Expert Rules and Intrinsic Resistance Tables

S ≤ R > ATU S ≥ R < ATU
Brytpunkterna gäller oavsett påvisade resistensmekanismer, inklusive ESBL, för 3:e och 4: generationens 
cefalosporiner. Isolat som blir R för antingen cefotaxim/ceftriaxon eller ceftazidim (cefalosporiner med utvidgat spektrum) 
bör av vårdhygieniska skäl alltid undersökas avseende överförbara cefalosporinaser. Se flödesschema för ESBL-
testing. 

Cefadroxil (uncomplicated UTI only)
E. coli , Klebsiella  spp. (except
K. aerogenes ), Raoultella  spp. and
P. mirabilis

16 16 30 12 12 Cefadroxil kan användas för screening av resistens mot cefalosporiner med utvidgat spektrum.

Cefalexin (uncomplicated UTI only)
E. coli , Klebsiella  spp. (except
K. aerogenes ), Raoultella  spp. and
P. mirabilis

16 16 30 14 14 Cefalexin kan användas för screening av resistens mot cefalosporiner med utvidgat spektrum.

Cefazolin (infections originating from the 
urinary tract), E. coli, and Klebsiella spp. 
(except K. aerogenes )

0.001 4 30 50 20 Vildtypen kategoriseras som “I – Känslig vid ökad exponering”, se tabell ”Dosering”.
Isolat som är S för cefadroxil och/eller cefalexin kan rapporteras "I- känslig vid ökad exponering" utan föregående 
testning.

Cefepime 1 4 30 27 24
Cefiderocol 2 2 30 22 22 18-22 MIC-bestämning med buljongspädningsmetoden måste utföras i järnjusterad Mueller-Hintonbuljong och särskilda 

avläsningsinstruktioner ska användas. För detaljer se EUCAST guidance document. 
Cefixime (uncomplicated UTI only) 1 1 5 17 17
Cefotaxime (indications other than 
meningitis)

1 2 5 20 17

Cefotaxime (meningitis) 1 1 5 20 20
Cefoxitin (screen only) NA NA 30 19 19 Screenbrytpunkt vid ESBLM (AmpC)-frågeställning. Se flödesschema för ESBLM-testning.
Cefpodoxime 
(uncomplicated UTI only)
E. coli , Klebsiella  spp. (except
K. aerogenes ), Raoultella  spp. and
P. mirabilis

1 1 10 21 21 Cefpodoxim kan användas för screening av resistens mot cefalosporiner med utvidgat spektrum. 

Ceftaroline 0.5 0.5 5 23 23 22-23
Ceftazidime 1 4 10 22 19
Ceftazidime-avibactam 8 8 10-4 13 13 MIC-bestämning utförs med fast koncentration av avibaktam (4 mg/L).
Ceftibuten (infections originating from the 
urinary tract)
E. coli , Klebsiella  spp. (except
K. aerogenes ), Raoultella  spp. and
P. mirabilis

1 1 30 23 23

Ceftobiprole 0.25 0.25 5 23 23
Ceftolozane-tazobactam 2 2 30-10 22 22 19-21 För dosering vid olika indikationer, se tabell "Dosering"

MIC-bestämning utförs med fast koncentration av tazobaktam (4 mg/L). 
Ceftriaxone (indications other than 
meningitis)

1 2 30 25 22

Ceftriaxone (meningitis) 1 1 30 25 25

Cephalosporins Disk 
content 

(µg)

MIC breakpoints 
(mg/L)

Zone diameter 
breakpoints (mm)

Kommentarer 

18



Ny definition av I i SIR
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SIR – gamla definitioner

Resistent

IntermediärKänslig
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Fr o m 2020 gäller följande definition

S - Känslig, normal dosering: En mikroorganism kategoriseras som “känslig vid normal 
exponering” när sannolikheten för framgångsrik behandling är hög 
vid normal dosering av medlet.

I – Känslig vid ökad exponering: En mikroorganism kategoriseras som “känslig vid ökad exponering” 
när sannolikheten för framgångsrik behandling är hög om 
koncentrationen av medlet ökas i infektionshärden.

R - Resistent: En mikroorganism kategoriseras som “resistent” när sannolikheten 
för framgångsrik behandling är låg även vid höga koncentrationer av 
medlet i infektionshärden.
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SIR – nya defintioner

Känslig        

Normal 
dosering

Ökad 
exponering

Resistent
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Vanliga I

• S. aureus
• Cefotaxim 2 g x 3

• Pseudomonas
• Piperacillin/tazobactam 4 g x 4
• Ceftazidim 2 g x 3
• Imipenem 1 g x 4
• Ciprofloxacin 750 mg x 2

Fullgoda alternativ 
– välj INTE 
automatiskt 
meropenem
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RAF doseringstabell version 1.2 20-03-16 

Förändring av S/I/R 
Sedan 2019 tillämpas en ny definition för S/I/R såväl i Europa som Sverige. För närmare beskrivning se EUCAST (eucast.org) eller RAF (sls.se/raf). Alla 

brytpunkter (gränsvärden) som används av mikrobiologiska laboratorier för att skilja mellan S, I och R är relaterade till dos och administrationssätt. Syftet 

med den nya definitionen är att öka antalet möjliga behandlingsalternativ hos bakterier med nedsatt känslighet för ett eller flera antibiotika. 

Huvudförändringen består i att ”I”-gruppen (tidigare ”intermediär”) numera kallas ”känslig vid ökad antibiotikaexponering”. Om ”I” förekommer i 

resistensbeskedet innebär detta att antibiotikumet är ett fullgott behandlingsalternativ men man måste säkerställa att doseringen anpassas för att klara 

den lägre känsligheten som ”I” innebär. I doseringstabellen nedan beskrivs de doseringar som brytpunkterna baseras på, dvs typisk normal- respektive 

högdos för att ”S” respektive ”I” ska gälla. Dessa doser ska för den enskilde patienten anpassas t.ex. vid avvikelser från normal kroppsstorlek och 

njurfunktion. För de antibiotika där högdos saknas kan resistensbeskedet endast visa ”S” eller ”R” men ej ”I”. Kommentaren ”endast högdos” betyder att 

denna patogen alltid ska behandlas med högdos då vildtypen kategoriseras som I. 

RAF:s doseringstabell bygger på NordicAST brytpunktstabell version 10.0 20-02-07 som i sin tur är baserad på EUCAST brytpunktstabell version 10.0 

20-01-01 och uppdateras årligen. Originalversion av tabellen nås via nordicast.org/brytpunktstabeller och eucast.org/clinical_breakpoints. 

 

I några fall har RAF gjort en anpassning av de av EUCAST/NordicAST angivna doserna i tabellen nedan för att harmonisera till svensk 

behandlingspraxis. Dessa doser är markerade med röd text. RAF bedömer att dessa doser är ekvivalenta med de doser EUCAST/NordicAST anger för 

att brytpunkterna ska. 

 

Dosering    
     

  Dos för S (normaldos) Dos för I (högdos) 
Dos för S vid  
okomplicerad 

UVI 
Särskilda överväganden 

Bensylpenicillin 1 g x 3 i.v. 3 g x 4 i.v.  Meningit: 3 g x 4 iv 
Endokardit: 3 g x 4-6 iv 

Ampicillin 2 g x 3 i.v. 2 g x 4 i.v.  Meningit: 3 g x 4 iv 
Endokardit: 3 g x 4-6 iv 

Amoxicillin p.o. 500 mg x 3 p.o. 750 mg x 3 p.o. 500 mg x 3 p.o H. influenzae: endast högdos 

Amoxicillin-klavulansyra p.o. 500 mg/125 mg x 3 875 mg/125 mg x 3 500 mg/125 mg x 3 H. influenzae: endast högdos 

Piperacillin-tazobaktam 4 g/0,5 g x 3 4 g/0,5 g x 4  Pseudomonas spp.: endast högdos 

Fenoximetylpenicillin (PcV) 1 g x 3  p.o. Saknas    
sls.se/raf
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Kom ihåg

• I betyder nu känslig (det gäller bara att ge högdos)
• Preparat som klassificeras som I är effektmässigt likvärdiga med 

preparat som klassificeras som S
• * i resistensbeskedet betyder att det inte går att avgöra om bakterien 

är S, I eller R → utvärdera klinisk effekt
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Problembakterier

• MDR (DTR) Pseudomonas
(OBS, Pseudomonas blir nu som bäst I för ceftazidim, pip/taz, ciprofloxacin, 
imipenem )

• MDR (DTR) Acinetobacter
• CRE/ESBLCARBA – Karbapenemresistenta Enterobacterales (E. coli + 

Klebsiella)
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S U P P L E M E N T A R T I C L E

The Epidemiology of Carbapenem-Resistant
Enterobacteriaceae: The Impact and Evolution
of a Global Menace
Latania K. Logan1,3 and Robert A. Weinstein2,3

1Section of Pediatric Infectious Diseases, Department of Pediatrics, 2Division of Infectious Diseases, Department of Internal Medicine, Rush Medical College, Rush University Medical Center, and
3Cook County Health and Hospitals System, Chicago, Illinois

Carbapenem-resistant Enterobacteriaceae (CRE) are a serious public health threat. Infections due to these organisms are associated
with significant morbidity and mortality. Mechanisms of drug resistance in gram-negative bacteria (GNB) are numerous; β-
lactamase genes carried on mobile genetic elements are a key mechanism for the rapid spread of antibiotic-resistant GNB worldwide.
Transmissible carbapenem-resistance in Enterobacteriaceae has been recognized for the last 2 decades, but global dissemination of
carbapenemase-producing Enterobacteriaceae (CPE) is a more recent problem that, once initiated, has been occurring at an alarming
pace. In this article, we discuss the evolution of CRE, with a focus on the epidemiology of the CPE pandemic; review risk factors for
colonization and infection with the most common transmissible CPE worldwide, Klebsiella pneumoniae carbapenemase–producing
K. pneumoniae; and present strategies used to halt the striking spread of these deadly pathogens.

Keywords. epidemiology; gram-negative bacteria; Enterobacteriaceae infections; carbapenemases; drug resistance; antibacterial
agents; carbapenems; adult; child; global health.

The prevalence of multidrug-resistant organisms (MDROs), a
major public health threat, continues to increase on a global
level and is associated with significant morbidity and mortality.
Historically, MDROs have affected patients in hospital settings,
where exposure to antibiotics, frequent and/or long-term hospi-
talization, use of in-dwelling devices, and host factors provide
risks for acquisition [1, 2]. However, the distinction between
multidrug-resistant healthcare-acquired and community-onset
bacterial infections has become blurred over the last 2 decades,
with an explosion in antibiotic resistance genes located on mo-
bile genetic elements (MGEs) capable of efficient spread be-
tween bacteria and hosts in and out of hospitals [3].

These trends are highlighted in Enterobacteriaceae, a family
of gram-negative bacteria (GNB) responsible for a variety of com-
munity and healthcare-acquired infections. In GNB, the major
driving force of resistance is the presence of β-lactamases (encoded
by bla), a rapidly expanding list of β-lactam–hydrolyzing enzymes
for which the number of unique protein sequences as currently
cataloged has surpassed 2100 [4]. Many of these organisms
carry additional plasmid-borne genes active against other
classes of antibiotics, rendering bacteria resistant to multiple
drugs [5, 6].

There is a dearth of drugs capable of treating MDR GNB in-
fections [7]. As carbapenem-resistant Enterobacteriaceae (CRE)
have become increasingly prevalent worldwide, carbapenems,
long a last line of defense, more and more are challenged by
MGEs harboring carbapenemases and other drug resistance
genes [8]. As the molecular mechanisms of resistance continue
to evolve, the epidemiology of CRE is changing, and growing
numbers of people worldwide are being affected by these dan-
gerous organisms.

MOLECULAR MECHANISMS OF CARBAPENEM
RESISTANCE IN ENTEROBACTERIACEAE

Phenotypic resistance to carbapenems is typically caused by
2 main mechanisms: (1) β-lactamase activity combined with
structural mutations and (2) production of carbapenemases,
enzymes that hydrolyze carbapenem antibiotics (Table 1)
[6, 9]. The former mechanism includes extended-spectrum β-
lactamases (ESBLs), which are generally encoded by plasmids,
and AmpC cephalosporinases (AmpC), for which expression in
Enterobacteriaceae is most often associated with hyperproduc-
tion of enzymes from inducible or derepressed chromosomal
genes [6]. ESBLs and AmpC are capable of conferring carbape-
nem resistance when combined with the mutation of porins, a
family of proteins of the outer membrane of GNB that, when al-
tered or lost, can retard diffusion of antibiotics across the bacte-
rial membrane to a rate slow enough to facilitate the action of
ESBL and AmpC enzymes [9, 17, 18]. Other mechanisms associ-
ated with carbapenem-resistance in GNB include drug efflux
pumps and alterations in penicillin-binding proteins [8].
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Carbapenemases are classified by their molecular structures
and belong to 3 classes of β-lactamases: class A, B, and D of
the Ambler classification system [6, 10]. Class A and D carba-
penemases require serine at their active site, while class B,
the metallo-β-lactamases (MBLs) require zinc for β-lactam
hydrolysis [6]. Notable class A carbapenemase genes include
Klebsiella pneumoniae carbapenemases (KPCs), Guiana extended
spectrum (GES), imipenem resistant (IMI), non–metallo-
carbapenemase-A (NMC-A), Serratia marcescens enzyme
(SME), and Serratia fonticola carbapenemase (SFC), of which
the KPCs are the most common transmissible class A genes cir-
culating in Enterobacteriaceae worldwide [8]. KPCs are capable
of hydrolyzing all β-lactams, and strains harboring blaKPC often
have acquired resistance to fluoroquinolones, aminoglycosides,
and trimethoprim-sulfamethoxazole, creating MDROs [19].

The international spread of KPC-producing Enterobac-
teriaceae is primarily due to clonal expansion of strains of
K. pneumoniae belonging to clonal complex 258 (CC258)
and, more specifically, to multilocus sequence type (ST) 258
strains harboring a blaKPC-2 or blaKPC-3 gene located on a
Tn3-based transposon, Tn4401 [20, 21]. However, the propa-
gation of blaKPC is much more complex. Circulating ST258
K. pneumoniae strains comprise 2 distinct genetic clades

(I and II), and several additional sequence types have been
found to carry blaKPC, which is associated with a variety of plas-
mids [8, 11, 22]. Additionally, KPC-producing strains have low
to high level carbapenem resistance with corresponding mini-
mum inhibitory concentrations ranging from susceptible to
>16 µg/mL, related to increased blaKPC gene copy number, de-
letions directly upstream of the blaKPC gene, and/or outer mem-
brane porin losses (OmpK35 and/or OmpK36) [8, 23].

The class D OXA β-lactamases, named somewhat ironically
for their oxacillin-hydrolyzing capabilities, are a diverse and
heterogeneous group of enzymes found in Acinetobacter species
and, increasingly, especially the OXA-48 variants, in Enterobac-
teriaceae [24, 25]. The backbone most commonly associated
with the spread of OXA-48–producing Enterobacteriaceae is
an IncL/M-type plasmid with integration of the blaOXA-48

gene through the acquisition of a Tn1999 composite transposon
[12, 24–26]. OXA-48 enzymes hydrolyze penicillins at a high
level and carbapenems at a low level, while sparing extended-
spectrum cephalosporins; however, strains may express multiple
ESBLs, rendering them resistant to all β-lactams [12].

The class B MBLs are a complex group of enzymes that hy-
drolyze all β-lactams, save monobactams, and are not inhibited
by commercially available β-lactamase inhibitors [6, 8]. They

Table 1. Characteristics of Common Acquired Carbapenem-Hydrolyzing β-Lactamases in Enterobacteriaceae

Ambler
Structural
Class

Functional
Classa

Active
Siteb Inhibitor(s)

Notable
Genec

Mobile Genetic
Elementsd Multilocus STse Retained β-Lactam Susceptibilityf

A 2f Serine Commercially
available β-
lactamase
inhibitors

KPC IncFIIK2, IncF1A,
IncI2, multiple
types; Tn4401g

CC258 (ST258)
dominant,h

others

Carbapenems (low-to-high–level
hydrolysis)

GES Class I integronsi . . . Carbapenems (low-level hydrolysis)
B 3 Zinc Metal-chelating

agents (eg, EDTA)
VIM IncN, IncI1, multiple

types; class I
integrons

ST147, ST11,
others

Monobactams spared

IMP IncL/M, IncA/C,
multiple types;
class I integrons

. . .

NDM IncA/C, multiple;
ISAba125

ST101, ST11,
several others

D 2d Serine NaCl (in vitro) OXA-48 IncL/M, Tn1999,
IS1999

ST147, ST11,
ST101, ST405,
ST395, others

PCN (high-level hydrolysis),
carbapenems (low-level hydrolysis),
extended-spectrum cephalosporins
sparedOXA-181 ColE plasmids,

Tn2013, ISEcp1
. . .

Data are adapted from [8–16].

Abbreviations: CG, clonal group; EDTA, ethylenediaminetetraacetic acid; GES, Guiana extended spectrum; IMP, active on imipenem; Inc, plasmid incompatibility type; IS, insertion sequence;
KPC, Klebsiella pneumoniae carbapenemase; NDM, New Delhi metallo-β-lactamase; OXA, oxacillinase-type carbapenem-hydrolyzing β-lactamase; PCN, penicillin; ST, sequence type; VIM,
Verona integron-encoded metallo-β-lactamase.
a Bush-Jacoby-Medeiros functional classification scheme.
b Hydrolytic mechanism. Class B carbapenem-hydrolyzing β-lactamases represent metallo-β-lactamases, and class D represent oxacillinases.
c The most common acquired genes are included and may vary by region. Only certain variants harbor carbapenemase genes (ie, GES-5). Several other genes exist in each class.
d The most common mobile genetic elements are included and may vary by region.
e Only Klebsiella pneumoniae– and Escherichia coli–associated STs are listed.
f The phenotypic profile may vary depending on the genetic variant type and/or if multiple β-lactamase genes are present in an isolate.
g Tn4401 is a Tn3-based transposon and is associated with multiple plasmid types. Tn1999 is associated with IncL/M plasmids.
h CC258 contains 43 STs, including the ST258 pandemic strains (2 major clades exist). Several non-CC258 strains (eg, ST147, ST442, and ST14) harbor blaKPC.
i These are often embedded in conjugative plasmids and/or transposons, facilitating horizontal transfer.
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differ from the serine carbapenemases in the requirement of
zinc for β-lactam hydrolysis; thus, their activity is inhibited by
metal-chelating agents such as ethylenediaminetetraacetic acid
(EDTA) [6, 8]. Notable transmissible MBL genes in Enterobac-
teriaceae include IMP (active on imipenem), VIM (Verona in-
tegron-encoded MBL), and NDM (New Delhi MBL) [6, 8, 27].
There are 3 MBL subclasses (B1–B3), which differ by amino
acid sequence homology; almost all clinically important, ac-
quired MBLs belong to subclass B1 [8, 28]. VIM-type and
IMP-type MBLs are most commonly embedded in class I inte-
grons and are associated with transposons or plasmids, which
facilitate spread.

Although the rapid dissemination of NDM-producing Enter-
obacteriaceae resembles that of KPC-producing Enterobacteria-
ceae, the spread of NDM-type MBLs does not appear to be
associated with dominate clonal strains and is mediated by sev-
eral different plasmid incompatibility (Inc) types. The current
theory is that the most common circulating NDM MBL gene
in Enterobacteriaceae (blaNDM-1) evolved from Acinetobacter
baumannii. This view is based on the complete or variant inser-
tion sequence ISAba125 upstream of the blaNDM-1 gene in both
blaNDM-harboring A. baumannii and Enterobacteriaceae and
the similar coexpression in both genera of blaNDM with bleMBL,
a gene responsible for resistance to the cancer drug bleomycin
[29, 30]. NDM-type MBL genes have been found in several ep-
idemic clones, including K. pneumoniae ST11 and ST147 and
Escherichia coli ST131 and ST101, which are known to harbor
other β-lactamase genes and antibiotic resistance determinants
[8, 27, 30]. It is thought that the rapid and dramatic spread of
NDM MBLs is facilitated by the genetic elements’ bacterial
promiscuity.

The differentiation between carbapenemase-producing (CP)
CRE and non-CP CRE is important epidemiologically and clin-
ically; however, providers need mainly susceptibility patterns
and treatment recommendations for patient care. The Centers
for Disease Control and Prevention (CDC) has provided updat-
ed definitions that can help direct definitions and testing con-
siderations in the diagnosis and management of CRE [31].

THE GLOBAL DISTRIBUTION AND PREVALENCE OF
THE MOST COMMON TRANSMISSIBLE
CARBAPENEMASE GENES IN
ENTEROBACTERIACEAE, BY REGION

Figure 1 represents a global map that highlights the dramatic
worldwide dissemination of carbapenemase genes in Enterobac-
teriaceae, by country and region. While the first identification of
chromosomally based carbapenemase genes was in gram-positive
bacilli, by the mid-to-late 1980s, “metalloenzymes,” now referred
to as MBLs, were recognized in gram-negative non–lactose-
fermenting bacteria [13]. This was followed shortly by de-
scription of another set of carbapenem-hydrolyzing enzymes
(using serine at their active site) in Enterobacteriaceae [13].

This landscape radically changed in the early 1990s, when plas-
mid carriage of these originally chromosomally based, species-
specific enzymes was recognized in multiple species found in
clinical isolates [8, 13]. To date, the most common species of
Enterobacteriaceae harboring transmissible carbapenemase
genes are K. pneumoniae.

The MBLs
The first major description of a transmissible carbapenemase
gene in a clinical Enterobacteriaceae isolate occurred >2 decades
ago when a gene, subsequently named IMP-1 MBL, was discov-
ered on an integron in Serratia marcescens in Okazaki, Japan,
associated with a plasmid-mediated outbreak in 7 Japanese hos-
pitals. Widespread dissemination of blaIMP-1-harboring Entero-
bacteriaceae throughout Japan followed [41]. At present, there
have been at least 52 variants of IMP genes identified in multi-
ple species with worldwide distribution; however, to date, IMP-
type MBL-containing Enterobacteriaceae are endemic only in
Japan and Taiwan [32]. For example, a Taiwanese study from
a 900-bed hospital in Southern Taiwan in 2002 assessed 9082
clinical Enterobacteriaceae isolates (other than Klebsiella spe-
cies) for MBL genes and found that 29 of 1261 Enterobacter clo-
acae isolates (2.9%) harbored blaIMP-8, a variant of blaIMP-2 [42].
Descriptions of IMP MBLs in other countries are mostly of
sporadic outbreaks or single reports [8, 9, 32].

The VIM-type MBLs were described in 1996 and 1997 in
P. aeruginosa from Verona, Italy (VIM-1), and Marseilles,
France (VIM-2) [43, 44]. By the late 1990s to early 2000s,
there were several reports of VIM-type MBLs in Enterobacter-
iaceae [13]. Currently, VIM-2 is the most common VIM-type
MBL worldwide, with at least 46 blaVIM variants now cataloged
[45]. The epicenter of VIM-type Enterobacteriaceae is Greece,
where K. pneumoniae and E. coli containing blaVIM-1 predom-
inate [46]. A study in the intensive care units (ICUs) of 3 teach-
ing hospitals in Athens, Greece, in 2002 recovered 17 K.
pneumoniae isolates harboring blaVIM-1 over a 3-month period;
at least 12 isolates were clinically relevant [47]. Since that
time, several other VIM types have been recovered from
gram-negative bacilli in Greece; globally, the majority of regions
have reported outbreaks with VIM-producing Enterobacteria-
ceae [32, 33, 46, 47].

Attention to the epidemic of MBL-producing Enterobacteria-
ceae increased dramatically in 2008 with the discovery of an
ST14 K. pneumoniae with a new MBL gene, blaNDM-1, from a
Swedish patient who received healthcare in New Delhi, India
[48]. Since then, there has been global dissemination of NDM
MBLs with rapid gene transfer between species. In regions of
endemicity, such as the Indian subcontinent, NDM-type MBLs
predominate over other carbapenemases. In most other regions
(except the Middle East and Balkan countries), NDM-type
MBLs are described mostly as sporadic occurrences [30].
There are currently 16 cataloged variants of NDM-type MBLs,
blaNDM-1 to blaNDM-16 [49].
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Increasing colonization rates with blaNDM-producing bacte-
ria have been noted in patients in several Indian and Pakistani
hospitals, where reported prevalence rates of carriage of
blaNDM-producing bacteria in ICUs range from 2% to 13.5%
[50–53]. Additionally, data from the SENTRY Antimicrobial
Surveillance Program (SENTRY) suggest that blaNDM may
have been circulating in bacteria in India as early as 2006
[54]. In the Study for Monitoring Antimicrobial Resistance
Trends 2009 program, of the 235 isolates tested from India,
66 (28%) carried ≥1 carbapenemase gene; the most common
gene carried—in 50% of these isolates—was blaNDM-1 [55].
An additional concern particular to the NDM-type MBLs is
spread via environmental sources in community settings in
lower-income countries. A point-prevalence survey of public

tap water and seepage water in India in 2011 found that a strik-
ing 4% of drinking water samples and 30% of seepage samples
contained blaNDM-1-positive bacteria [56].

The Class D OXA Carbapenem-Hydrolyzing β-Lactamases
The worldwide spread of OXA-type carbapenemases is mainly
attributed to the success of OXA-48–producing clones and, to
a lesser extent, OXA-181 in certain regions (eg, the Indian
subcontinent) [24, 26, 32]. The blaOXA-48 element was dis-
covered in Turkey in 2001 in K. pneumoniae, and since
then OXA-producing bacteria have become endemic in that
country [57]. Several countries have reported outbreaks with
OXA-producing Enterobacteriaceae, but few countries report
endemicity. Because of the variable susceptibility profiles of

Figure 1. Global distribution of carbapenemases in Enterobacteriaceae, by country and region. Data are adapted from [8, 12, 13, 15, 25, 32–40]. aKPCs are endemic in some
US states; bOXA mainly refers to OXA-48, except in India, where it refers to OXA-181. Abbreviations: IMP, active on imipenem metallo-β-lactamase; KPC, Klebsiella pneumoniae
carbapenemase; NDM, New Delhi metallo-β-lactamase; OXA, oxacillinase-type carbapenem-hydrolyzing β-lactamase; VIM, Verona integron-encoded metallo-β-lactamase.
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Epidemiological typing of ESBLCARBA

ESBLCARBA isolates from noti!ed cases in 2021 have been char-
acterised using whole genome sequencing (WGS). The most 
common carbapenemase-producing Enterobacterales (previ-
ously Enterobacteriaceae) was E. coli, accounting for 58% of all 
cases, followed by K. pneumoniae (31%). Genes encoding for 
carbapenem resistance have also been detected in several other 
species of Enterobacterales (previously Enterobacteriaceae). 
The dominating enzyme type in 2021 was OXA-48 and this 
enzyme was detected in E. coli and K. pneumoniae isolates, in 
most cases together with CTX-M (=ESBLA) (Figure 3.7). 
The occurrence of ESBLCARBA with combinations of two car-
bapenemases (most commonly NDM + OXA-48) are still rare. 

Figure 3.6. The incidence (cases/100 000 inhabitants) of cases with 
ESBLCARBA producing Enterobacterales (previously Enterobacteriaceae) 
in relation to type of infection, year 2012-2021. 
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Figure 3.7. Number of isolates and enzyme types of ESBLCARBA  
in Enterobacterales (previously Enterobacteriaceae) in Sweden  
2012-2021. 
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Mandatory reporting of ESBLCARBA-producing 
Enterobacterales (previously Enterobacteriaceae) 

Results from 2021 

• Number of reported cases: 137 (previous year 128), rela-
tive change 7%

• Number of bloodstream infections: 7 (previous year 11) 

Trends

In 2021, the incidence for ESBLCARBA producing Entero-
bacterales (previously Enterobacteriaceae) was 1.3 cases per  
100 000 inhabitants, a small increase with 7% (9 cases) com-
pared to 2020. A majority, 66% of the cases, were carri-
ers (Figure 3.6). Cases were reported from 19 of 21 regions 
in Sweden. The majority of cases were reported as acquired 
abroad (63%, n=86) and identi!ed in targeted screening 

Figure 3.4. Number and incidence (cases/100 000 inhabitants) of 
invasive cases with ESBL-producing Enterobacterales (previously 
Enterobacteriaceae), reported during year 2012–2021.
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Figure 3.5. The incidence (cases/100 000 inhabitants) of cases with 
ESBL-producing Enterobacterales (previously Enterobacteriaceae)  
in relation to type of infection, year 2012–2021.
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In 2021, the number of cases with ESBL-producing En  te-
ro bacterales (previously Enterobacteriaceae) continued to 
de crease. The decrease seen since 2019 is largely due to 
re duced international travel and screening for inpatient care 
due to the COVID-19 pandemic. 

after hospitalisation abroad (n=45). Out of the 32 domestic 
cases, 19 were identi!ed by investigation of clinical infection. 
The proportion of domestic cases with healthcare-acquired 
ESBLCARBA remained at the same level as previous year (31%, 
n=10). For 15 domestic cases, information of acquisition was 
missing. ESBLCARBA cases were evenly distributed between 
women and men. The median age was 43 years for women 
and 59 years for men. 
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ously Enterobacteriaceae) was E. coli, accounting for 58% of all 
cases, followed by K. pneumoniae (31%). Genes encoding for 
carbapenem resistance have also been detected in several other 
species of Enterobacterales (previously Enterobacteriaceae). 
The dominating enzyme type in 2021 was OXA-48 and this 
enzyme was detected in E. coli and K. pneumoniae isolates, in 
most cases together with CTX-M (=ESBLA) (Figure 3.7). 
The occurrence of ESBLCARBA with combinations of two car-
bapenemases (most commonly NDM + OXA-48) are still rare. 
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Mandatory reporting of ESBLCARBA-producing 
Enterobacterales (previously Enterobacteriaceae) 

Results from 2021 

• Number of reported cases: 137 (previous year 128), rela-
tive change 7%

• Number of bloodstream infections: 7 (previous year 11) 

Trends

In 2021, the incidence for ESBLCARBA producing Entero-
bacterales (previously Enterobacteriaceae) was 1.3 cases per  
100 000 inhabitants, a small increase with 7% (9 cases) com-
pared to 2020. A majority, 66% of the cases, were carri-
ers (Figure 3.6). Cases were reported from 19 of 21 regions 
in Sweden. The majority of cases were reported as acquired 
abroad (63%, n=86) and identi!ed in targeted screening 

Figure 3.4. Number and incidence (cases/100 000 inhabitants) of 
invasive cases with ESBL-producing Enterobacterales (previously 
Enterobacteriaceae), reported during year 2012–2021.
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Figure 3.5. The incidence (cases/100 000 inhabitants) of cases with 
ESBL-producing Enterobacterales (previously Enterobacteriaceae)  
in relation to type of infection, year 2012–2021.

In
ci

de
nc

e 
(c

as
es

/1
00

 0
00

 in
ha

bi
ta

nt
s)

0 

20 

40 

60 

80 

100 

120 

Clinical samples (urine, blood, CSF) 

Screeening samples 
(faeces, rectum, perineal) 

Other/no data 

All cases

Source: The Public Health Agency of Sweden 

 

 

2013 2014 2015 2016 2017 2018 2019 2020 20212012

Comments

In 2021, the number of cases with ESBL-producing En  te-
ro bacterales (previously Enterobacteriaceae) continued to 
de crease. The decrease seen since 2019 is largely due to 
re duced international travel and screening for inpatient care 
due to the COVID-19 pandemic. 

after hospitalisation abroad (n=45). Out of the 32 domestic 
cases, 19 were identi!ed by investigation of clinical infection. 
The proportion of domestic cases with healthcare-acquired 
ESBLCARBA remained at the same level as previous year (31%, 
n=10). For 15 domestic cases, information of acquisition was 
missing. ESBLCARBA cases were evenly distributed between 
women and men. The median age was 43 years for women 
and 59 years for men. 

Inte helt nya antibiotika

• Ceftolozan/tazobaktam (Zerbaxa®)
• Ingen effekt mot CRE (ESBLCARBA) 
• Effekt mot >90% av MDR Pseudomonas
• Dosering

• 1g/0,5 g x 3 
• 2g/1g x 3 (HAP/VAP)

• Ceftazidim/avibaktam (Zavicefta®)
• Effekt mot CRE (ESBLCARBA) som bildar KPC och OXA-48 men EJ MBL (ex NDM)
• Effekt mot >90% av MDR Pseudomonas
• Dosering 2g/0,5g x 3 (2h infusion)
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Nya antibiotika
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Meropenem/vaborbaktam

• Meropenem kombinerat med betalaktamashämmaren vaborbaktam
• Effekt mot CRE (ESBLCARBA) som bildar KPC men EJ OXA-48 eller MBL 

(ex NDM)
• EJ bättre effekt mot Pseudomonas och Acinetobacter än meropenem
• Doseras 2g/2g x 3 (3h infusion)

• Pris ca 5000 kr/dygn
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Epidemiological typing of ESBLCARBA

ESBLCARBA isolates from noti!ed cases in 2021 have been char-
acterised using whole genome sequencing (WGS). The most 
common carbapenemase-producing Enterobacterales (previ-
ously Enterobacteriaceae) was E. coli, accounting for 58% of all 
cases, followed by K. pneumoniae (31%). Genes encoding for 
carbapenem resistance have also been detected in several other 
species of Enterobacterales (previously Enterobacteriaceae). 
The dominating enzyme type in 2021 was OXA-48 and this 
enzyme was detected in E. coli and K. pneumoniae isolates, in 
most cases together with CTX-M (=ESBLA) (Figure 3.7). 
The occurrence of ESBLCARBA with combinations of two car-
bapenemases (most commonly NDM + OXA-48) are still rare. 

Figure 3.6. The incidence (cases/100 000 inhabitants) of cases with 
ESBLCARBA producing Enterobacterales (previously Enterobacteriaceae) 
in relation to type of infection, year 2012-2021. 
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Mandatory reporting of ESBLCARBA-producing 
Enterobacterales (previously Enterobacteriaceae) 

Results from 2021 

• Number of reported cases: 137 (previous year 128), rela-
tive change 7%

• Number of bloodstream infections: 7 (previous year 11) 

Trends

In 2021, the incidence for ESBLCARBA producing Entero-
bacterales (previously Enterobacteriaceae) was 1.3 cases per  
100 000 inhabitants, a small increase with 7% (9 cases) com-
pared to 2020. A majority, 66% of the cases, were carri-
ers (Figure 3.6). Cases were reported from 19 of 21 regions 
in Sweden. The majority of cases were reported as acquired 
abroad (63%, n=86) and identi!ed in targeted screening 

Figure 3.4. Number and incidence (cases/100 000 inhabitants) of 
invasive cases with ESBL-producing Enterobacterales (previously 
Enterobacteriaceae), reported during year 2012–2021.
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Figure 3.5. The incidence (cases/100 000 inhabitants) of cases with 
ESBL-producing Enterobacterales (previously Enterobacteriaceae)  
in relation to type of infection, year 2012–2021.
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In 2021, the number of cases with ESBL-producing En  te-
ro bacterales (previously Enterobacteriaceae) continued to 
de crease. The decrease seen since 2019 is largely due to 
re duced international travel and screening for inpatient care 
due to the COVID-19 pandemic. 

after hospitalisation abroad (n=45). Out of the 32 domestic 
cases, 19 were identi!ed by investigation of clinical infection. 
The proportion of domestic cases with healthcare-acquired 
ESBLCARBA remained at the same level as previous year (31%, 
n=10). For 15 domestic cases, information of acquisition was 
missing. ESBLCARBA cases were evenly distributed between 
women and men. The median age was 43 years for women 
and 59 years for men. 



Imipenem/relebaktam(/cilastatin)

• Imipenem kombinerat med betalaktamashämmaren relebaktam
• Effekt mot CRE (ESBLCARBA) som bildar KPC men EJ OXA-48 eller MBL 

(ex NDM)
• Effekt mot >90% av MDR Pseudomonas
• EJ bättre effekt mot Acinetobacter än imipenem
• Doseras 0,5g/0,25g x 4

• Pris ca 6000 kr/dygn
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Cefiderokol

• Siderophore-cefalosporin
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273Cefiderocol: Activity Against Carbapenem-Resistant and Multidrug-Resistant Gram-Negative Bacilli

ventilator-associated pneumonia (VAP) caused by Gram-
negative bacteria, and to provide clinical evidence of effi-
cacy of cefiderocol in the treatment of serious infections 
caused by carbapenem-resistant Gram-negative patho-
gens in adult patients (http://clini caltr ials.gov, identifiers 
NCT02321800, NCT02714595 and NCT03032380).

This article will review the existing published data for 
cefiderocol, including information on its chemistry, mecha-
nism of action, mechanisms of resistance, microbiology, 
pharmacokinetics (PK), pharmacodynamics (PD), efficacy 
and safety data from animal models and human clinical tri-
als, adverse effects, and place in therapy. Literature for this 
review was obtained through a comprehensive search of 
SCOPUS, MEDLINE and databases from scientific meet-
ings from 2014 to 2018, for all materials containing the 
name “cefiderocol” or “S-649266.” These results were sup-
plemented by bibliographies obtained from Shionogi & Co., 
Ltd., Japan.

2  Chemistry

The chemical structure of cefiderocol is shown in Fig. 1 
in comparison to ceftazidime. The structural components 
responsible for the antibacterial activity of cefiderocol are 
highlighted in Fig. 2. As can be seen, cefiderocol’s structure 
is related to both ceftazidime and cefepime. Similar to cef-
tazidime, cefiderocol’s 7-position side chain is an amino-acyl 
group with an aminothiazole ring and a carboxypropyl-oxy-
imino chain attached to the alpha carbon. The aminothiazole 
ring, common to many extended-spectrum cephalosporins, 
provides enhanced activity against Gram-negative bacilli 
[13]. The carboxypropyl-oxyimino group confers stability 
against hydrolysis by β-lactamases and is responsible for 
increased activity versus Gram-negative bacilli, including 
P. aeruginosa [13, 14]. The principle distinction between 
cefiderocol and ceftazidime and cefepime lies in the 3-posi-
tion side chain. Cefiderocol contains a catechol 2-chloro-
3,4-dihydroxybenzoic acid moiety that is covalently bound 
to the pyrrolidine ring to form a quaternary ammonium at 
the 3-position via a non-cleavable linker. The catechol side 

chain confers increased periplasmic concentrations of cefi-
derocol compared to ceftazidime and cefepime due to the 
ability of the two adjacent hydroxy groups at positions 3 
and 4 of the aromatic ring to chelate ferric iron [15] and 
to take advantage of the utilization of iron transportation 
systems present in the outer membrane of Gram-negative 
bacilli. The pyrrolidine present on the 3-position side con-
fers zwitterionic properties to cefiderocol that enhance its 
water solubility [13].

3  Mechanism of Action

The side chain at position 3 of cefiderocol (Figs. 1, 2) pro-
motes formation of chelated complexes with ferric iron and 
thereby facilitates siderophore-like transport across the outer 
membrane of Gram-negative bacilli using iron transport sys-
tems [15–17]. Active iron transport systems, such as PiuA 
in P. aeruginosa [16], deliver cefiderocol across the outer 
membrane and to the periplasmic space, where the iron atom 
dissociates and enters the cytoplasm by crossing the cyto-
plasmic membrane (Fig. 3). Cefiderocol is released in the 
periplasmic space and binds to penicillin binding proteins 
(PBPs), primarily to PBP3, similar to other oxyimino-ceph-
alosporins, and inhibits peptidoglycan synthesis, causing 
cell death [11, 15–17]. Most other β-lactams cross the outer 
membrane of Gram-negative bacilli by passive diffusion 
through porin-mediated channels [17]. Cefiderocol’s unique 
mechanism of action is the result of different properties; 
(1) siderophore-like cell entry (sometimes referred to as a 
“Trojan horse strategy”), creating a high concentration of 
drug at the site of action, and (2) stability to hydrolysis by 
nearly all β-lactamases, including both serine- and metallo-
β-lactamases, account for its enhanced antimicrobial activity 
compared to carbapenems, β-lactam/β-lactamase inhibitor 
combinations, and advanced-generation cephalosporins [11, 
17–19].

Studies evaluating the PBP inhibition profile of cefidero-
col in Gram-negative bacilli demonstrated that in P. aer-
uginosa and Escherichia coli, cefiderocol inhibits PBP3 

Fig. 1  Chemical structures of cefiderocol (left) and ceftazidime (right)

Zhanel Drugs 2019



Cefiderokol

• Siderophore-cefalosporin
• Effekt mot >90% av CRE (ESBLCARBA) inkl KPC, OXA-48, MBL (ex NDM)
• Effekt mot >90% av MDR Pseudomonas
• Effekt mot >90% av MDR Acinetobacter
• Doseras 2g x 3 (3h infusion)

• Pris ca 10 000 kr/dygn
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against some carbapenem-resistant strains [29]. Of note, only 
a small proportion of the carbapenem-resistant P.  aeruginosa 
strains are susceptible to noncarbapenem agents such as 
cefepime, cipro"oxacin, and amikacin [30]. #e majority 
of S.  maltophilia strains are susceptible to trimethoprim-
sulfamethoxazole, and only some strains are susceptible to 
minocycline, ticarcillin-clavulanate, or "uoroquinolones [31]. 
Although clinical evidence is limited, "uoroquinolones may be 
as e$cacious as trimethoprim-sulfamethoxazole in the treat-
ment of S. maltophilia infections [32, 33]. However, the suscepti-
bility patterns are not predictable for most carbapenem-resistant 
gram-negative bacteria, and therefore selection of any of these 
older agents must be guided by clear antibiotic-speci%c suscep-
tibility testing results reported by the microbiologists. More re-
cently, ce&azidime-avibactam and meropenem-vaborbactam 
for CRE and ce&olozane-tazobactam for carbapenem-resistant 
P. aeruginosa infections have become important treatment op-
tions in countries where these agents have become available for 
clinical use. Furthermore, several other new agents are reaching 
late-stage clinical development (Table 1).

Polymyxins (Colistin and Polymyxin B)

Colistin (or polymyxin E) is a mixture of cyclic polypep-
tide antibiotics with activity against most species in the order 
Enterobacteriales (except for Serratia marcescens and Proteus, 
Providencia, Morganella, and Hafnia species), P.  aeruginosa, 
A.  baumannii, and some S.  maltophilia strains [34]. While 
prominent toxicity (both nephrotoxicity and neurotoxicity) has 
limited the clinical use of colistin, its broad-spectrum activity 

against carbapenem-resistant pathogens has led to its wide-
spread use for the treatment of infections caused by such patho-
gens. Although few head-to-head studies have been conducted, 
clinical observations suggest a less than optimal outcome of pa-
tients who received colistin monotherapy for these infections 
[35]. In addition, colistin is administered as an inactive pro-
drug—colistin methanesulfonate—which results in a prolonged 
period of low plasma concentrations of the active drug and 
theoretically increases the risk of resistance development [34]. 
Polymyxin B, the other approved agent in the polymyxin class of 
antibiotics, is not formulated as a prodrug, which mitigates the 
concerns related to a delayed increase in its plasma concentra-
tion, but less is known about its pharmacokinetic, efficacy, and 
safety profiles. Because of these concerns, the standard practice 
over the past decade has been to use colistin or polymyxin B in 
combination with at least 1 other agent of a different class when 
its use is warranted.

Tigecycline and Minocycline

Tigecycline is a glycylcycline agent that was designed to re-
sist key tetracycline resistance mechanisms (ribosome pro-
tection and active efflux) and as a result has broad-spectrum 
activity against both gram-positive and gram-negative patho-
gens, with notable exceptions of P. aeruginosa, Proteus species, 
and Providencia species [36]. Among carbapenem-resistant 
gram-negative pathogens, tigecycline is active against the ma-
jority of CRE, A. baumannii, and S. maltophilia strains. Despite 
its in vitro activity against these problematic pathogens, data 
regarding clinically efficacy have been mixed, with an excess 

Table 1. Activity and Indications of New Agents Against Carbapenem-resistant Gram-negative Pathogens

Agent

Activity

Indications  
(Including  
Expected)

Pathogen- 
directed Trial  

(Including  
Expected)

Enterobacteriaceae

P. aeruginosa A. baumannii S. maltophilia

Class A  
Carbapenemase  

(eg, KPC)

Class B  
Carbapenemase  

(eg, NDM)

Class D  
Carbapenemase  

(eg, OXA-48)

Ceftazidime- 
avibactam

Yes No Yes Yes No No cUTI/AP, cIAI, 
HABP/VABP

No

Ceftolozane- 
tazobactam

No No No Yes No No cUTI/AP, cIAI, NP No

Meropenem- 
vaborbactam

Yes No No Noa No No cUTI/AP Yes

Imipenem- 
cilastatin- 
relebactam

Yes No No Yes No No cUTI/AP, cIAI, 
HABP/VABP

Yes

Cefiderocol Yes Yes Yes Yes Yes Yes cUTI/AP, HABP/ 
VABP

Yes

Plazomicin Yes Variableb Yes Variable No No cUTI/AP Yes
Eravacycline Yes Yes Yes No Yes Yes cIAI No
Fosfomycin Yes Yes Yes Variable No No cUTI/AP No

Abbreviations: A. baumannii, Acinetobacter baumannii; AP, acute pyelonephritis; cIAI, complicated intra-abdominal infection; cUTI, complicated urinary tract infection; HABP, hospital-acquired 
bacterial pneumonia; KPC, Klebsiella pneumoniae carbapenemase; NDM, New Delhi metallo-β-lactamase; NP, nosocomial pneumonia; OXA, oxacillinase; P. aeruginosa, Pseudomonas 
aeruginosa; S. maltophilia, Stenotrophomonas maltophilia; VABP, ventilator-associated bacterial pneumonia.
aNot active beyond the activity of meropenem alone.
bFrequently inactive against strains that produce NDM-type metallo-β-lactamases.
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Problembakterier – behandlingsalternativ
• MDR (DTR) Pseudomonas

• Ceftazidim/avibaktam
• Ceftolozan/tazobaktam
• Imipenem/relebaktam
• Cefiderokol

• MDR (DTR) Acinetobacter
• Kolistin
• Cefiderokol
• Tigecyklin

• CRE/ESBLCARBA – Karbapenemresistenta Enterobacterales
• Ceftazidim/avibaktam (OXA-48, KPC)
• Cefiderokol (MBL/NDM)
• Ceftazidim/avibaktam + aztreonam
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  CRE

CRAB CRPA

  A A D B

ESBL 
(CTX-M)

KPC
(KPC-2,-3)

OXA 
(OXA-48)

MBL 
(NDM)

Vaborbactam + meropenem ● ● ● ○ ○ ○

Relebactam + imipenem + cilastatin ● ● ● ○ ○ ?
Cefiderocol ● ● ● ● ● ●

Durlobactam (ETX-2514) + sulbactam ○ ○ ○ ○ ● ○

Enmetazobactam (AAI-101) + cefepime ● ? ○ ○ ○ ○

Sulopenem ● ○ ○ ○ ○ ○

Taniborbactam (VNRX-5133) + cefepime ● ● ● ● - ●

Benapenem ○ ○ ○ ○ ○ ○

Zidebactam + cefepime ● ● ● ? ○ ?

ARX-1796 (oral avibactam prodrug) ● ● ● ○ ○ ○

ETX-0282 + cefpodoxime proxetil ● ● ● ○ ○ ○

OP0595 (nacubactam) + meropenem ● ● ● ? ○ ○

QPX7728 + QPX2014 ● ● ● ● ● ●

QPX7728 + QPX2015 ● ● ● ● ○ ○

XNW4107 + imipenem + cilastatin ? ? ? ? ? ?
VNRX-7145 + ceftibuten ● ● ● ○ ○ ○

Pathogen activity: ● active; ? possibly active, ○ not or insu!ciently active or activity not assessed.

Grey shading: Agents with recent market approvals (since 1 July 2017).

CRAB: carbapenem-resistant A. baumannii; CRPA: carbapenem-resistant P. aeruginosa; CTX-M: CTX-M-type β-lactamase; ESBL: 
extended-spectrum β-lactamase; KPC: K. pneumoniae carbapenemase; MBL: metallo-β-lactamase; NDM: New Delhi metallo-β-
lactamase; OXA: oxacillinase. 

Table 3. Expected activity of β-lactams and β-lactam/BLI combinations against common β-lactamases 


