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β-lactam Antibiotics
Mechanism of Action

• Inhibition of bacterial cell wall 
synthesis

–Inhibition of the transpeptidation
reaction of the peptidoglycan
synthesis



Mechanisms of β-lactam
Resistance

• β-lactamases hydrolysis / destruction

• Low affinity binding to PBP’s 
– Naturally occurring (Enterococcus)

– Multiple mutations (Pneumococcus)

• Failure to penetrate to PBP target
– ↓ penetration (loss of porins)

– ↑Efflux



N Engl J Med 2010;362:1804-13



β-lactamases Spectrum
>2000 

Penicillinase

Broad spectrum

Extended spectrum

Carbapenemases



Ambler Classification of β-lactamases
Class Spectrum Substrate

Penicillinases

Carbapenemases Extended-spectrum + 

cephamycins + carbapenems

B (Metallo-β-

lactamases, Zn2+) 

Carbapenemases Extended-spectrum + 

cephamycins + carbapenems

C (serine) Cephalosporinases Extended-spectrum + 

cephamycins

Oxacillinases

Broad-spectrum All penicillins, ome narrow-

spectrum cephalosporins

Extended-spectrum Broad-spectrum + oxymino + 

monobactam

Carbapenemases Extended-spectrum + 

cephamycins + carbapenems

D (Serine)

Broad-spectrum All penicillins, narrow-spectrum 

cephalosporins
Extended-spectrum 

(ESBL)

Broad-spectrum + oxymino + 

aztreonam

A (serine)



Ambler Classification of β-lactamases

• Class A: TEM, SHV, CTX-M, KPC

• Class B: NDM-1, VIM, IMP 

• Class C: AmpC, CYM

• Class D: OXA



Eurosurveillance June 2011



blaKPC first report… published in 2001…



First clinical reports… 2003-2006… mainly NYC…



And in Israel… 2007-2009….





Worldwide dissemination



International dissemination of Klebsiella pneumoniae carbapenemase (KPC)–producing 
Enterobacteriaceae. 

Gupta N et al. Clin Infect Dis. 2011;53:60-67

Published by Oxford University Press on behalf of the Infectious Diseases Society of America 
2011.



U.S.A.



Europe & Worldwide 

Emerg Infect Dis 2010; 16:1349-56



The Israeli Story

• Late 2005 –KPC-producing K. pneumoniae ST-258 
introduced to Israeli hospitals
• 2006 – outbreak began: ~700 cases

• 01/01/2007 - 04/30/2007: ~600 cases

• Local attempts to contain: limited success

• Crude mortality: ~40%

• Attributable mortality of bacteremia: 50% (Borer et al, ICHE 

2009)

• Since the start of the outbreak –

• ~17,000 patients identified with CRE

• Vast majority of isolates tested (>90%): ST-258

*Courtesy of Israel National Center for Infection Control; Schwaber , ICAAC 2012



Nationwide epidemic curve prior to 
intervention

Month

Acquisitions 
by clinical 
culture

*Courtesy of Israel National Center for Infection Control; Schwaber , ICAAC 2012



A clonal outbreak, involving acute-care hospitals and 
long-term care facilities

Navon-Venezia et al, AAC 2009



Distribution of 1st-time CRE clinical 
cultures by site of isolation

urine
56%

blood
12%

wound
11%

sputum
9%

other
7%

catheter
2%

pus
2%

more than one 
site
1%

*Courtesy of Israel National Center for Infection Control; Schwaber , ICAAC 2012



What was done?

• March 2007

– Isolation guidelines issued

• Geographic separation of carriers

• Dedicated nursing staffing

– Task force created by the Ministry of Health

• First assignment: contain the outbreak

• Daily census of all CRE carriers in acute-care 
hospitals required as of May 1, 2007

*Courtesy of Israel National Center for Infection Control; Schwaber , ICAAC 2012



Clinical Infectious Diseases 2011;52:848–855



Outbreak contained

P<0.001

Clinical Infectious Diseases 2011;52:848–855



Effect of compliance on incidence: prevalence ratio

Compliance with isolation guidelines shown to work

Clinical Infectious Diseases 2011;52:848–855



Feedback and intervention shown to make a difference

Group I: per 1000 beds

Group II: per 500 beds 

Group III: per 250 beds

*Courtesy of Israel National Center for Infection Control; Schwaber , ICAAC 2012



After 15 months…

Monthly incidence reduced from high of 

55.5 cases/100,000 pt-days to 11.7 cases/100,000 pt-
days

– 79% reduction

– P<0.001

Clinical Infectious Diseases 2011;52:848–855



After 15 months…

Monthly incidence reduced from high of 

55.5 cases/100,000 pt-days to 11.7 cases/100,000 pt-
days

– 79% reduction

– P<0.001

BUT…….

Clinical Infectious Diseases 2011;52:848–855



Figured out along the way…

• Adequate isolation of known carriers critical, 
but not sufficient for effective containment 
of spread

• Also required: adequate identification of 
unknown carriers, meaning -

– Active surveillance

– Intervention in long-term care, the BLACK HOLE
of CRE carriage

*Courtesy of Israel National Center for Infection Control; Schwaber , ICAAC 2012



Guidelines for Active Surveillance

• Issued June 2008

–Required in 3 groups

• Contacts of CRE carriers newly identified on 
wards

– Based on local infection control (IC) team investigation

– In ICU or “step-down” unit – entire unit 

• High-risk groups on admission

– Practically speaking in 2012 – anyone with admission 
to hospital or LTCF in past year

• High-risk wards in hospital – at hospital’s 
discretion

*Courtesy of Israel National Center for Infection Control; Schwaber , ICAAC 2012



First isolation of CRE

Clinical 
culture

41%
Active 

surveillance
59%

Clinical 
culture

20%

Active

surveillance

80%

1.2005 - 6.2012 7.2011 - 6.2012

*Courtesy of Israel National Center for Infection Control; Schwaber , ICAAC 2012



Requirement to check for 
carbapenemase

• As of 2009 –

– All isolates must undergo MHT or KPC PCR

– If PCR negative, must undergo MHT

• 95% of CRE isolates – carbapenemase producers

• Isolation policy:

– carbapenemase-producing CRE – cohort, dedicated staff

– Non-carbapenemase-producing CRE – “standard” contact 
isolation precautions

*Courtesy of Israel National Center for Infection Control; Schwaber , ICAAC 2012



Cessation of CRE carrier status

• 2 negative rectal swab cultures

• Negative rectal swab carbapenemase gene 
PCR

• Negative culture from original site of 
isolation

– If a clinical site

– If still relevant

• Performed at discretion of IC staff in acute 
care; required in long-term care, after 90 days

*Courtesy of Israel National Center for Infection Control; Schwaber , ICAAC 2012



Cessation of CRE carrier status

• Number of carriers who have become non-
carriers (September 2009 - June 2012): ~1300

• Recrudescence: ~ 7%

– Reasons

• Re-infection

• Changed conditions – antibiotics, illness, etc. – allow 
organism to re-emerge above threshold of detection 

*Courtesy of Israel National Center for Infection Control; Schwaber , ICAAC 2012



Intervention in long-term care

• Israel demographics

– Population: ~ 8 million

– Density: ~ 960/mi2       (CA: ~240/mi2)

– Acute-care beds: ~ 15,000 (=1.9 beds/1000 pop.)

– Long-term-care beds: ~30,000

• 3000 – post-acute care
• 27,000 – chronic long-term nursing care

– ~ 20% of CRE carriers discharged from acute care 
- to PAC (~500/year)

*Courtesy of Israel National Center for Infection Control; Schwaber , ICAAC 2012



Intervention in long-term care

• Focused on post-acute care (PAC) facilities

• Elements of intervention

– National staff established to conduct it – begun 2008
• Physician

• Nurse

• Microbiologist

– Data collection via email/fax

– Regular site visits with written summaries

– Evaluation based on 16-point Infection Control Score, 
including ward type-specific CRE isolation guidelines

– 3 CRE point prevalence surveys – 2008, 2010, 2011

*Courtesy of Israel National Center for Infection Control; Schwaber , ICAAC 2012



37Ben-David et al, ICAAC 2012

Approximately 1000 patients with no history of CRE were 
screened in each survey 

P<0.001



Intervention in community

• 2009: National mandatory guidelines issued 
for CRE isolation in ambulatory clinics

• Educational activities carried out by staff of 
National Center

*Courtesy of Israel National Center for Infection Control; Schwaber , ICAAC 2012





CRE incidence by region, 2009-11
Nosocomial incidence per clinical cultures and surveillance; 

bacteremia

40

A EDCB

*Courtesy of Israel National Center for Infection Control; Schwaber , ICAAC 2012





Targeted interventions using focused 
intra-regional comparisons

• Multi-year intervention in problematic LTCF

– Site visits, screening, strict isolation measures, periodic 
closures

– Point prevalence among unknown carriers decreased from 
~70% to 7%
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Updated epidemic curve
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CRE nosocomial acquisitions, clinical culture, general hospitals, Jan 2005 - July 2012

March 12, 2007:
National guidelines issued

Retrospective data Prospective data

May 1, 2007: 

Task Force begins intervention

June 5, 2008: 
Screening guidelines issued

*Courtesy of Israel National Center for Infection Control; Schwaber , ICAAC 2012



Real-time communication network

• CRE status: permanent part of medical record

• At all times, the staff of the National Center is aware of 
the location of every CRE carrier hospitalized in the acute 
care and post-acute-care settings (and others)

• All movement of these carriers between facilities and into 
the outpatient setting is tracked

• The receiving institution (acute, LTCF, HMO) is notified in 
real time to ensure proper isolation in each setting

*Courtesy of Israel National Center for Infection Control; Schwaber , ICAAC 2012



CRE acquisitions in hospitals

• Some MDRO acquisitions, particularly CRE, should be perceived as 
a violation of patient safety

• As with HAIs, the responsibility for prevention is that of every 
employee in the institution – up to the CEO

• CRE acquisition is preventable, should be perceived as a “system 
failure” → strictly follow specific facility-driven SOP for every episode 

– Goal: getting to 0, staying at 0

• Withholding reimbursements of CRE-related complications?
– Would increase surveillances and resources allocation for preventive 

measures

*Courtesy of Israel National Center for Infection Control; Schwaber , ICAAC 2012



Summary
• CRE is endemic in Israeli healthcare facilities

– No significant transmission detected in community

– Large and persistent reservoir in LTCFs

– Frequent and continuous movement of carriers between LTCFs and acute care

• Primary goal of national intervention: 
– to contain CRE spread in acute care setting

• Pillars of approach (carrier isolation/dedicated 
staffing/identification of silent carriers) remain effective

• Continued success requires recruitment and continued vigilance at 
every level of healthcare system

• No end in sight *Courtesy of Israel National Center for Infection Control; Schwaber , ICAAC 2012



The “consumer side”

• Benchmark establishment

• Standardization:

– Infection Control practices

– Laboratory processing

• Monthly and Annual reports

• Direct notifications of carriers admitted

• Post-discharge follow-ups

• Molecular testing upon request on special 
circumstances (e.g. suspected SME in Serratia)

• Administrators are forced into the loop



what’s the “real” modifiable risk factor?



• 3 “control” groups:

– ESBLs

– Susceptible Enterobacteriaceae

– “un-infected”

• Matching criteria:

– Time at risk

– Hospital

– Unit

– Calendar year

• Matched analysis



CRE Predictors Multivariate Analysis



CRE Predictors Multivariate Analysis



Univariate Outcomes Analysis

Parameter

Died in 

hospital

Died within 

3 months

Functional 

status 

deterioratio

n

Discharged 

to LTCF

Additional 

hospitalizat

ions within 

6 months

Invasive 

procedure/s

urgery 

within 3 

months

LOS after 

culture 

excluding 

dead

CRE vs. 

controls

3.2 (1.4-

7.2), 0.006

3.6 (1.6-

7.9), 0.001

6.8 (3.1-

15.3), 

p<0.001

11.9 (5.0-

28.1), 

p<0.001

1.2 (0.6-

2.2), 0.64

2.0 (1.1-

3.9), 0.05
P<0.001

CRE vs. 

susceptible

3.3 (1.5-

7.5), 0.004

4.5 (1.9-

10.3), 

p<0.001

5.0 (2.3-

10.8), 

p<0.001

7.1 (3.1-

16.3), 

p<0.001

1.0 (0.5-

1.8), 1.00

1.0 (0.6-

1.9), 1.00
P=0.61

CRE vs. 

ESBL

1.8 (0.9-

3.6), 0.15

1.7 (0.8-

3.3), 0.17

5.1 (2.3-

11.0), 

p<0.001

5.6 (2.4-

13.2), 

p<0.001

1.2 (0.6-

2.2), 0.75

1.1 (0.6-

2.0), 0.87
P=0.42

CRE vs. all 

3 non- CRE 

groups 

combined

2.6 (1.4-

4.7), 0.003

2.8 (1.6-

5.0), 

p=0.001

5.5 (2.9-

10.6), 

p<0.001

7.9 (3.9-

16.0), 

p<0.001

1.1 (0.7-

1.8), 0.70

1.3 (0.8-

2.2), 0.35
P=0.48

ESBL vs. 

controls

1.8 (0.8-

4.2), 0.21 

2.2 (1.0-

4.9), 0.07

1.4 (0.6-

2.9), 0.56

2.1 (0.9-

4.9), 0.09

1.0 (0.5-

1.9), 1.00

1.9 (1.0-

3.5), 0.07
P=0.005

Susceptible

s vs. 

controls

1.0 (0.4-

2.4), 1.00

0.8 (0.3-

2.1), 0.81

1.4 (0.6-

2.9), 0.45

1.7 (0.7-

3.8), 0.30

1.2 (0.7-

2.2), 0.64

2.0 (1.0-

3.7), 0.06
P=0.058



In-Hospital Mortality Multivariate Analysis



Shortening Time to Appropriate Therapy

The CRE bed-side score



1 pediatric patient

Resistance issues







Colistin resistant CRE

• In case-control analysis:

– The strongest independent predictor was co-
colonization with a carbapenem-resistant non-
fermenter (P. aeruginosa or A. baumannii)

• Confounder?

• Mobile genetic element crossing the inter-
species barrier ? i.e. VRSA scenario?



And story keeps evolve….







• Non-ST-258 KPC-producing K. pneumoniae
• (Warburg et al, JAC 2012; Benenson et al, JAC 2012)

• NDM-1-producing CRE

– 27 cases to date

– Though some clearly acquired in hospital, no documented 
carriage among contacts, despite extensive screening

• OXA-48-producing CRE

– 72 cases to date

– Originally introduced by medical tourism (Adler et al, JAC 

2011)

– 48 cases due to single-NICU outbreak (primarily Klebsiella)

*Courtesy of Israel National Center for Infection Control



Thanks!!!

• Mitchell J. Schwaber

• Yehuda Carmeli

• Keith S. Kaye



Questions?


