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Medicine, Charité University Medicine,
Hindenburgdamm 27, 12203 Berlin,
Germany
e-mail: elisabeth.meyer@charite.de
Tel.: ?49-30-84454883
Fax: ?49-30-84453682

P. Gastmeier � F. Schwab
National Reference Centre for Surveillance
of Nosocomial Infections, Berlin, Germany

Present Address:
M. Lapatschek
Labor Dr. von Froreich, Hamburg, Germany

Abstract Objective: To test whe-
ther a reduction of third generation
cephalosporin (3GC) use has a sus-
tainable positive impact on the high
endemic prevalence of 3GC resistant
K. pneumoniae and E. coli.
Design: Segmented regression
analysis of interrupted time series was
used to analyse antibiotic consump-
tion and resistance data 30 months
before and 30 after the intervention.
Setting: Surgical intensive care unit
(ICU) with 16-bed unit in a teaching
hospital. Intervention: In July 2004,
3GCs were switched to piperacillin in
combination with a b-lactamase-
inhibitor as standard therapy for
peritonitis and other intraabdominal
infections. Results: Segmented
regression analysis showed that the
intervention achieved a significant
and sustainable decrease in the use of
3GCs of -110.2 daily defined doses
(DDD)/1,000 pd. 3GC use decreased

from a level of 178.9 DDD/1,000 pd
before to 68.7 DDD/1,000 pd after the
intervention. The intervention resul-
ted in a mean estimated reduction in
total antibiotic use of 27%. Pipera-
cillin/tazobactam showed a
significant increase in level of 64.4
DDD/1,000 pd, and continued to
increase by 2.3 DDD/1,000 pd per
month after the intervention. The
intervention was not associated with a
significant change in the resistance
densities of 3GC resistant K. pneu-
moniae and E. coli.
Conclusion: Reducing 3GCs does
not necessarily impact positively on
the resistance situation in the ICU
setting. Likewise, replacing pipera-
cillin with b-lactamase inhibitor
might provide a selection pressure on
3GC resistant E. coli and K. pneu-
moniae. To improve resistance, it
might not be sufficient to restrict
interventions to a risk area.
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Introduction

There is universal agreement that the emergence of bac-
terial resistance is related to selective pressure through

use of antimicrobials. This suggests that reducing antibi-
otic use will bring down resistance. However,
unfortunately, it is difficult to reduce antibiotic use in
hospitals and it does not always prove efficient [1, 2].
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Furthermore, in 2003, a Cochrane systematic review of
interventions to improve antibiotic prescribing concluded
that there is limited evidence of sustained improvement in
antibiotic use over time. The reason for this is a funda-
mentally flawed methodology [3]. This is especially a
problem with multidrug-resistant pathogens, including
Enterobacteriaceae producing extended spectrum beta-
lactamases (ESBL).

During the past two decades, broad spectrum cepha-
losporins have been used worldwide and ESBL positive
strains have emerged since the initial description of ESBL
production by K. pneumoniae isolates in Germany in 1983
[4]. Generally, seriously ill patients with prolonged hos-
pital stay and invasive devices are at risk for the
acquisition of ESBL-producing pathogens [5]. Heavy
antibiotic use is also a well known risk factor and several
studies have found a positive relationship between third-
generation cephalosporin (3GC) use and the acquisition of
ESBL-producing organisms [6, 7]. Rahal et al. [8] showed
that restriction of cephalosporins was able to control
cephalosporin resistance in nosocomial Klebsiella. How-
ever, this was followed by an increase in the rate of
imipenem resistant P. aeruginosa. This effect, known as
‘squeezing the balloon’, underscores the problems of
systematic drug class restriction, because it may lead to
the emergence of other class resistance patterns.

With respect to all of these problems, the purpose of
this study was to test whether reduction of third-genera-
tion cephalosporin use has a sustainable positive impact
on the high endemic prevalence of third-generation
cephalosporin resistant K. pneumoniae and E. coli in a
surgical intensive care unit (ICU). This should be done by
using a segmented regression analysis as recommended
by the Cochrane review and by looking at the ecology of
the ICU, i.e., the changes in overall antibiotic use and in
other Gram-positive and Gram-negative bacteria [3].

Methods

Setting

The surgical ICU monitored is a 16-bed unit in an 861 bed
teaching hospital in Germany. In 2004, 54.3% of the
patients on the ward had undergone visceral surgery,
24.3% had undergone trauma, 8.2% urological and 5.2%
gynaecological surgery, and 7.9% were medical patients.
Visceral surgery is mainly conducted for secondary
peritonitis and pancreatitis, while trauma surgery focuses
on acute trauma care and on surgery of the spine. In 2004,
the mean APACHE II score was 15; however, it was not
collected beyond that year. The nurse/patient ratio is 1:3.
The patients are cared for by three physicians in the
morning, by two in the afternoon and by one at night. The
mean length of stay was 6.3 days.

76% of the physicians are anaesthetists. A senior
physician is always present during the morning shift.

Patients are screened for MRSA (nose and groin
swabs) if they have had contact with other MRSA
patients, have chronic devices in place, chronic wounds,
have undergone antibiotic therapy longer than three days,
or if they have been transferred from another hospital,
ICU, nursing home or from abroad. In ventilated patients,
tracheal secretion is screened twice weekly. Otherwise,
microbiology samples are taken whenever infection is
suspected. In addition to the contact precautions applied,
all patients with MRSA, VRE and ESBL are isolated in
single rooms. Regular training in infection control takes
place once or twice a year.

The ICU joined the Krankenhaus Infektions Surveil-
lance System (KISS) in 1997 and SARI (Surveillance of
Antibiotic Use and Resistance in ICUs) in 2002. The motive
behind the decision to revise the antimicrobial guidelines
was an increase in 3GC resistance in K. pneumoniae and an
outlier status compared to other ICUs participating in
SARI. In 2003, the (pooled) mean resistance proportion
(RP) in SARI-ICUs was 2.4%, whereas in the study ICU it
was as high as 29.0%. In 2003, the (pooled) mean in SARI-
ICUs for 3GC resistant E. coli, was 1.8% compared with
6.7% in the study ICU. Furthermore, 3GC use in the study
ICU was 191 DDD/1,000 pd, whereas consumption was
below 138 DDD/1,000 pd in 75% of the other SARI-ICUs.
Total antibiotic use averaged that of other SARI-ICUs (the
pooled mean was 1,346 DDD/1,000 pd in 2003).

Intervention

In June 2004, clinical practice and the written guidelines
on empiric antibiotic treatment in the ICU were revised
based on the local resistance situation and were then put
into effect in July 2004. The changes in empiric therapy
were initiated by the microbiology department, which is
also accountable for infection control. Education sessions
on antibiotic guidelines were held in the departments of
surgery and of anaesthesiology. Implementation of the
guidelines in the ICU was incumbent on a team of
intensive care specialists responsible for the ward in
question and the responsible microbiologists. Implemen-
tation had the support of the heads of both departments.

Prior to the intervention, the ICU under study used
3GCs in combination with metronidazole for first-line
empiric therapy of peritonitis originating from the lower
gastrointestinal tract. Furthermore, 3GCs were used for the
treatment of nosocomial pneumonia or urinary tract
infections if pathogens tested susceptible. Ampicillin with
b-lactamase inhibitor was administered for 5–7 days as
infection prophylaxis for open fractures. The revision of
the guidelines focused on reducing 3GC use—a known risk
factor for the acquisition of ESBL positive Enterobacteri-
aceae. After initiation of the intervention in July 2004,
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empiric standard therapy for peritonitis and other intraab-
ominal infections was switched from 3GCs to piperacillin
in combination with a b-lactamase-inhibitor. Moreover,
the duration of antibiotic therapy for open fractures was
shortened to single shot pre-operative prophylaxis.

Data collection

Every month data on antimicrobial usage were obtained
from the computerised pharmacy database from January
2002 through December 2006 within the framework of
project SARI (Surveillance of antimicrobial use and
antimicrobial resistance in Intensive Care Units).

Monthly resistance data, including all clinical and
surveillance isolates were collected from the microbiol-
ogy laboratory. The data were specified as resistant by the
clinical laboratory using interpretive criteria recom-
mended by the Clinical and Laboratory Standards
Institute (CLSI). Copy strains—defined as an isolate of
the same species showing the same susceptibility pattern
throughout the period of 1 month in the same patient,
irrespective of the site of isolation—were excluded.

Data analysis

Consumption, i.e., antimicrobial usage density (AD) was
expressed as daily defined doses (DDD) and normalised
per 1,000 patient-days. One DDD is the standard adult
daily dose of an antimicrobial agent for a one day’s
treatment defined by the WHO (ATC/DDD index 2006,
http://www.whocc.no). Total antibiotic use was calculated
without sulbactam.

The proportion of resistant isolates (RP) is calculated
by dividing the number of resistant isolates by the total
number of the isolates of this species tested against this
antibiotic multiplied by 100. The resistance densities
(RD) are expressed as the number of resistant isolates of a
species per 1,000 patient days.

We used segmented regression analysis of interrupted
time series to assess the changes in antibiotic use before
and after implementation of the revised guidelines.

Segmented regression analysis of interrupted time
series is a robust modelling technique that allows the
analyst to estimate dynamic changes in various outcomes.

Level and slope are the two parameters which define
each segment of a time series. The level is the value of the
series at the beginning of a given time interval, the slope
is the change of the measure during a time step (e.g. a
month). An abrupt intervention effect constitutes a drop
or jump in the level of the outcome after the intervention.
A change in slope is defined by an increase or decrease in
the slope of the time step after the intervention, as com-
pared with the time step preceding the intervention. It
represents a gradual change of the outcome parameter

during a time step. The method is described in greater
detail by Wagner et al. and Ansari et al. [9, 10].

For the statistical analysis of monthly antibiotic con-
sumption, we looked at the 30 months before and
30 months after the intervention. Dependent variables
were tested for normal distribution by Kolmogorov–
Smirnov test or by Shapiro–Wilks test and for autocor-
relation by Durbin–Watson test. The R2 statistic was
calculated as a measure to evaluate the goodness of the fit
of the final segmented regression model to the data.

The full segmented regression model included the
baseline level, the slope before intervention, change in
level (at the moment of intervention) and change in slope
after intervention. Therefore, non-significant variables
were removed stepwise backward. The p-value to remove
a variable was 0.10 and was 0.05 to enter a variable into
the model. All antibiotic groups with an AD [ 30 DDD/
1,000 pd were considered in the regression analysis.

We analysed resistance data before and after the
intervention by Fisher’s exact test. We did not use a linear
model like segmented regression analysis because line-
arity could not be assumed. The following resistance
parameters were analysed: 3GC resistant K. pneumoniae
and E. coli, piperacillin resistant K. pneumoniae and E.
coli, and P. aeruginosa and ampicillin-sulbactam resistant
K. pneumoniae and E. coli.

The significance level was P \ 0.05 for all tests and
all analyses were performed using EpiInfo 6.04 and SAS
9.1; SAS Institute Inc, Cary, NC, USA.

Results

The characteristics of the ICU are shown in Table 1. The
number of patients decreased over the 5-year period, as
did the mean duration of ventilation. However, the per-
centage of ventilated patients increased, indicating that
more patients were ventilated for a shorter period of time.

Antibiotic use

Segmented regression analysis showed that the interven-
tion was associated with a significant and sustainable
decrease in the use 3GCs of -110.2 DDD/1,000 pd, with
a 95% confidence interval (CI95) (-140.0; -80.4), i.e.,
from 178.9 (CI95 157.8; 200.0) before to 68.7 DDD/1,000
pd after the intervention (Fig. 1; Table 2). R2 was 0.468.
Furthermore, there was a significant reduction in the
use of ampicillins (-167.4 DDD/1,000 pd, CI95 -223.8;
-110.9, R2 = 0.378) and in the use of imidazoles (-94.5
DDD/1,000 pd, CI95 -121.2; -67.7, R2 = 0.463). The
intervention resulted in a mean estimated reduction
in total antibiotic use of -375.0 DDD/1,000 pd (CI95
-523.3; -226.7, R2 = 0.306), which equates to a 27%
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reduction. Total antibiotic use showed no significant
month to month change (slope) before and after the
intervention. In contrast, the use of aminoglycosides
decreased steadily before and after the intervention (slope
-1.4 DDD/1,000 pd per month, CI95 -1.8; -1.0,
R2 = 0.430). Piperacillin and piperacillin/tazobactam
showed a significant increase in level of 64.4 DDD/1,000
pd (CI95 38.5; 90.3) and continued to increase by 2.3
DDD/1,000 pd (CI95 1.0; 3.6) per month after the inter-
vention (R2 = 0.745).

Resistance

The post-intervention period was not associated with
a significant change in the resistance densities of

K. pneumoniae and E. coli resistant to 3GC (Table 3;
Fig. 2). Quite the contrary, reduced use of 3GCs and the
switch to piperacillin led to an increase in the RD of
piperacillin resistant E. coli; also, to a decrease in P.
aeruginosa resistant to piperacillin (Table 3; Fig. 2).

In the post-intervention period, the RD of ampicillin/
sulbactam resistant E. coli was significantly higher than in
the pre-intervention period although the use of ampicillin
and ampicillin/sulbactam had been reduced significantly.

Discussion

In this study, we analysed two questions. Firstly, whether
there is a causal relationship between the use of 3GCs,
and, correspondingly, resistance in E. coli and K. pneu-
moniae, and secondly, whether our intervention really
was sustainable. This was done with a quasi-experimental
study design by using interrupted time series analysis.
Many studies conducted before and around the year 2000
found such an association: they replaced or decreased
broad spectrum cephalosporins and found a reduction in
resistance rates or in the incidence of infections with
cephalosporin resistant/ESBL producing pathogens [11–
15]. Rahel et al. [8] found that an 80% reduction in
hospital-wide cephalosporin use over a period of 2 years
(1994/1995) resulted in a 44% reduction of ceftazidime
resistant Klebsiella in the hospital and an 88% reduction
in the surgical ICU.

The second question can be answered in the affirma-
tive, because after the intervention 61% fewer 3GCs were
administered and use remained at this low level for the
following 30 months. As a side effect of this revision
process, antibiotic prophylaxis was changed to a single
shot prophylaxis for open fractures. However, the switch

Table 1 Characteristics of the ICU

Parameter 2002 2003 2004 2005 2006 Total

Number of patients (n) 813 779 747 706 713 3,758
Mean age (years) 64.7 65.5 66.2 66.1 66.6 NA
Number of patient days (pd) 4,873 4,845 4,762 4,722 4,503 23,705
Length of stay of all patients (days) 6.0 6.2 6.4 6.7 6.3 6.3
Ventilation episodes/1,000 pd 102 98 108 109 109 105
Ventilation episodes/100 patients (%) 61 61 69 72 69 NA
Mean duration of ventilation (days) 5.77 6.47 4.08 3.88 3.35 NA
Number of material sent to laboratory per pd 0.8 1.1 0.9 0.7 0.6 0.8
Device associated infection rates (KISS datab)
Urinary catheter associated urinary tract infection 6.01 5.52 5.89 10.91 8.16 6.99
Central venous catheter associated blood stream infection 2.22 1.63 1.71 2.2 0.3 1.58
Ventilator associated pneumoniaa 5.64 3.19 3.13 4.57 1.23 3.71

Device associated infection rates are calculated by putting the
number of device-associated nosocomial infections in relation to
1,000 device days
NA not available
a Definition for nosocomial pneumonia changed in 2005

b KISS Krankenhaus (hospital) Infection Surveillance System, data
from 8-11/2005 are missing
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from a combination therapy using 3GCs and metronida-
zole to piperacillin with a b-lactamase-inhibitor did not
lead to a reduction in the burden of 3GC resistant E. coli
and K. pneumoniae, but rather to an increase in the burden
of piperacillin resistant E. coli. We concentrated on the
burden of resistance, i.e., the resistant pathogens/1,000
patient days, because this parameter might better reflect
the economic and ecologic burden in the ICU [16, 17].

There are several possible reasons why reducing
antibiotics was not found to have a positive effect.

Firstly, it might be hypothesized that piperacillin with
a b-lactamase-inhibitor in itself can induce or select for
ESBL production. Piperacillin-tazobactam is believed
only to be effective against ESBL-producing bacteria
when the inoculum is low and, like other b-lactam anti-
biotics, may therefore contribute to a selection advantage
for those pathogens [18, 19]. This is supported by other
studies, e.g., a study by Toltzis et al.: RD of cefazidime-
resistant organisms doubled in a paediatric ICU
throughout the course of the study, although ceftazidime
use was reduced by 96% and replaced by piperacillin
[20]. Another comprehensive study, in which 5,209 ICU-
patients were screened on admission, showed that piper-
acillin-tazobactam exposure was associated with ESBL-
colonisation, whereas 3GCs were not [21]. However,
there is evidence that replacement of 3GCs with pipera-
cillin/tazobactam had a positive impact on the resistance
of ESBL positive pathogens [11, 15].

Secondly, if 3GC resistant E. coli and K. pneumoniae
have already been imported into the ICU either from the
community or from other hospital wards then an alteration
in antibiotic management will fail to influence the resis-
tance situation in the ICU.

The increase in 3GC resistant E. coli in the ICU runs
parallel to the hospital-wide increase and to that in Ger-
man SARI-ICUs (mean RD increased from 0.1 in 2001 to
0.8 in 2006). Furthermore, the epidemiology of ESBLs
has changed dramatically. Until recently, most infections
caused by ESBL- producing bacteria have mostly been
described as nosocomially acquired, often in specialist
units. The enzyme variants found were mostly TEM or
SHV. Now the CTX-M enzymes have replaced the
mutants. Infections due to ESBL producers are now
increasingly being found in non-hospitalised patients and
the mode of transmission is not exactly clear [22–24].
Livermore concludes that at present ‘‘the opportunities for
control (ESBLs) are disturbingly small’’ [22].

Thirdly, if there is an endemic level of 3GC resistant
enterobacteriaceae, transmission of these pathogens from
patient to patient can contribute to this level and can even
cause outbreaks. Because peaks of E. coli and K. pneu-
moniae run parallel in our ICU, this cannot be excluded.
Fourthly, other intervention studies only surveyed 9–
12 months after the intervention, and mostly compared
the means of resistance proportions [8, 12, 14]. Fifthly,
the mean duration of ICU stay was 6.3 days. It might be

Table 3 Resistance proportions (RP, %) and resistance densities (RD, resistant pathogens/1,000 patient days) 30 months prior to (1/
2002–6/2004) and 30 months after (7/04–12/06) the intervention

Before intervention After intervention Relative risk (CI95)

1/02-6/04 (30 months) 7/04-12/06 (30 months) 1/02-6/04 vs. 7/04-12/06

Resistance proportion (RP) Tested RP Tested RP P value

3GC res. ECO (%) 227 5.7 308 6.2 1.08 (0.54–2.14) 0.856
3GC res. KLE (%)a 99 33.3 118 21.2 0.64 (0.41–0.99) 0.047
3GC res. PAE (%) 203 9.4 126 7.9 0.85 (0.41–1.76) 0.695
Ampi/Sulb res. ECO (%)a 227 27.3 308 36.7 1.34 (1.04–1.74) 0.025
Ampi/Sulb res. KLE (%)a 99 45.5 118 32.2 0.71 (0.50–0.99) 0.051
Pip res. ECO (%) 227 32.2 308 32.8 1.02 (0.80–1.31) 0.926
Pip res. KLE (%)a 99 54.6 118 31.4 0.57 (0.42–0.79) \0.001
Pip res. PAE (%) 203 14.8 127 10.2 0.69 (0.38–1.28) 0.246

Resistance densities (RD) Resistant RD Resistant RD

3GC res. ECO/1,000 pd 13 1.1 19 1.6 1.52 (0.75–3.09) 0.289
3GC res. KLE/1,000 pd 33 2.7 25 2.1 0.79 (0.47–1.33) 0.431
3GC res. PAE/1,000 pd 19 1.6 10 0.9 0.55 (0.26–1.18) 0.139
Ampi/Sulb res. ECO/1,000 pda 62 5.1 113 9.4 1.90 (1.39–2.59) \0.001
Ampi/Sulb res. KLE/1,000 pd 45 3.7 38 3.2 0.88 (0.57–1.36) 0.585
Pip res. ECO/1,000 pda 73 6.1 101 8.4 1.44 (1.07–1.95) 0.019
Pip res. KLE/1,000 pd 54 4.5 37 3.1 0.71 (0.47–1.09) 0.117
Pip res. PAE/1,000 pda 30 2.5 13 1.1 0.45 (0.24–0.87) 0.015

Tested: number tested isolates, resistant: number resistant isolates,
3GC third generation cephalosporin, Ampi/Sulb ampicillin/sulbac-
tam, Pip piperacillin, ECO E. coli, KLE K. pneumoniae, PAE: P.

aeruginosa, P value: two-tailed Fisher’s exact test for resistance
proportions, incidence density test exact for incidence densities
a Significant difference before/after intervention
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that the restriction of antibiotics was not reflected in the
ICU but on wards to which the patients were transferred.
Sixthly, though lower, at 1,000 DDD/1,000 pd, antimi-
crobial pressure was still substantial and ESBL-
containing gram-negative bacteria may have been selec-
ted by exposure to other antimicrobials such as
fluoroquinolones or trimethoprim- sulfamethoxazole.
Lastly, it can be hypothesized that antimicrobial controls
may be more effective for bacteria with resistance
mechanisms that are due to chromosomal mutation or
derepression than for bacteria containing antimicrobial-
resistance plasmids.

The limitations of the study must be considered. No
admission screening programme was in place except for
patients at risk for MRSA. Therefore, it is impossible to
estimate the import and the nosocomial acquisition of
resistant pathogens. Only one third of all 3GC resistant
E. coli and K. pneumoniae were genotyped (data not
presented) and genotyping was restricted to the species
level and did not look for resistance genes. This
excludes the possibility to make a statement on whether
transmissions occurred because of infection control
failures. Furthermore, due to the lack of genotyping it

remains unclear whether CTX-M really were the pre-
dominant enzymes. No data on co-resistance are
reported in SARI and we cannot therefore state whether
for instance fluoroquinolone resistance (fluoroquinolone
use did not change) had an influence on 3GC resistant E.
coli. The frequency of obtaining cultures might have had
an impact on the results as the study had no culture
protocol. However, the policy for taking cultures did not
change. Copy strains were defined as an isolate of the
same species showing the same susceptibility pattern
throughout the period of one month in the same patient.
It cannot be excluded that very few isolates were
counted twice if the ICU stay was longer than one
month. This might have affected RDs.

Nevertheless, to our knowledge, there is no study
which analyses the impact of reducing the use of 3GCs on
the resistance of E. coli and K. pneumoniae for as long as
30 months after intervention. The intervention was suc-
cessful in that it achieved a 30% reduction in total
antibiotic use, but did not result in an improvement of the
resistance situation.

We conclude that concentrating on reducing 3GCs
does not necessarily have a positive impact on the
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Fig. 2 Observed resistance densities of E. coli and K. pneumoniae
resistant to third generation cephalosporins (3GC) and of E. coli
and P. aeruginosa resistant to piperacillin 10 quarters before and 10
quarters after the intervention, 2002–2006 (solid black line). The

black vertical line indicates the date of the intervention in June
2004, pd patient days, CI95 95% Poisson confidence intervals
(dashed line)
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resistance situation in the ICU setting. Likewise,
replacement of 3GCs with piperacillin with b-lactamase
inhibitor might provide a selection pressure on 3GC
resistant E. coli and K. pneumoniae. This might not have
been the case if carbapenems had been chosen. There may
be a need to reduce total antibiotic use much further than
to 1,000 DDD/1,000 pd, since reducing use to one anti-
biotic dose per patient per day may not have been enough
to impact positively on the reduction of antimicrobial
resistance.

Several other factors influence 3GC resistance in
gram-negative bacteria, the most important being the
changed epidemiology of ESBLs and import into the
hospital and the ICU. Furthermore, infection control
management, the purpose of which is to prevent person to
person spread of plasmid mediated resistance, may trump
antimicrobial stewardship and widespread use of antibi-
otics in the community and the environment.

Thus, to improve the resistance situation it might not
be sufficient to simply restrict interventions to a risk area;

rather, the whole hospital should be included and even the
community. In dealing with the problem of resistance,
society as a whole needs to recognize the fact that
effective antibiotics are a valuable natural resource.
Sustained effectiveness can only be achieved with greater
social awareness of the problem, in addition to improving
the education and training of physicians and setting up
networks that addressing both resistance and antibiotic
use.
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