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Abstract

Objective

To compare the effect of two strategies of antibiotic use (mixing vs. cycling) on the acquisi-
tion of resistant microorganisms, infections and other clinical outcomes.

Methods

Prospective cohort study in an 8-bed intensive care unit during 35- months in which a mix-
ing-cycling policy of antipseudomonal beta-lactams (meropenem, ceftazidime/piperacillin-
tazobactam) and fluoroquinolones was operative. Nasopharyngeal and rectal swabs and
respiratory secretions were obtained within 48h of admission and thrice weekly thereafter.
Target microorganisms included methicillin-resistant S. aureus, vancomycin-resistant
enterococci, third-generation cephalosporin-resistant Enterobacteriaceae and non-
fermenters.

Results

A total of 409 (42%) patients were included in mixing and 560 (58%) in cycling. Exposure
to ceftazidime/piperacillin-tazobactam and fluoroquinolones was significantly higher in
mixing while exposure to meropenem was higher in cycling, although overall use of

PLOS ONE | DOI:10.1371/journal.pone.0150274 March 16,2016

1/14


http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0150274&domain=pdf
http://creativecommons.org/licenses/by/4.0/

@’PLOS ‘ ONE

Mixing vs Cycling Strategies in the ICU

antipseudomonals was not significantly different (37.5/100 patient-days vs. 38.1/100
patient-days). There was a barely higher acquisition rate of microorganisms during mix-
ing, but this difference lost its significance when the cases due to an exogenous Burkhol-
deria cepacia outbreak were excluded (19.3% vs. 15.4%, OR 0.8, Cl 0.5-1.1). Acquisition
of Pseudomonas aeruginosa resistant to the intervention antibiotics or with multiple-drug
resistance was similar. There were no significant differences between mixing and cycling
in the proportion of patients acquiring any infection (16.6% vs. 14.5%, OR 0.9, Cl1 0.6—
1.2), any infection due to target microorganisms (5.9% vs. 5.2%, OR 0.9, Cl 0.5-1.5),
length of stay (median 5 d for both groups) or mortality (13.9 vs. 14.3%, OR 1.03, ClI
0.7-1.3).

Conclusions

A cycling strategy of antibiotic use with a 6-week cycle duration is similar to mixing in terms
of acquisition of resistant microorganisms, infections, length of stay and mortality.

Introduction

Prevalence of resistance is causally linked to the prevalence of antibiotic use, hence curtailing
the use of antibiotics will lower the rate of resistance and changes in response to restrictive poli-
cies are expected to occur over the span of weeks in the hospital setting [1-5]. In order to
decrease the prevalence of use of any given antibiotic over a defined period of time, two non-
mutually exclusive general approaches can be pursued: to diminish the number of indications
and/or to shorten the duration of administration or to promote heterogeneity of use.

Several interventions directed to increase heterogeneity of antibiotic use have been envis-
aged. One of them, so-called cycling or rotation, consists of the sequential use of antibiotics not
sharing a common mechanism of resistance. Alternatively, all available antibiotics can be used
concurrently in different patients, a strategy so-called mixing [6-8]. Cycling promotes diversi-
fication of use when the whole period encompassed by the different cycles is considered, while
mixing would theoretically provide heterogeneity in a constant manner. Other ways of achiev-
ing diversification are what has been denominated as “dual cycling” (meaning that in each
period different antibiotics are given depending on the type of infection, hence some mixing of
two drugs is guaranteed within the periods) [9,10] and the strategy named “periodic antibiotic
monitoring and supervision (PAMS)” [11]. In PAMS, a set of several antibiotics is selected for
intervention and each component is either promoted, restricted or left off-supervision during a
scheduled period of time (usually three months) according to their frequency of use and/or the
prevalence of resistance of an indicating microorganism (e.g. P. aeruginosa) observed during
the preceding term.

Although there is enough evidence that homogeneous use of a single antibiotic class will
lead to a rapid increase of resistance in ICUs, there is not a definitive answer to the question of
which diversification strategy would be the best. In regards to cycling, there is still concern
about the possibility that it could, under some conditions such as an excessive duration of the
periods of predominant use of an antimicrobial class, actually increase resistance [9,12,13]. On
the other hand, direct comparisons among different diversification strategies are scarce and
only two prior studies have specifically addressed the issue of comparing cycling versus mixing
[12,14] in the ICU setting with contradictory results.
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The decision for implementing a policy of alternating mixing-cycling periods of antibiotic
use on a regular basis in a medical intensive care unit in our center gave us the opportunity to
evaluate the relative benefits of these two strategies of antibiotic diversification in terms of
acquisition of resistant microorganisms, infections due to these and other clinical outcomes.
The present study is an analysis of the data gathered during the first three years of implementa-
tion of such policy.

Materials and Methods
Study Population

From February 2006 to December 2008, all patients admitted to an eight-bed adult medical
ICU of a 700-bed university hospital were prospectively included in the study. The study unit
has two individual rooms and a central space with six cubicles, and it is the reference unit for
critically ill medical patients from Internal Medicine, Hematology, Oncology and Infectious
Diseases wards.

After a previous pilot experience [14], the director of the study unit decided to implement a
mixing-cycling strategy of antibiotic use on a regular basis. In order to evaluate such policy, a
prospective study of systematic screening for the detection of resistant or potentially resistant
microorganisms was carried out during the first three years of implementation and a post-hoc
analysis was performed. The study protocol was approved by the Research Ethics Committee
of the Hospital Clinic of Barcelona, which waived the requirement of informed consent
(approval reference number 2616).

Microbiological procedures

Swabbing of nares, pharynx and rectum, and respiratory secretions (tracheobronchial aspirate,
bronchoscopic samples or sputum) were obtained within 48 hours of admission and thrice
weekly thereafter during the first two months of ICU stay or until being discharged or death,
whatever happened first. Other clinical samples were obtained as deemed necessary by the
attending physician. Samples were cultured in conventional and selective agar media for the
isolation of extended spectrum beta-lactamase producing Enterobacteriaceae, non-fermenta-
tive Gram-negative bacilli, methicillin-resistant Staphylococcus aureus and vancomycin-resis-
tant enterococci. No environmental cultures were taken. Susceptibility testing was done by a
microdilution technique according to the CLSI guidelines [15]. For the purpose of analysis,
intermediate susceptibility was considered as resistance.

Clinical variables

Demographics, clinical variables, severity scores (APACHE II and SOFA) on admission and

exposures during ICU stay were prospectively collected from all admitted patients as previously
described [14].

Antibiotic use

For the duration of the study, a policy of consecutive mixing-cycling periods of three classes of
antipseudomonal agents (meropenem, ceftazidime/piperacillin-tazobactam and ciprofloxacin/
levofloxacin) was implemented in the study unit. Each mixing period lasted 4.5 months. Dur-
ing mixing, a different antipseudomonal class was prescribed to each consecutive patient.
Cycling periods were intended to be composed of three consecutive 6-week intervals in which a
different antibiotic class was preferentially administered. However, due to administrative rea-
sons, the unit was closed for one month after the first 6-week interval of two of the cycling
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periods. Therefore, the team decided to do an entire 4.5-month period of cycling after the

unit was reopened. For the purpose of the analysis the 6-week pre-closing interval plus the
4.5-months after-reopening were considered as a whole cycling period. The order of the class
of antibiotic was chosen at random at the beginning of each cycling period. Wash-out periods
were not performed either between cycling intervals or mixing and cycling periods. The deci-
sion to provide antipseudomonal coverage was made by the attending physician based on clini-
cal judgment. To administer combination treatment with a beta-lactam and a fluoroquinolone
or aminoglycoside was also a decision of the attending physician and, based on current proto-
cols, it was only encouraged for patients with severe sepsis. Amikacin in a once-daily dose was
the aminoglycoside favored for antipseudomonal coverage combination, but its administration
as monotherapy or for >5 days was discouraged.

Definitions

Resistant or potentially resistant microorganisms (RPRMs): methicillin-resistant Staphylo-
coccus aureus (MRSA), vancomycin-resistant enterococci (VRE), enteric Gram-negative bacilli
resistant to third-generation cephalosporins (cefotaxime, ceftazidime or both), and non-fer-
mentative Gram-negative bacilli (Pseudomonas aeruginosa, Burkholderia cepacia, Stenotropho-
monas maltophilia, Pseudomonas spp and Acinetobacter baumannii). Multidrug resistant
(MDR) P. aeruginosa: P. aeruginosa non-susceptible to at least one agent in three or more
antimicrobial categories as described elsewhere [16]. Colonization was defined as the isolation
of a RPRM from a surveillance culture or non-sterile clinical sample. Patients with a RPRM iso-
lated within 48 hours of ICU admission were considered to be colonized on admission. Organ-
isms isolated 48 hours after admission in patients with previous negative specimens were
considered as ICU-acquired. Infection was considered the reason for admission when the
organic failure leading to critical care was meant to be a direct consequence of either the dys-
function of the infected organ or sepsis. Septic shock was defined according to the SCCM/
ESICM/ACCP/ATS/SIS consensus conference [17]. ICU-acquired sepsis was defined as sepsis
occurring more than 48 hours after admission to the ICU. Catheter-related bacteremia was
defined according to IDSA guidelines [18]. The diagnosis of pneumonia required the presence
of new and/or progressive infiltrates in chest radiograph, and at least two of the following crite-
ria: fever >38°C or hypothermia <35°C, leukocytosis >12000/uL or leucopenia <4000/pL, or
purulent respiratory secretions. When the patient was invasively ventilated for more than 48 h,
pneumonia was considered ventilator-associated pneumonia (VAP) [19]. Patients without
radiological criteria of pneumonia but fulfilling the above-mentioned clinical criteria were con-
sidered to have tracheobronchitis. Other infections were diagnosed according to the CDC crite-
ria [20]. Exposure to antibiotics meant at least 24 hours of treatment.

Epidemiological variables

Results of surveillance cultures were communicated to the attending physician either when
they yielded a microorganism requiring contact precautions according to current isolation
practices in the hospital (MRSA,VRE, enteric gram-negative bacilli producing extended-spec-
trum beta-lactamases, P. aeruginosa resistant to at least three classes of antipseudomonal
agents considering ceftazidime and piperacillin-tazobactam or ciprofloxacin and levofloxacin
as single classes) or an outbreak was suspected. Contact precautions implied the transfer to an
individual room when available and, in any case, the wearing of disposable gowns and gloves
when entering the cubicle or room. Patients with prior MRSA, multiple resistant gram-negative
bacilli and VRE were automatically identified by an electronic tag on admission. Preventive iso-
lation based on risk factors was not performed. Hand hygiene was primarily based in alcohol-
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hand rubs. Decolonization with mupirocin was only carried out in patients with MRSA present
exclusively in nares. Clorhexidine was used for oral hygiene but not for body bathing. Selective
decontamination of the digestive tract or any additional practice such as the use of extraordi-
nary prophylactic antibiotics (except as clinically recommended in neutropenic, cirrhotic or
HIV patients) was not performed during the study. There were no changes in isolation or hand
hygiene practices during the study period.

Statistical Analysis

This was a post-hoc analysis of clinical practice data without any statistical analysis plan
defined a priori. For the purposes of analysis, all patients included in the mixing periods were
compared against all those in the cycling periods. For continuous variables, means (standard
deviation, SD) were used as measures of central tendency (dispersion). Denominators in pro-
portions were always “number of patients”. Antibiotic use was expressed as the percentage of
patients exposed to a given antibiotic and also as the density incidence of antibiotic use (the
number of days on a given antibiotic per 100 patient-days of ICU stay for the considered
period). Proportions were compared by using the % or Fisher’s exact test, if more than 20% of
the expected counts were <5 or at least one individual expected count were <1. Continuous
variables were compared by using the t-test or Mann-Whitney test in case of normality
assumption violation. Acquisition of any RPRM, acquisition of any infection due to RPRM
and acquisition of any infection were considered as outcome variables. In order to analyze the
factors influencing each outcome, a random effects logistic regression model was first esti-
mated defining individual observations as the lower level nested within the upper level defined
as the mixing/cycling groups. The intraclass correlation coefficient was tested against zero
using the likelihood ratio test and due to the fact that no statistical significance was reached
for any of the outcomes, logistic regression with only individual level variation was used. Fac-
tors evaluated in the multiple regression were chosen using clinical judgment and statistical
criteria (simple regression p-value<0.05). Predictors in the multiple final model were selected
using a backward stepwise process. Analyses were done by using SPSS 20.0 version statistical
package or Stata (StataCorp. 2013. Stata: Release 13. Statistical Software. College Station, TX:
StataCorp LP).

Results
Patients’ characteristics and clinical events

During the 35-month study period, 969 patients were admitted to the unit, of which 409 (42%)
were included in three mixing periods and 560 (58%) in three cycling periods. Patients’ charac-
teristics at ICU admission during the corresponding mixing and cycling periods are shown in
Table 1. Patients in the cycling periods had more frequently previous surgery, urinary tract
infection, catheter related bacteremia, shock and a higher APACHE and SOFA scores. There
were no differences in length of stay or mortality. Non-antibiotic exposures during ICU stay
are shown in Table 2. More patients in the mixing periods received enteral nutrition while
more patients during cycling underwent surgery.

Antibiotic use

An antibiotic was prescribed to 811 (83.6%) patients of which 613 (63.3%) received an anti-
pseudomonal agent. The proportion of patients receiving antibiotics is shown in Table 2 and
the density incidence of use of the intervention antipseudomonals is shown in Table 3. During
mixing, a higher proportion of patients received fluoroquinolones, ceftazidime and other
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Table 1. Patients’ characteristics on admission and outcomes in each period.

Characteristics

Age >60 years old
Pre-ICU stay >3 days

Underlying diseases and other conditions

Solid organ cancer
Hematological malignancy
HSCT

Heart failure

Surgery prior ICU admission
Prior antibiotic (< 1 month)
Shock on admission
Reason for admission
Respiratory disease
Postsurgical

Prevalent infections on admission

Pneumonia

Primary bacteremia

Urinary tract infection
Catheter related bacteremia

Microorganisms on admission?®

P. aeruginosa

B. cepacia

S. maltophilia

A.baumanii

Pseudomonas spp

Klebsiella resistant to 3gCEF
E. coli resistant to 3gCEF
Other GNB resistant to 3gCEF
Methicillin-resistant S. aureus
Any RPRMs

Severity scores

APACHE Il score

SOFA score

Outcomes

Length of ICU stay

In-ICU mortality

In hospital mortality

ICU, Intensive Care Unit; HSCT, haematopoietic stem cell transplantation. GNB, Gram-negative bacilli. RPRMs, resistant or potentially resistant
microorganism. APACHE, Acute Physiology and Chronic Health Evaluation; SOFA, Sequential Organ Failure Assessment. 3gCEF, third generation

Mixing (n = 409)
240 (58.7)
85 (20.8)

49 (12)
45 (11)

15 (3.7)
24 (5.9)
76 (18.6)
112 (27.4)
57 (13.9)

19 (4.6)
33 (8.1)

127 (31.1)
6 (1.5)

11 (2.7)
1(0.2)

24 (5.9)
1(0.2)
2(0.5)
1(0.2)
1(0.2)
2(0.5)
15 (3.7)
5(1.2)
17 (4.2)
61 (14.9)

18.9 (6.4)
5.9 (3.9)

5 (3-9)
57 (13.9)
95 (23.2)

Cycling (n = 560)
298 (53.2)
135 (24.1)

51 (9.1)
82 (14.6)
31 (5.5)
44 (7.9)
143 (25.5)
172 (30.7)
106 (18.9)

15 (2.7)
66 (11.8)

143 (25.5)
13 (2.3)
32 (5.7)
11 (2)

48 (8.6)
1(0.2)
4(0.7)
3(0.5)
1(0.2)

9 (1.6)

27 (4.8)
15 (2.7)
14 (2.5)
107 (19.1)

20.1 (6.8)
6.7 (3.4)

5 (3-9)
80 (14.3)
129 (23)

OR (Cl 95%)
0.8 (0.6-1)
1.2 (0.9-1.7)

0.74 (0.5-1.1)
1.39 (0.9-2)
1.54 (0.8-2.9)
1.37 (0.8-2.3)
1.5 (1.1-2.1)
1.18 (0.9-1.6)
1.44 (1-2)

0.56 (0.3-1.1)
1.52 (1-2.4)

0.76 (0.6-1)
1.6 (0.6-4.2)
2.19 (1.1-4.4)
8.2 (1.1-63.6)

1.5 (0.9-2.5)
0.7 (0-11.7)
1.5 (0.3-8)
2.2 (0.2-21.2)
0.73 (0-11.7)
3.3 (0.7-15.5)
1.3 (0.7-2.5)
2.2 (0.8-6.2)
0.6 (0.3-1.2)
1.4 (1-1.9)

1.03 (0.7-1.5)
0.99 (0.7-1.3)

0.09
0.2

0.2
0.1
0.2
0.2
0.01
0.3
0.04

0.1
0.06

0.06
0.3

0.02
0.02

0.1
0.8
0.7
0.5
0.8
0.1
0.4
0.1
0.2
0.1

0.006
0.001

0.2
0.9
0.9

cephalosporins. Categorical variables are expressed as number of patients (%) and continuous variables as mean (standard deviation). Other variables

with a p-value >0.3 not shown include the following: male gender, neutropenia, solid organ transplantation, Human Immunodeficiency Virus infection, liver

cirrhosis, chronic obstructive pulmonary disease, hemodialysis, diabetes, prior corticosteroids and immunosuppressive therapy, admission within the
previous year and infection, cardiovascular, central nervous system and other diseases as reasons for admission.

&, Corresponds to the total number of acquired RPRMs ((colonization plus infection).

doi:10.1371/journal.pone.0150274.t001
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Table 2. Antibiotic and other exposures during ICU stay.

In-ICU exposures Mixing (n = 409) Cycling (n = 560) OR (Cl 95%) P
Non-antibiotic exposures

Intubation 247 (60.4) 307 (54.8) 0.8 (0.6-1) 0.1
Enteral nutrition 121 (29.6) 133 (23.8) 0.74 (0.6—1) 0.04
Tracheostomy 76 (18.6) 83 (14.8) 0.76 (0.5-1.1) 0.1
Surgery 25 (6.1) 64 (11.4) 1.98 (1.2-3.2) <0.001
Blood transfusion 115 (28.1) 189 (33.8) 1.3 (1-1.7) 0.06
Corticosteroids 219 (53.5) 273 (48.8) 0.83 (0.6—1.1) 0.1
Antibiotic exposures

Quinolone 159 (38.9) 157 (28) 0.61 (0.5-0.8) <0.001
Meropenem 118 (28.9) 185 (33) 1.22 (0.9-1.6) 0.2
Ceftazidime 58 (14.2) 45 (8) 0.53 (0.4-0.8) 0.002
Piperacilline-tazobactam 82 (20) 106 (18.9) 0.93 (0.7-1.3) 0.7
Amikacin 16 (3.9) 38 (6.8) 1.79 (1-3.3) 0.05
Colistin 5(1.2) 11 (2) 1.62 (0.6-4.7) 0.4
Other penicilins 111 (27.1) 115 (20.5) 0.69 (0.5-0.9) 0.02
Macrolide 3(0.7) 30 (5.4) 7.66 (2.3-25.3) <0.001
Linezolid 22 (5.4) 18 (3.2) 0.58 (0.3—1.1) 0.1
Any antibiotic 349 (85.3) 462 (82.5) 0.8 80.6-1.2) 0.2
Any antipseudomonal 263 (64.3) 350 (62.5) 0.93 (0.7-1.2) 0.6

ICU, Intensive Care Unit. Variables are expressed as number of patients (%). Other variables not included with p>0.2 are central venous catheter, arterial
catheter, bladder catheterization, parenteral nutrition, rectal tube, endoscopy, renal replacement therapy, other cephalosporins, glycopeptides,
clindamycin, metronidazole, trimethoprim-sulfamethoxazole, fluconazole, and other antifungals.

doi:10.1371/journal.pone.0150274.1002

penicillins (mostly amoxicillin-clavulanic acid), while during cycling, more patients received
amikacin and a macrolide. However, in terms of incidence density of use, exposure to ceftazi-
dime/piperacillin-tazobactam and fluoroquinolones was significantly higher during mixing
while exposure to meropenem was higher during cycling. Although there was a slight increase
in the density of use of any antipseudomonal during cycling (38.1/100 patient-days vs. 37.5/
100 patient-days), the difference did not reach statistical significance (p = 0.1).

Table 3. Aggregated incidence density of antibiotic use in the different periods.

Periods (no. of patients) Meropenem Quinolones Ceftazidime/Pip-taz
Mixing (409)? 24.7° 29.4° 25,54
Cycling (560) 29 21.5 20.3
Meropenem intervals (196) 48.1° 16.7 125
Quinolone intervals (171) 23.1 41.5° 16.3
Ceftazidime/Pip-taz intervals (193) 15.6 11.3 30.5°

Pip-taz, piperacillin-tazobactam.

a: p<0.001 compared with the incidence density of antibiotic use of the same antibiotic during cycling.

b vs. ¢c: p<0.0001;

cvs.d: p=0.001;

bvs.d:p=0.6.

e: p<0.0001 compared with other antibiotics within the period and with the same antibiotic between different cycling intervals.

doi:10.1371/journal.pone.0150274.1003
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The density of use of the antibiotics under intervention throughout the different mixing and
cycling periods is shown in S1 Fig. With some exceptions, antibiotics were used accordingly
with the intended strategy (Table 3). During mixing periods, the density of use of meropenem
and piperacillin-tazobactam was similar; however, quinolones were more heavily used than
any of the other antipseudomonal classes. During cycling, as a whole, the scheduled agent was
the most frequently and densely used within the corresponding periods and its use was higher
than in the other intervals. During the corresponding cycle, meropenem, quinolones and cefta-
zidime/piperacillin-tazobactam were administered to 78% (range 73-82%), 76% (range 58—
86%) and 65% (range 46-81%), of patients receiving an antipseudomonal agent, respectively.
In addition, the incidence of use of the scheduled antibiotic was 1.8 to 2.8-fold higher than that
of the other antipseudomonals. The only exception occurred in the last cycling period where
ceftazidime/piperacillin-tazobactam did not increase during the scheduled interval (detailed
density of antibiotic use in the different periods is shown in S1 Table).

Microorganisms and infections acquired during ICU stay

During the study period, a total of 9961 surveillance samples were obtained and cultured, of
which 1689 were from the lower respiratory tract, 2783 from the pharynx, 2809 from the nares
and 2680 from the rectum. The mean number per included patient was 3.2 for nasal swabs,

3.1 for pharyngeal swabs, 3 for rectal swabs and 1.9 for respiratory samples (3.3 in intubated
patients).

The distribution of microorganisms and infections acquired in the ICU during mixing and
cycling periods is shown in Table 4. It is of note that during the first mixing period there was
an outbreak of B. cepacia affecting six patients (2 colonized and 4 infected) due to moisturizing
body milk contaminated during the manufacturing process. In regards to acquisition of
RPRMs, there was a significant increase in the prevalence of acquisition of B. cepacia during
mixing (entirely attributable to the above mentioned outbreak) and a non-significant trend
towards more S. maltophilia during cycling (unrelated to any recognizable outbreak). In gen-
eral, there was a significantly higher acquisition rate of RPRMs during mixing, but this differ-
ence lost its statistical significance when the excess cases due to the exogenous B. cepacia
outbreak were not taken into account. In regard to infections, a significantly higher proportion
of patients acquired pneumonia during mixing, although this excess rate was not due to
RPRMs. As a whole, the proportion of patients acquiring any infection in the ICU was not sig-
nificantly different between mixing and cycling.

In multivariate analysis, cycling or mixing periods were not associated with the acquisition
of any RPRM, infection due to RPRM or infection due to any microorganism in the ICU. Com-
plete models are shown in S2 Table.

P. aeruginosa resistance phenotypes in the different periods

The proportion of patients acquiring P. aeruginosa and its resistant phenotypes in the different
study periods is shown in Table 5. There were no differences between mixing and cycling in
regards to the prevalence of resistance to the different antipseudomonals or multiple drug resis-
tance (MDR). During the intervals of preferential antibiotic use, there was not a statistically sig-
nificant increase in the prevalence of resistance to the scheduled antibiotic compared with the
resistance to that antibiotic during the periods of non-preferential use. However, during mero-
penem intervals, there was a trend towards an increase in resistance to carbapenems (p = 0.07),
quinolones (p = 0.06), ceftazidime/piperacillin-tazobactam (p = 0.09) and MDR (p = 0.052)
when compared with the ceftazidime/piperacillin-tazobactam intervals. A similar trend
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Table 4. Microorganisms and infections acquired during ICU stay *®.

Microorganisms

P. aeruginosa acquisition

P. aeruginosa infection

B. cepacia acquisition®

B. cepacia infection®

S. maltophilia acquisition

S. maltophilia infection

A.baumanii acquisition

A.baumanii infection

Pseudomonas spp acquisition
Pseudomonas spp infection

Klebsiella 3gCEF resistant acquisition
Klebsiella 3gCEF resistant infection

E. coli 3gCEF resistant acquisition

E. coli 3gCEF resistant infection

Other GNB resistant to 3gCEF acquisition
Other GNB resistant to 3gCEF infection
Methicillin-resistant S. aureus acquisition
Methicillin-resistant S. aureus infection
Any RPRMs acquisition ©

Any RPRMs infection’

Infections

Tracheobronchitis

Tracheobronchitis due to RPRMs
Pneumonia®

Pneumonia due to RPRMs
Catheter-related bacteremia
Catheter-related bacteremia due to RPRMs
Primary bacteremia

Primary bacteremia due to RPRMs
Secondary bacteremia

Secondary bacteremia due to RPRMs
Urinary tract infection

Urinary tract infection due to RPRMs
Other infections

Other infections due to RPRMs

Any infection

Any infection due to RPRMs

Mixing (n = 409)

49 (12)
17 (4.2)
7(1.7)

4(1)
1(0.2)
0(0)
3(0.7)
0(0)
2(0.5)
0(0)
4(1)
0
12 (2.9)
2(0.5)
9(22)
0(0)
8(2)
1(0.2)

83 (20.3)

24 (5.9)

23 (5.6)
13 (3.2)
29 (7.1)
13 (3.2)
17 (4.2)
8(2)
12 (2.9)
4(1)
11 (2.7)
6(1.5
5(1.2
3(0.7
7017
1(0.2)
68 (16.6)
24 (5.9)

)
)
)
)

Cycling (n = 560) OR (CI 95%)
56 (10) 0.8 (0.5-1.2)
23 (4.1) 1(0.5-1.9)
1(0.2) 0.1 (0-0.8)
1(0.2) 0.2 (0-1.6)
9 (1.6) 6.7 (0.8-52.8)
6(1.1) 0.6 (0.6-0.61)
2(0.4) 0.5 (0.1-2.9)
1(0.2) 0.6 (0.55-0.61)
2(0.4) 0.7 (0.1-5.2)

1(0.2) 0.6 (0.55-0.6)
5(0.9) 0.9 (0.2-3.4)
0 o
15 (2.7) 0.9 (0.4-2)
0 (0) 0.4 (0.39-0.45)
11 (2) 0.9 (0.4-2.2)
1(0.2) 0.6 (0.55-0.6)
7(1.3) 0.6 (0.2-1.8)
1(0.2) 0.7 (0-11.7)
86 (15.4) 0.7 (0.5-1)
29 (5.2) 0.9 (0.5-1.5)
33 (5.9) 1.1 (0.6-1.8)
14 (2.5) 0.8 (0.4-1.7)
22 (3.9) 0.5 (0.3-0.9)
13 (2.3) 0.7 (0.3-1.6)
21(3.8) 0.9 (0.5-1.7)
7(1.2) 0.6 (0.2-1.8)
16 (2.9) 1(0.5-2.1)
7(1.3) 1.3 (0.4-4.4)
8 (1.4) 0.5 (0.2-1.3)
6(1.1) 0.7 (0.2-2.3)
5(0.9) 0.7 (0.2-2.5)
3(0.5) 0.7 (0.1-3.6)
9 (1.6) 0.9 (0.3-2.5)
0 (0) 0.4 (0.39-0.45)
81 (14.5) 0.9 (0.6-1.2)
29 (5.2) 0.9 (0.5-1.5)

P

0.3
1
0.01
0.1
0.051
0.04
0.4
0.4
0.8
0.4
0.9
0.8
0.1
0.8
0.4
0.4
0.8
0.046
0.6

0.9
0.5
0.03
0.4
0.8
0.4
0.9
0.7
0.2
0.6
0.6
0.7
0.9
0.2
0.4
0.6

ICU, Intensive Care Unit. RPRMs, resistant or potentially resistant microorganisms. 3gCEF, 3™ generation cephalosporins. GNB, Gram-negative bacilli.

&, All figures except p-values are number of patients (%).

. Acquisition corresponds to the total number of acquired microorganisms (colonization plus infection).

. Excluding 6 cases from an exogenous outbreak of B. cepacia: mixing 1 (0.2%) and cycling 1 (0.2%) [OR 0.7 (0.1-11.7), p = 0.8].
. Excluding 4 cases from a B. cepacia outbreak: mixing 0 (0) and cycling 1 (0.2%) [OR 0.6 (0.5-0.6), p = 0.4].

b

Cc

d

®. Excluding 4 cases from a B. cepacia outbreak: mixing 79 (19.3%) and cycling 86 (15.4%) [OR 0.8 (0.5-1.1), p = 0.1].
f. Excluding 4 cases from a B. cepacia outbreak: mixing 20 (4.9%) and cycling 29 (5.2%) [OR 1.1 (0.6-1.9), p = 0.8].
9.0f 51 acquired pneumonia, 44 were ventilator associated and 7 were non-ventilator associated [25 (6.1%) in mixing vs 19 (3.4%) in cycling, p = 0.04).

doi:10.1371/journal.pone.0150274.t004
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Table 5. Number and proportion of patients acquiring P. aeruginosa and its resistance phenotypes in the different periods.

Periods (no. of patients) All P. Meropenem Quinolone Ceftazidime/Pip-taz Multidrugresistant
aeruginosa resistant resistant resistant

Mixing (409) 49 (12) 19 (4.6) 14 (3.4)2 18 (4.4) 12 (2.9)
Cycling (560) 56 (10) 27(4.8) 25 (4.5) 23 (4.1) 19 (3.4)
Meropenem intervals (196) 24 (12.2) 14 (7.1)° 13 (6.6)*° 12 (6.1)° 10 (5.1)°
Quinolone intervals (171) 14 (8.2) 7 (4.1) 7 (4.1) 6 (3.5) 6 (3.5)
Ceftazidime/Pip-Taz intervals 18 (9.3) 6 (3.1) 5 (2.6)° 5(2.6)° 3(1.6)°
(193)
Pip-taz, Piperacillin-tazobactam. Comparisons between periods:
& p=0.07,
b p=0.09,
. p =0.058,
4. p=0.07,
° p=0.052.

For all other comparisons: p>0.2.

doi:10.1371/journal.pone.0150274.t005

regarding quinolone resistance was also observed during the intervals of scheduled use of mer-
openem when compared with the mixing periods (p = 0.07).

Discussion

The main finding of the present study is that mixing and cycling of antipseudomonal beta-lac-
tams and fluoroquinolones with a cycle duration of 6 weeks are not significantly different in
terms of overall rates of acquisition of RPRMs, ICU-acquired infections in general and those
due to RPRMs, mortality and length of ICU stay.

Several prior studies have shown that for most antibiotics, cycling with a 3-month or longer
intervals of predominant use can actually promote resistance in Gram-negative bacilli to the
scheduled drug and even foster multiple-drug resistance or contribute to the development of
outbreaks due to carbapenem-resistant A. baumannii or multiple-drug resistant P. aeruginosa
[9,12,21-25]. Present data showed that in comparison with mixing, cycling was neither associ-
ated with acquisition of RPRMs nor with an increased prevalence in P. aeruginosa resistance
phenotypes. In regards to P. aeruginosa, there was at most a non-significant trend during mer-
openem cycles towards a higher resistance to carbapenems, other intervention antibiotics and
multiple-drug resistance than that observed during the periods of ceftazidime/piperacillin-
tazobactam prioritization. This suggests that a 6-week span of predominant use of antipseudo-
monals can still be regarded as safe for preventing any significant increase in the prevalence of
resistance of non-fermenters to these antibiotics, including carbapenems.

It is of note that an increase in the prevalence of resistance to a given antibiotic during its
prioritization period is an obvious, time-dependent expectation, but not necessarily detrimen-
tal for keeping resistance under control over time. The key question is probably whether during
the following cycles and before the reintroduction of a previously used drug, resistance will
drop to levels equal or lower than those present at the onset of its last cycle of predominant use.
Otherwise, a “ratchet effect” may result in a progressive increase in resistance with each rein-
troduction [26]. As a matter of fact, five prior studies in which cycles lasted less than 3 months
[27-31] and two in which a 3-month rotation schedule was adopted [32,33] have shown sus-
tained beneficial effects on Gram-negative bacilli resistance even for up to 6 years of continued
application of the cycling strategy [30,31]. Furthermore, a recent meta-analysis [8] that
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included a very selected heterogeneous bundle of studies, some of which focused only on
patients with febrile neutropenia [34,35], anti-Gram-positive agents [36] or aminoglycosides
[37], concluded than in comparison with undefined baseline or homogenous use of antibiotics,
cycling was associated with lower rates of infections in general, infections due to resistant path-
ogens and even a trend toward decreased mortality. It is of note that out of the six studies
included in this meta-analysis which were carried out in ICUs and dealt with cycling of anti-
Gram-negative antibiotics, the only study that proved to be ineffective and associated with an
outbreak of resistant P. aeruginosa was the one in which the duration of cycles was longer (3
months) [23].

The relative merits of cycling versus mixing have been explored i silico [6-8,38] and in two
previous interventional cohort studies [11,13]. Deterministic mathematical models consistently
predict that mixing will always be superior to cycling in terms of reducing the evolution or the
spread of resistance. However, some have suggested that cycling may perform better than mix-
ing against multiple resistance [7,38] and recent models that assume a more real scenario in
which empirical inactive antibiotics are expected to be changed by active ones, predict an
advantage of cycling over mixing in most clinical situations whenever the duration of cycles is
appropriate (around one month) [8]. Altogether, these constructions show that forecasting is
highly dependent on fitting parameters and, therefore, outcomes from a similar strategy may
be quite different depending on the epidemiological situation and practices prevailing in a par-
ticular clinical setting. Unfortunately, neither prior clinical studies have solved the uncertainty
surrounding this issue. In the only study that specifically compared mixing with cycling [14], a
single 4-month period of monthly rotation of antipseudomonal beta-lactams and ciprofloxacin
was associated with a lower acquisition rate of P. aeruginosa resistant to cefepime when com-
pared with a single 4-month mixing period. However, adherence to cycling was relatively poor
with no more than 45% of patients receiving the scheduled antibiotic within a given cycle,
meaning that there was, in fact, a good deal of mixing during the intended cycling. In the sec-
ond work [12], several strategies producing different “rates” of mixing and cycling (4-month
duration) were compared. It was observed that during the rotation period there was a lower
Peterson index (i.e. less heterogeneity) than in the mixing periods and this was associated with
an outbreak of a carbapenem-resistant A. baumannii, an increase in ESBL- producing Entero-
bacteriaceae and a higher incidence of Enterococcus faecalis infections.

The present study expands our previous experience [14] by making it possible to gather
data throughout three consecutive alternating periods of mixing and cycling. Comparison of
aggregated data indicates that performance of both strategies was quite similar. When looking
at specific pathogens, more patients acquired S. maltophilia during cycling, but numbers were
very low and the difference did not reach statistical significance. As a whole, the rate of acquisi-
tion of RPRMs was 4.9 percentage points higher in mixing than in cycling (p = 0.04), but this
was due in part to a fortuitous B. cepacia outbreak caused by a contaminated skin-care product,
obviously unrelated to the strategy. In regards to individual clinical infections, a higher propor-
tion of patients acquired pneumonia during mixing but they were mostly not due to RPRMs,
hence the relationship of this finding with that particular strategy seems unlikely.

The study has several caveats. It was performed in a single medical ICU of a university hos-
pital, hence there may be some concern about the validity of the results in other settings. There
was also an imperfect compliance with the strategies. In an ideal mixing scenario it would have
been expected a similar incidence of use of the three intervention antibiotic classes, however,
actually there was a higher, but not extraordinary, use of quinolones than beta-lactams. In
regards to cycling periods, aggregate data showed that there was a significant increase in the
prescription rate of the scheduled antibiotic with at least 65% of patients on antipseudomonals
receiving the appropriate drug. However, an exception during the last cycling period occurred
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and ceftazidime/piperacillin-tazobactam use did not increase during the scheduled interval. On
the other hand, exposure to ceftazidime/piperacillin-tazobactam and fluoroquinolones was sig-
nificantly higher during mixing while exposure to meropenem was higher during cycling.
Again, the differences were not dramatic, although a possible relationship of the increased use
of meropenem during cycling with a higher frequency of S. maltophilia acquisition cannot be
discarded. We think these limitations do not invalidate the interpretation of the general results
and may be considered as part of the variability than can be expected in the real-world applica-
tion of a general policy. Another potential confounder is the case-mix of patients in the differ-
ent periods. Although the characteristics of patients were similar in many respects, those
admitted during cycling periods had a higher prevalence of shock and significantly higher
APACHE II and SOFA scores. However, the difference in shock was barely significant and

the magnitude of the differences in the severity scores, though statistically significant, was of
doubtful clinical meaning.

In conclusion, a cycling strategy of antibiotic use with a 6-week cycle duration is not signifi-
cantly different to mixing in terms of acquisition of RPRMs, ICU-acquired infections in general
and those due to RPRMs and other clinical outcomes such as length of ICU stay and mortality.
In addition, a 6-week cycle may be considered as an appropriate safe time span for preventing
any significant increase in the prevalence of P. aeruginosa resistance to beta-lactams and fluo-
roquinolones under conditions of predominant use. In order to provide antibiotic heterogene-
ity in the critical care setting, the choice between mixing and cycling should probably be based
more on preferences or feasibility than in evidence of intrinsic differences in efficacy. Hope-
fully, a definitive answer to these issues may be obtained from an ongoing multicenter, cluster-
randomized clinical trial [39].

Supporting Information

S1 Fig. Incidence density of antibiotic use in the different study periods. three mixing peri-
ods (M1, M2 and M3) alternating with three cycling periods. The first cycling was integrated
by 3 intervals of predominant antibiotic use in the order ceftazidime/piperacillin-tazobactam
(CT1) then quinolones (Q1) and finally meropenem (C1); the second one with 4 intervals in
the order ceftazidime/piperacillin-tazobactam (CT2), then meropenem (C2) then quinolones
(Q2) and finally ceftazidime/piperacillin-tazobactam (CT3); and the third one with 4 intervals
in the order meropenem (C3) then quinolones (Q3) then meropenem (C4) and finally pipera-
cillin-tazobactam (CT4). PIP-TAZ, piperacillin-tazobactam.

(TIF)

S1 Table. Detailed incidence density of antibiotic use in the different periods.
(DOCX)

S2 Table. Multivariate analysis of factors associated with acquisition of any RPRM, infec-
tion due to RPRM and infection due to any microorganism in the ICU.
(DOCX)

Author Contributions

Conceived and designed the experiments: PC JMN JV JM JAM. Performed the experiments:
NC MS LM CH MR SF. Analyzed the data: NC MS PCJLT AS EDL JAM. Wrote the paper:
NCMS PCJLT LM CH MR SF ASJMN JM JV JAM.

PLOS ONE | DOI:10.1371/journal.pone.0150274 March 16,2016 12/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0150274.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0150274.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0150274.s003

@’PLOS ‘ ONE

Mixing vs Cycling Strategies in the ICU

References

1.

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

McGowan JE. Antimicrobial resistance in hospital organisms and its relation to antibiotic use. Rev Infect
Dis. 1983; 5: 1033—1048. doi: 10.1093/clinids/5.6.1033 PMID: 6318289

Shlaes DM, Gerding DN, John JF, Craig WA, Bornstein DL, Duncan RA, et al. Society for Healthcare
Epidemiology of America and Infectious Diseases Society of America Joint Committee on the Preven-
tion of Antimicrobial Resistance: guidelines for the prevention of antimicrobial resistance in hospitals.
Clin Infect Dis. 1997; 25: 584—99. PMID: 9314444

Austin DJ, Kristinsson KG, Anderson RM. The relationship between the volume of antimicrobial con-
sumption in human communities and the frequency of resistance. Proc Natl Acad Sci U S A. 1999; 96:
1152—-6. doi: 10.1073/pnas.96.3.1152 PMID: 9927709

Levin BR. Minimizing potential resistance: a population dynamics view. Clin Infect Dis. 2001; 33 Suppl
3:5161-9. doi: 10.1086/321843 PMID: 11524714

Lipsitch M, Bergstrom CT, Levin BR. The epidemiology of antibiotic resistance in hospitals: paradoxes
and prescriptions. Proc Natl Acad Sci U S A. 2000; 97: 1938—1943. doi: 10.1073/pnas.97.4.1938
PMID: 10677558

Bonhoeffer S, Lipsitch M, Levin BR. Evaluating treatment protocols to prevent antibiotic resistance.
Proc Natl Acad SciU S A. 1997; 94: 12106—12111. PMID: 9342370

Bergstrom CT, Lo M, Lipsitch M. Ecological theory suggests that antimicrobial cycling will not reduce
antimicrobial resistance in hospitals. Proc Natl Acad Sci U S A. 2004; 101: 13285-13290. doi: 10.1073/
pnas.0402298101 PMID: 15308772

Abel zur Wiesch P, Kouyos R, Abel S, Viechtbauer W, Bonhoeffer S. Cycling Empirical Antibiotic Ther-
apy in Hospitals: Meta-Analysis and Models. PLOS Pathog. 2014; 10: €1004225. doi: 10.1371/journal.
ppat.1004225 PMID: 24968123

Evans HL, Milburn ML, Hughes MG, Smith RL, Chong TW, Raymond DP, et al. Nature of gram-nega-
tive rod antibiotic resistance during antibiotic rotation. Surg Infect (Larchmt). 2005; 6: 223-231. doi: 10.
1089/sur.2005.6.223

Raymond DP, Pelletier SJ, Crabtree TD, Gleason TG, Hamm LL, Pruett TL, et al. Impact of a rotating
empiric antibiotic schedule on infectious mortality in an intensive care unit. Crit Care Med. 2001; 29:
1101-1108. PMID: 11395583

Takesue Y, Nakajima K, Ichiki K, Ishihara M, Wada Y, Takahashi Y, et al. Impact of a hospital-wide pro-
gramme of heterogeneous antibiotic use on the development of antibiotic-resistant Gram-negative bac-
teria. J Hosp Infect. 2010; 75: 28-32. doi: 10.1016/j.jhin.2009.11.022 PMID: 20346536

Sandiumenge A, Diaz E, Rodriguez A, Vidaur L, Canadell L, Olona M, et al. Impact of diversity of antibi-
otic use on the development of antimicrobial resistance. J Antimicrob Chemother. 2006; 57: 1197—-204.
doi: 10.10983/jac/dkl097 PMID: 16565158

Bal AM, Kumar A, Gould IM. Antibiotic heterogeneity: from concept to practice. Ann N'Y Acad Sci.
2010; 1213: 81-91. doi: 10.1111/].1749-6632.2010.05867.x PMID: 21175677

Martinez JA, Nicolas JM, Marco F, Horcajada JP, Garcia-Segarra G, Trilla A, et al. Comparison of anti-
microbial cycling and mixing strategies in two medical intensive care units. Crit Care Med. 2006; 34:
329-336. PMID: 16424711

CLSI. Clinical and Laboratory Standards Institute: Performance standards for antimicrobial susceptibil-
ity testing. Wayne, PA, USA: Nineteenth Informational Supplement M100-S19. 2009.

Magiorakos A, Srinivasan A, Carey RB, Carmeli Y, Falagas ME, Giske CG, et al. Multidrug-resistant,
extensively drug-resistant and pandrug-resistant bacteria: an international expert proposal for interim
standard definitions for acquired resistance. Clin Microbiol Infect. 2012; 18: 268-281. doi: 10.1111/].
1469-0691.2011.03570.x PMID: 21793988

Levy MM, Fink MP, Marshall JC, Abraham E, Angus D, Cook D, et al. 2001 SCCM/ESICM/ACCP/ATS/
SIS International Sepsis Definitions Conference. Crit Care Med. 2003; 31: 1250—-1256. doi: 10.1097/01.
CCM.0000050454.01978.3B PMID: 12682500

Mermel LA, Allon M, Bouza E, Craven DE, Flynn P, O’Grady NP, et al. Clinical practice guidelines for
the diagnosis and management of intravascular catheter-related infection: 2009 Update by the Infec-
tious Diseases Society of America. Clin Infect Dis. 2009; 49: 1-45. doi: 10.1086/599376 PMID:
19489710

Ruiz M, Torres A, Ewig S, Marcos MA, Alcén A, Lledd R, et al. Noninvasive versus invasive microbial
investigation in ventilator-associated pneumonia: evaluation of outcome. Am J Respir Crit Care Med.
2000; 162: 119-25. doi: 10.1164/ajrccm.162.1.9907090 PMID: 10903230

Garner JS, Jarvis WR, Emori TG, Horan TC, Hughes JM. CDC definitions for nosocomial infections,
1988. Am J Infect Control. 1988; 16: 128—40. PMID: 2841893

PLOS ONE | DOI:10.1371/journal.pone.0150274 March 16,2016 13/14


http://dx.doi.org/10.1093/clinids/5.6.1033
http://www.ncbi.nlm.nih.gov/pubmed/6318289
http://www.ncbi.nlm.nih.gov/pubmed/9314444
http://dx.doi.org/10.1073/pnas.96.3.1152
http://www.ncbi.nlm.nih.gov/pubmed/9927709
http://dx.doi.org/10.1086/321843
http://www.ncbi.nlm.nih.gov/pubmed/11524714
http://dx.doi.org/10.1073/pnas.97.4.1938
http://www.ncbi.nlm.nih.gov/pubmed/10677558
http://www.ncbi.nlm.nih.gov/pubmed/9342370
http://dx.doi.org/10.1073/pnas.0402298101
http://dx.doi.org/10.1073/pnas.0402298101
http://www.ncbi.nlm.nih.gov/pubmed/15308772
http://dx.doi.org/10.1371/journal.ppat.1004225
http://dx.doi.org/10.1371/journal.ppat.1004225
http://www.ncbi.nlm.nih.gov/pubmed/24968123
http://dx.doi.org/10.1089/sur.2005.6.223
http://dx.doi.org/10.1089/sur.2005.6.223
http://www.ncbi.nlm.nih.gov/pubmed/11395583
http://dx.doi.org/10.1016/j.jhin.2009.11.022
http://www.ncbi.nlm.nih.gov/pubmed/20346536
http://dx.doi.org/10.1093/jac/dkl097
http://www.ncbi.nlm.nih.gov/pubmed/16565158
http://dx.doi.org/10.1111/j.1749-6632.2010.05867.x
http://www.ncbi.nlm.nih.gov/pubmed/21175677
http://www.ncbi.nlm.nih.gov/pubmed/16424711
http://dx.doi.org/10.1111/j.1469-0691.2011.03570.x
http://dx.doi.org/10.1111/j.1469-0691.2011.03570.x
http://www.ncbi.nlm.nih.gov/pubmed/21793988
http://dx.doi.org/10.1097/01.CCM.0000050454.01978.3B
http://dx.doi.org/10.1097/01.CCM.0000050454.01978.3B
http://www.ncbi.nlm.nih.gov/pubmed/12682500
http://dx.doi.org/10.1086/599376
http://www.ncbi.nlm.nih.gov/pubmed/19489710
http://dx.doi.org/10.1164/ajrccm.162.1.9907090
http://www.ncbi.nlm.nih.gov/pubmed/10903230
http://www.ncbi.nlm.nih.gov/pubmed/2841893

@’PLOS ‘ ONE

Mixing vs Cycling Strategies in the ICU

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Van Loon HJ, Vriens MR, Fluit AC, Troelstra A, Van Der Werken C, Verhoef J, et al. Antibiotic rotation
and development of Gram-negative antibiotic resistance. Am J Respir Crit Care Med. 2005; 171: 480—
487. doi: 10.1164/rccm.200401-0700C PMID: 15516540

Damas P, Canivet JL, Ledoux D, Monchi M, Melin P, Nys M, et al. Selection of resistance during
sequential use of preferential antibiotic classes. Intensive Care Med. 2006; 32: 67—74. doi: 10.1007/
s00134-005-2805-z PMID: 16308683

Hedrick TL, Schulman AS, McElearney ST, Smith RL, Swenson BR, Evans HL, et al. Outbreak of resis-
tant Pseudomonas aeruginosa infections during a quarterly cycling antibiotic regimen. Surg Infect
(Larchmt). 2008; 9: 139-52. doi: 10.1089/sur.2006.102

Nijssen S, Fluit A, Van De Vijver D, Top J, Willems R, Bonten MJ. Effects of reducing beta-lactam antibi-
otic pressure on intestinal colonization of antibiotic-resistant gram-negative bacteria. Intensive Care
Med. 2010; 36: 512-519. doi: 10.1007/s00134-009-1714-y PMID: 19921150

Allegranzi B, Luzzati R, Luzzani A, Girardini F, Antozzi L, Raiteri R, et al. Impact of antibiotic changes in
empirical therapy on antimicrobial resistance in intensive care unit-acquired infections. J Hosp Infect.
2002; 52: 136—140. doi: 10.1053/jhin.2002.1277 PMID: 12392905

Magee JT. The resistance ratchet: Theoretical implications of cyclic selection pressure. J Antimicrob
Chemother. 2005; 56: 427-430. doi: 10.1093/jac/dki229 PMID: 15972308

Gruson D, Hilbert G, Vargas F, Valentino R, Bebear C, Allery A, et al. Rotation and restricted use of anti-
biotics in a medical intensive care unit: Impact on the incidence of ventilator-associated pneumonia
caused by antibiotic-resistant gram-negative bacteria. Am J Respir Crit Care Med. 2000; 162: 837—-843.
doi: 10.1164/ajrccm.162.3.9905050 PMID: 10988092

Toltzis P, Dul MJ, Hoyen C, Salvator A, Walsh M, Zetts L, et al. The effect of antibiotic rotation on coloni-
zation with antibiotic-resistant bacilli in a neonatal intensive care unit. Pediatrics. 2002; 110: 707—-711.
doi: 10.1542/peds.110.4.707 PMID: 12359783

Gruson D, Hilbert G, Vargas F, Valentino R, Bui N, Pereyre S, et al. Strategy of antibiotic rotation: long-
term effect on incidence and susceptibilities of Gram-negative bacilli responsible for ventilator-associ-
ated pneumonia. Crit Care Med. 2003; 31: 1908-1914. doi: 10.1097/01.CCM.0000069729.06687.DE
PMID: 12847382

Bennett KM, Scarborough JE, Sharpe M, Dodds-Ashley E, Kaye KS, Hayward TZ, et al. Implementa-
tion of antibiotic rotation protocol improves antibiotic susceptibility profile in a surgical intensive care
unit. J Trauma. 2007; 63: 307—11. doi: 10.1097/TA.0b013e318120595e PMID: 17693828

Sarraf-Yazdi S, Sharpe M, Bennett KM, Dotson TL, Anderson DJ, Vaslef SN. A 9-Year retrospective
review of antibiotic cycling in a surgical intensive care unit. J Surg Res. 2012; 176: €73-8. doi: 10.1016/
j.jss.2011.12.014 PMID: 22445457

Moss WJ, Beers MC, Johnson E, Nichols DG, Perl TM, Dick JD, et al. Pilot study of antibiotic cycling in
a pediatric intensive care unit. Crit Care Med. 2002; 30: 1877-1882. PMID: 12163809

Warren DK, Hill HA, Merz LR, Kollef MH, Hayden MK, Fraser VJ, et al. Cycling empirical antimicrobial
agents to prevent emergence of antimicrobial-resistant Gram-negative bacteria among intensive care
unit patients. Crit Care Med. 2004; 32: 2450-2456. PMID: 15599150

Cadena J, Taboada CA, Burgess DS, Ma JZ, Lewis JS, Freytes CO, et al. Antibiotic cycling to decrease
bacterial antibiotic resistance: a 5-year experience on a bone marrow transplant unit. Bone Marrow
Transplant. 2007; 40: 151-155. doi: 10.1038/sj.bmt.1705704 PMID: 17530005

Chong Y, Shimoda S, Yakushiji H, lto Y, Miyamoto T, Kamimura T, et al. Antibiotic Rotation for Febrile
Neutropenic Patients with Hematological Malignancies: Clinical Significance of Antibiotic Heterogene-
ity. Sued O, editor. PLOS ONE. 2013; 8: €54190. doi: 10.1371/journal.pone.0054190 PMID: 23372683

Smith RL, Evans HL, Chong TW, McElearney ST, Hedrick TL, Swenson BR, et al. Reduction in rates of
methicillin-resistant Staphylococcus aureus infection after introduction of quarterly linezolid-vancomy-
cin cycling in a surgical intensive care unit. Surg Infect (Larchmt). 2008; 9: 423-31. doi: 10.1089/sur.
2007.024

Gerding DN, Larson TA, Hughes RA, Weiler M, Shanholtzer C, Peterson LR. Aminoglycoside resis-
tance and aminoglycoside usage: Ten years of experience in one hospital. Antimicrob Agents Che-
mother. 1991; 35: 1284—1290. doi: 10.1128/AAC.35.7.1284 PMID: 1929283

Chow K, Wang X, Curtiss R, Castillo-Chavez C. Evaluating the efficacy of antimicrobial cycling pro-
grammes and patient isolation on dual resistance in hospitals. J Biol Dyn. 2011; 5: 27—43. doi: 10.1080/
17513758.2010.488300 PMID: 22877228

van Duijn PJ, Bonten MJ. Antibiotic rotation strategies to reduce antimicrobial resistance in Gram-nega-
tive bacteria in European intensive care units: study protocol for a cluster-randomized crossover con-
trolled trial. Trials. 2014; 15: 277. doi: 10.1186/1745-6215-15-277 PMID: 25011604

PLOS ONE | DOI:10.1371/journal.pone.0150274 March 16,2016 14/14


http://dx.doi.org/10.1164/rccm.200401-070OC
http://www.ncbi.nlm.nih.gov/pubmed/15516540
http://dx.doi.org/10.1007/s00134-005-2805-z
http://dx.doi.org/10.1007/s00134-005-2805-z
http://www.ncbi.nlm.nih.gov/pubmed/16308683
http://dx.doi.org/10.1089/sur.2006.102
http://dx.doi.org/10.1007/s00134-009-1714-y
http://www.ncbi.nlm.nih.gov/pubmed/19921150
http://dx.doi.org/10.1053/jhin.2002.1277
http://www.ncbi.nlm.nih.gov/pubmed/12392905
http://dx.doi.org/10.1093/jac/dki229
http://www.ncbi.nlm.nih.gov/pubmed/15972308
http://dx.doi.org/10.1164/ajrccm.162.3.9905050
http://www.ncbi.nlm.nih.gov/pubmed/10988092
http://dx.doi.org/10.1542/peds.110.4.707
http://www.ncbi.nlm.nih.gov/pubmed/12359783
http://dx.doi.org/10.1097/01.CCM.0000069729.06687.DE
http://www.ncbi.nlm.nih.gov/pubmed/12847382
http://dx.doi.org/10.1097/TA.0b013e318120595e
http://www.ncbi.nlm.nih.gov/pubmed/17693828
http://dx.doi.org/10.1016/j.jss.2011.12.014
http://dx.doi.org/10.1016/j.jss.2011.12.014
http://www.ncbi.nlm.nih.gov/pubmed/22445457
http://www.ncbi.nlm.nih.gov/pubmed/12163809
http://www.ncbi.nlm.nih.gov/pubmed/15599150
http://dx.doi.org/10.1038/sj.bmt.1705704
http://www.ncbi.nlm.nih.gov/pubmed/17530005
http://dx.doi.org/10.1371/journal.pone.0054190
http://www.ncbi.nlm.nih.gov/pubmed/23372683
http://dx.doi.org/10.1089/sur.2007.024
http://dx.doi.org/10.1089/sur.2007.024
http://dx.doi.org/10.1128/AAC.35.7.1284
http://www.ncbi.nlm.nih.gov/pubmed/1929283
http://dx.doi.org/10.1080/17513758.2010.488300
http://dx.doi.org/10.1080/17513758.2010.488300
http://www.ncbi.nlm.nih.gov/pubmed/22877228
http://dx.doi.org/10.1186/1745-6215-15-277
http://www.ncbi.nlm.nih.gov/pubmed/25011604

