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The colonization dynamics of antibiotic-resistant pathogens in hospital settings are complex, with multiple and continuously

interacting variables (e.g., introduction of resistance, infection-control practices, antibiotic use). Quantification of these

variables is indispensable in the evaluation of intervention studies, because these variables represent potential confounders.

In this article, the complexity of colonization dynamics is described. Through a systematic review, we identified studies that

evaluated the modification of antibiotic prescription to reduce antibiotic resistance in intensive care units ( ), and then p 19

extent of confounding-control was determined. Most studies evaluated antimicrobial restriction/substitution ( ) orn p 12

antibiotic rotation ( ). Sixteen studies had a prospective cohort design (before-after), of which 12 were without a controln p 4

group. Introduction of antibiotic resistance was determined in 10 studies. The relative importance of colonization routes

and adherence to infection-control measures were not determined in any study. Therefore, it remains uncertain whether

observed changes in the prevalence of antibiotic resistance after intervention were causally related to the intervention.

Appropriate choices of study design, primary end point (colonization rates rather than infection rates) and statistical tests,

determination of colonization routes, and control of potential confounders are needed to increase validity of intervention

studies.

Nosocomial infections, especially those caused by antibiotic-

resistant pathogens, are a serious complication in critically ill

patients. Infections are usually preceded by colonization, and

the number of colonized patients far exceeds the number of

prominent infections (“tip of the iceberg” phenomenon). Sub-

sequently, we describe the complexity of colonization dynamics

in hospital settings and how different processes interact. Be-

cause, as a result of these interactions, confounding may com-

plicate evaluation of interventions, we evaluate to what extent

confounding has been controlled for in intervention trials of

the modification of antibiotic use in intensive care units (ICUs).

The endemic prevalence—usually expressed as the average

daily proportion of patients who are colonized with a pathogen

of interest—in a hospital ward can change because of 3 pro-
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cesses: (1) admission and discharge of colonized and nonco-

lonized patients, (2) de novo resistance development (or erad-

ication of susceptible flora and selection of preexistent resistant

flora), and (3) patient-to-patient transmission of resistant

strains or resistance determinants [1] (figure 1). “De novo re-

sistance development” implies processes in which susceptible

bacteria become resistant to antibiotics through mutations or

horizontal gene transfer (conjugation, transduction, or trans-

formation). Subsequently, selective antibiotic pressure may fa-

cilitate overgrowth of these resistant strains.

Transmission of pathogens from patient to patient usually

occurs via the hands of health care workers or through use of

contaminated equipment. The success of these routes depends

on colonization pressure, patients’ bacterial loads, cohort levels,

contact rates, staff adherence to hand hygiene measures, and

the susceptibility of noncolonized patients for pathogen ac-

quisition [1, 2]. Selective antibiotic pressure enhances the risk

of transmission by increasing a patients’ bacterial load (through

selection of preexistent resistant flora), with a subsequent risk

of hand contamination in health care workers, and by creating
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Figure 1. Processes that affect the endemic prevalence of antibiotic-
resistant pathogens.

new ecological niches for resistant flora after eradication of

susceptible flora in other patients [3].

Because of these different colonization processes, the rela-

tively small numbers of patients in an ICU (typically 10–20)

and the characteristic rapid patient turnover (with an average

patient stay of only several days), prevalence levels of colonized

patients within an ICU continuously fluctuate due to chance

events [1, 4, 5]. An understanding of the dynamics of colo-

nization is indispensable for the design of appropriate and tar-

geted infection-control strategies. Measures to decrease the

prevalence of colonization with antibiotic-resistant bacteria tar-

get the 3 processes depicted in figure 1, including barrier pre-

cautions, improvement of hand hygiene, cohorting of patients,

reduction of overcrowding and understaffing, and antimicro-

bial prescription change (restriction, rotation, and cycling of

antimicrobial agents).

CONFOUNDING IN INTERVENTION STUDIES

Strategies to reduce the nosocomial prevalence of antibiotic

resistance have been evaluated in both outbreak and nonout-

break periods. These strategies almost always include the im-

plementation of a combination of measures that ultimately

hampers evaluation of the effect of individual interventions.

Moreover, such interventions are almost always evaluated in

quasi-experimental study designs (i.e. before-after studies),

which increase the risk of confounding. Confounders are those

variables that may affect the outcome in the same manner as

the variable subject to intervention. The optimal approach to

evaluation of the efficacy of a single intervention is to minimize

confounding either by performing a controlled, randomized

trial or by quantifying potential confounders with subsequent

adjustments in statistical analysis. Considering the dynamics of

antibiotic resistance epidemiology, introduction of resistance,

antibiotic pressure, and infection-control measures are all po-

tential confounders.

Introduction of resistance. Introduction of resistance can

be determined by obtaining samples for culture at admission.

Ideally, cultures should be performed as soon as possible, be-

cause acquisition of drug-resistant pathogens may occur within

several hours. Nosocomial infections have been defined as those

diagnosed 148 h after hospital admission—thereby assuming

that onset of disease occurred during patient hospitalization

[6, 7]. In many studies, a similar time window has been used

to define nosocomial acquisition of colonization. However, the

optimal timing of culturing to distinguish between introduction

of resistance and nosocomial acquisition has not been deter-

mined. Patient screening within 48 h of admission probably

yields the majority of patients that introduce resistant patho-

gens. For pathogens that persist until ICU discharge, screening

both at admission and at discharge would yield all information

necessary to determine acquisition rates. More culture mo-

ments per patient are needed when colonization can be erad-

icated or when daily endemic prevalence is used as an end

point.

Antibiotic use. Different units of measurement are used to

express antibiotic use: proportion of patients receiving a specific

(class of) antibiotic, antibiotics used as a proportion of total

antibiotic use, the amount of antibiotics given (e.g., in grams

or defined daily dosage), and duration of antibiotic use (in

days). Integration of time, preferably in a patient-specific man-

ner such as the number of patient-days, provides more infor-

mation. To maximize comparison of patient exposure, the

World Health Organization has proposed and defined the de-

fined daily dosage methodology [8].

Cross-transmission. Dissection of the process leading to

cross-transmission, typically through vectors (such as contam-

inated hands), identifies a multistep process with complex in-

teraction between all determinants. The first step is for a health

care worker to contact a colonized patient, which leads to con-

tamination of the health care worker’s hands for some time.

Finally, the health care worker with contaminated hands must

contact another, noncolonized patient, before disinfection of

the hands has occurred. The success of this chain of events

depends on cohorting level of nursing staff, contact rates, and

adherence to hand hygiene [1].

Cohorting has been expressed as the likelihood that, after a

first patient contact, the next patient contact will be with the

same patient [1, 9]. Transmission is not possible with complete

cohorting, as this indicates a patient/nurse ratio of 1 and that

no other patients than the assigned are contacted (assuming

that environmental contamination is not relevant). Thus, co-

horting levels are, to a large extent, influenced by patient-staff-

ing ratios. Understaffing has been associated with higher con-

tact rates for nurses [10, 11], higher nursing workload, lower

cohorting levels and lower hand hygiene adherence [9, 11–15].

The likelihood of hand contamination is further influenced by

duration of patient care, types of body secretions handled [10],
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Figure 2. A fraction of the simulations with a statistically significant
result (determined with the x2-test; ) as a function of the relativeP ! .05
importance of cross-transmission. The red and blue lines correspond with
2-sided and 1-sided tests, respectively.

skin diseases (such as eczema [16]), or the wearing of rings or

artificial nails [17]. In fact, understaffing and/or overcrowding

has been associated with increased risk of catheter-related

bloodstream infections [18] and spread of methicillin-resistant

Staphylococcus aureus, other S. aureus [4, 14, 15, 19], and En-

terobacter cloacae [13].

Cohorting levels and adherence to hand hygiene are impor-

tant variables in cross-transmission. Lapses in adherence to

hand hygiene can be compensated for through an increase in

the cohorting level, and vice versa [9]. Therefore, cohorting

levels and adherence to hand hygiene, as potential confounders,

should be determined in intervention studies. Cohorting levels

and hand hygiene can be measured by observational studies

[4, 9, 12], but these are labor-intensive and always include the

risk of unintentional change in behavior of health care workers

as a reaction to observation (the so-called Hawthorne effect)

[20]. Instead, staffing-patient ratios and contact rates are rel-

atively easy to record and can be used as surrogate markers for

cohorting [4, 9]. Intuitively, workload assessment can be a sur-

rogate marker for contact rates and hand hygiene adherence,

but quantification of this relationship is complex. Several nurs-

ing workload measurement systems are available [21–24]; how-

ever, there is little evidence that changes in workload correlate

to frequency of cross-transmission [25]. In our own experience,

the Therapeutic Intervention Severity Score–28 workload as-

sessment method is poorly associated with contact rates and

adherence to hand hygiene [26].

Endogenous and exogenous acquisition. The relative im-

portance of exogenous and endogenous acquisition of colo-

nization should be optimally determined before implementa-

tion of interventions. For instance, enforcing adherence to hand

hygiene might be of limited value when the vast majority of

acquisitions result from endogenous selection, or when ad-

mission of colonized patients is the dominant variable that

determines prevalence. Genotyping of bacterial isolates from

different patients is currenly the most accurate method to quan-

tify cross-transmission rates. However, it is a time-consuming,

labor-intensive, and costly method, and the diagnostic delay

inherent to conventional culturing and genotyping methods

precludes real-time determination of resistance epidemiology.

Rapid diagnostic and genotyping methodology and application

of mathematical algorithms may facilitate real-time monitoring

of the relative importance of different transmission routes in

the future, which would improve the ability to design targeted

infection-control strategies [27, 28].

Statistical evaluation. Finally, accurate evaluation of in-

terventions requires the application of appropriate statistical

methods. The relevance of colonization pressure in antibiotic

resistance epidemiology has been unequivocally demonstrated

[2, 29, 30] and results from patient-dependency, a fundamental

aspect of infectious diseases. Among other variables, cross-

transmission depends on the number of other colonized pa-

tients: with high endemic prevalence, risk of cross-transmission

will be higher than with low prevalence, and vice versa (i.e.,

autocorrelation). Moreover, a period of high endemic preva-

lence and a high incidence of cross-transmission is likely to be

followed by a period of lower endemic prevalence, because of

chance events (i.e. regression to the mean). In contrast, because

endogenous selection of resistance is not influenced by the

colonization status of other patients, patient-dependency is ir-

relevant, and autocorrelation and regression to the mean is less

important. As a consequence, patients cannot be considered to

be independent from each other when cross-transmission is

relevant; however, most statistical analyses explicitly assume

independency of observations (e.g., Student’s t test, Mann-

Whitney U test, Fisher’s exact test, and x2 test); as a matter of

fact, the use of these statistical tests may lead to erroneous

interpretations. As an example, we have performed 10,000

Monte Carlo simulations of the dynamics of a resistant path-

ogen in a 10-bed ICU, where 80% of acquisitions occur through

cross-transmission, during a 1-year period (figure 2). If we

assume that an intervention was implemented after 6 months

(before-after study), without any effect on cross-transmission,

�30% of statistical comparisons (using x2 or Student’s t test)

would reveal a statistically significant difference ( ) inP ! .05

antibiotic resistance acquisition and/or prevalence between

both periods. When cross-transmission is considered to be a

relevant transmission route, patient-dependency should not be

neglected. In such circumstances, the use of classic statistical

analyses will overestimate the likelihood that an intervention

is effective; regression analyses or time-series analyses, ade-

quately adjusting for relevant confounders, should be used. The

likelihood of false statistical interpretation decreases with a di-



INVITED ARTICLE • CID 2006:43 (1 September) • 619

Table 1. Studies of the effects of antibiotic prescription change, reviewed for control of confounding.

Scored item

Study

[32] [33] [42] [34] [36] [37]

Study design Before-after study Before-after study Retrospective and
prospective data
analyses

Before-after study Prospective cross-
over study

Before-after study

Pathogen of interest GNR GNR GNR GNR GNR GNR

Intervention Substitution: GEN by
AMK

Substitution: GEN/
TOB/NET by
AMK

Substitution: AMP/
GEN by CXM/
GEN

Restriction: CAZ Comparison: PEN/
TOB vs. AMX/
CTX

Rotation: FEP, TZP,
IPM, TIM

Baseline Yes No Yes, although
retrospective

Yes Not applicable Yes

End point of analysis Colonization rates Infection rates Colonization and
infection rates

Colonization rates Colonization rates Infection rates

Genotyping of isolates Not performed Not performed Yes Yes Not performed Not performed

Antibiotic use Not analyzed Percentage of pa-
tients receiving
antibiotics

Not analyzed No. of doses/
month

Percentage of
days of antibi-
otic use

Antibiotic-days

Control of confounders

Introduction of anti-
biotic resistance

Analyzed Not analyzed Analyzed Analyzed Analyzed Not analyzed

Infection-control
practices

Not analyzed Not analyzed Not analyzed Not analyzed Not analyzed Not analyzed

Conclusion Reduction of GEN-re-
sistant GNR; no
emergence of AMK-
resistant GNR

Increase in resis-
tance to AMK/
NET/TOB

Reduction in AMP-
and CXM-resis-
tant GNR

No reduction in an-
tibiotic-resistant
GNR

Reduction of resis-
tance with PEN/
TOB

Reduction of anti-
biotic resistance

NOTE. AMC, amoxicillin/clavulanic acid; AMK, amikacin; AMP, ampicillin; AMX, amoxicillin; CAZ, ceftazidime; CEP, cephalosporins; CIP, ciprofloxacin; CLI,
clindamycin; CPI, cefpirom; CRO, ceftriaxone; CTX, cefotaxime; CXM, cefuroxim; DDD, defined daily dose; ESBL, extended-spectrum b-lactamase; FEP, cefepime;
FQ, fluoroquinolones; GEN, gentamicin; GNR, gram-negative rods; GPC, gram-positive cocci; ICU, intensive care unit; IPM, imipenem; LVX, levofloxacin; MEM,
meropenem; MRSA, methicillin-resistant Staphylococcus aureus; NET, netilmycin; NICU, neonatal intensive care unit; PEN, penicillin; TIM, ticarcillin/clavulanic
acid; TMP-SMZ, trimethoprim/sulfamethoxazole; TOB, tobramycin; TZP, piperacillin/tazobactam; VRE, vancomycin-resistant enterococci.

a Surveillance team and alcohol dispensers implemented.
b Barrier precautions implemented because of resistance to protocolized drugs.
c Educational campaign to prevent VAP resulted in 73% reduction of VAP.
d Infection control changed because of outbreak of Acinetobacter infection.

minishing relative importance of endogenous acquisition (low-

ering the relevance of patient-dependency) [31].

EVALUATION OF POTENTIAL CONFOUNDING
IN STUDIES CHANGING ANTIBIOTIC
PRESCRIPTION

To evaluate to what extent confounding has been controlled

for in intervention trials, we systematically reviewed studies in

which the effects of changes in antibiotic prescription on col-

onization prevalence of antibiotic-resistant bacteria and/or in-

fection with antibiotic-resistant bacteria in ICUs were

evaluated.

We searched the PubMed database using the following search

terms (first as individual terms and subsequently in a combined

approach): “antibiotic” or “antimicrobial,” “resistance,” “ICU,”

“intensive care,” “colonization,” and “infection.” Selection cri-

teria included antibiotic-resistant bacteria of any kind, inter-

ventions targeting antibiotic use to reduce prevalence and/or

incidence of antibiotic-resistant bacteria (restriction of specific

classes or individual antibiotics, rotation and/or cycling), and

nonoutbreak settings. Reports in languages other than English

and reviews were excluded.

This search yielded 1017 articles, which were first screened

by title and abstract to determine whether selection criteria

were indeed met. Studies only published as abstracts or that

were published without abstracts were excluded. Ultimately,

only 19 studies, performed between 1984 and 2006, met the

criteria mentioned above and were reviewed (table 1).
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Table 1. (Continued.)

Study

[43] [47] [30] [46] [49] [35] [41]

Before-after study Before-after study Before-after study Before-after study Before-after study Controlled study of
2 NICU
populations

Before-after study

GNR GNR and GPC VRE GNR and GPC GNR GNR GNR

Substitution: CAZ by
TZP

Rotation: nonprotocoli-
zed vs. protocolized
empirical therapy

Substitution: CAZ
by CIP

Substitution: AMC
by TMP�SMZ
and TZP by IPM

Cycling: IPM, TZP,
CAZ, and CLI
(later changed to
FEP)

Rotation: GEN,
TZP, and CAZ vs.
unrestricted use

Restriction: third-
generation CEP

Yes Yes Yes Yes No Not applicable Yes

Colonization rates Infection rates Colonization rates Infection rates Colonization and
infection rates

Colonization rates Infection rates

Not performed Not performed Not performed Not performed Not performed Yes Not performed

Grams of antibiotics
used

Antibiotic courses/100
ICU admissions

Percentage of pa-
tients receiving
specific antibi-
otic; mean dura-
tion of antibiotic
therapy

Antibiotic courses/
100 enrolled
patients

Percentage of total
antibiotic use

Antibiotic-days Grams/month

Analyzed Not analyzed Analyzed Not analyzed Analyzed Not analyzed Not analyzed

Not analyzed Not analyzeda Not analyzed Not analyzed Not analyzed Not analyzed Not analyzed

Reduction in CAZ-re-
sistant isolates and
colonization and in-
fection with ESBL-
producing Klebsiella
pneumoniae/Esche-
richia coli

Reduction of GNR and
GPC antibiotic-resis-
tant infections

No effect on VRE
acquisition

Reduction MRSA
of TZP-resistant
Pseudomonas;
increase of IPM-
resistant
Pseudomonas

No effect on resis-
tance rates

No effect on anti-
biotic-resistant
GNR

Reduction of resis-
tance rates GNB
to third-genera-
tion CEP

These articles were reviewed for the following items: pathogen

of interest, type of intervention, study design, presence of a base-

line period (if applicable), chosen end points, determination of

the route of acquisition, antibiotic use, determination of potential

confounders (introduction of resistance and infection-control

practices), and interpretation of results (table 1).

Study design, baseline period, and intervention period.

Fourteen studies focussed on gram-negative bacteria [32–44],

2 studies addressed vancomycin-resistant enterococci [30, 45],

and 3 studies evaluated all types of antibiotic-resistant patho-

gens [46–48]. The earliest studies addressed aminoglycoside

resistance and evaluated the effects of using another amino-

glycoside for which resistance did not exist [32, 33].

The interventions tested were antimicrobial cycling with re-

currence of the initial regimen (A-B-A) ( ) [39, 49], an-n p 2

timicrobial rotation with different antibiotic regimens (A-B-C-

D) ( ) [35, 37, 38, 47], antimicrobial rotation per monthn p 4

versus per consecutive patient ( ) [44], and antimicrobialn p 1

restriction or substitution ( ) [30, 32–34, 36, 40–43, 45,n p 12

46, 48].

Sixteen studies had a prospective cohort design executed

within a single unit, 2 had a prospective crossover design in 2

wards, and 1 had a controlled design in 2 neonatal ICU pop-

ulations. In 12 of 16 studies that did not have a simultaneously

studied control group, end points and potential confounders

were first determined during a baseline period and then, with

identical methodology, during the intervention period (before-

after studies). Cohort studies with different antibiotic policies

(B-C-D) compared with a standard policy (A) were considered

to be before-after studies if separate analyses were not per-

formed between cycles B, C, and D.

End points of analysis. Colonization rate was the primary

end point in 10 studies [30, 32, 34–36, 39, 40, 42–44], 6 studies

used antimicrobial susceptibility rates of clinical isolates (and,

therefore, determined infection rates) [33, 37, 41, 46–48], and

both colonization and infection rates were used as end points

in 4 studies [30, 38, 44, 49].

Relative importance of acquisition routes. The relative im-

portance of different acquisition routes was not determined in

any study, although some information about transmission dy-

namics was provided by genotyping of selected isolates in 4

studies. This revealed the polyclonal presence of cefuroxime-

resistant gram-negative bacteria ( ) [42], monoclonal ep-n p 1

idemics of ceftazidime-resistant gram-negative bacteria (n p
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Table 1. (Continued.)

Study

[48] [40] [39] [38] [45] [44]

Before-after study Before-after study Prospective cohort study Prospective cohort
study

Before-after study Prospective cross-over
study

MRSA + GNR GNR GNR GNR VRE GNR

Substitution: nonprotocoli-
zed vs. protocolized
antibiotics

Substitution: nonprotocoli-
zed antibiotics vs. FEP

Cycling: LVX, CPI, LVX,
and TZP

Rotation: FEP, FQ,
IPM, and TZP

Substitution: TIM by
TZP

Rotation per month
vs. rotation per con-
secutive patient of
FEP/CAZ, CIP, MEM/
IPM, and TZP

Yes Yes No Yes Yes Not applicable

Infection rates Colonization rates Colonization rates Colonization and infec-
tion rates

Colonization and infec-
tion rates

Colonization and infec-
tion rates

Not performed Not performed Yes Not performed Not performed Not performed

Antibiotic-days/1000 days
ICU presence

Antibiotic-days DDD/1000 patient-days Percentage of patients
receiving specific
antibiotic

DDD/1000 patient-
days

Percentage of patients
receiving specific
antibiotic; DDD/100
patient-days

Not analyzed Analyzed Analyzed Analyzed Not analyzed Analyzed

Not analyzed Not analyzed Not analyzedb Not analyzedc Not analyzed Not analyzedd

Reduction of MRSA and
CRO-resistant GNR

Reduction in antibiotic-re-
sistant GNR

Increase resistance during
LVX and TZP

No effect on resis-
tance rates

Reduction in VRE
acquisition

Reduction of FEP-re-
sistant P. aeruginosa
during cycling

) [34], low cross-transmission rates of ceftazidime-resistant1

gram-negative bacteria ( ) [35] and the monoclonaln p 1

spread of fluoroquinolone-resistant pathogens in combination

with the monoclonal and polyclonal spread of b-lactam–resis-

tant pathogens ( ) [39].n p 1

Antibiotic use. Antibiotic use—the subject of intervention

in each study—was analyzed in 16 of 18 studies. There is,

however, no uniform measure of antibiotic use, and time com-

ponents were also variably used. Six of the reviewed studies

expressed use of a specific antibiotic as a percentage of total

antibiotic use ( ) [49], as a percentage of patients receivingn p 1

antibiotics ( ) [30, 33, 38], as the number of courses pern p 2

100 enrolled patients or ICU admissions ( ) [46, 47], orn p 2

as the total grams of antibiotics used ( ) [43]—thus, nonen p 1

used time in the denominator. Eleven studies integrated time

in the expression of antibiotic use, either as number of doses

or grams/month ( ) [34,41]), as antibiotic-days ( )n p 2 n p 4

[30, 35, 37, 40], as percentages of ICU-days ( ) [36,48],n p 2

or as defined daily doses/1000 patient-days ( ) [39, 44,n p 3

45]. Two studies expressed antibiotic use with and without time

components [30, 44].

Control of potential confounders. Introduction of resis-

tance, defined as carriage of drug-resistant bacteria within the

first 48 h of hospital admission, was measured in 10 studies

[30, 32, 34, 36, 38–40, 43, 44, 49]. Neither adherence to hand

disinfection nor cohorting levels, staffing levels, or workload

were determined in any of these 18 studies. In 5 studies, in-

fection control strategies were implemented or enhanced while

interventions were ongoing [38–40, 44, 47].

Interpretation of efficacy. In 12 studies, authors concluded

that infection-control intervention was effective in reducing the

prevalence of resistance, either with or without increased re-

sistance in other pathogens [32, 36, 37, 40–48]. Others con-

cluded that their studied intervention had no effect on anti-

biotic resistance ( ) [30, 34, 35, 38, 39, 49] and/or had ann p 6

opposite effect on antibiotic resistance ( ) [33]. All studiesn p 1

used standard statistics (i.e., Student’s t test, x2 test, or Fisher’s

exact test) for data analysis.

DISCUSSION

Colonization dynamics of drug-resistant pathogens in small

hospital settings, such as ICUs, are complex, with multiple

relevant and interacting variables. Therefore, there is a high risk
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Table 2. Points to reduce confounding in intervention trials ad-
dressing antibiotic use in intensive care units.

Optimal study design
Cluster-randomized
Quasi experimental (see [50])

Optimal end point
Colonization rates
Infection rates

Determination of relative importance of different acquisition routes
(cross-transmission, endogenous selection, and/or de novo re-
sistance development)

Quantification (or control) of confounders, such as:
Patient characteristics
Introduction of antibiotic resistance
Infection control variables (hand hygiene, contact rates, cohort-

ing levels, patient-staff ratios)
Antibiotic use

of confounding in intervention studies that may seriously ham-

per the interpretation of study results. For example, 19 studies

of antibiotic interventions (selected using specified search cri-

teria) were systematically reviewed to determine to what extent

potential confounding had been controlled for.

In all studies, potential confounders (introduction of resis-

tance, infection control practices) either were not measured or

changed during the study period. Therefore, it remains uncer-

tain whether observed changes in antibiotic resistance preva-

lence after intervention were causally related to the interven-

tion. Moreover, even absence of efficacy could have resulted

from opposing effects due to confounding, despite an effective

intervention.

We, therefore, propose the following 4 points, to reduce con-

founding in intervention trials addressing antibiotic resistance

in ICUs (table 2): first, the optimal study design would be a

randomized, controlled trial, with each participating ward as a

unit of study (i.e., cluster-randomized trial). Needless to say,

such a trial will be expensive. A quasi-experimental design (such

as a before-after study) might be an alternative, as long as results

are interpreted carefully; such a design inherently increases the

likelihood of confounding, regression to the mean, and mat-

uration effects [50]. To provide a greater internal validity, and

potential causation between intervention and outcome, Harris

et al. [51] proposed a hierarchy in quasi-experimental designs,

reflecting designs that do or do not include control groups.

Second, colonization rates are preferred over infection rates,

because the latter only represent the tip of the iceberg. Third,

determination of the relative importance of acquisition routes

is indispensable to optimally target interventions and to choose

the appropriate statistical methods for analysis. Genotyping of

colonizing isolates, in combination with epidemiological link-

age, is still the standard method to distinguish between exog-

enous and endogenous colonization events. As mentioned,

these methods are labor-intensive and, therefore, hardly feasible

in daily practice outside dedicated research settings. Recently,

mathematical models have been proposed as alternatives for

determining transmission parameters on the basis of longitu-

dinal prevalence data [4, 27, 52]. With these so-called Markov

chain models, the relative importance of either cross-trans-

mission or the endogenous route can be determined upon ob-

servation of fluctuations in prevalence. In addition, rapid mo-

lecular tests will be available in the near future, which will also

enhance abilities to better understand the epidemiology of an-

tibiotic resistance. Importantly, standard statistical tests—all as-

suming independency of observations—are only valid when

patient-dependency is not relevant. When cross-transmission

is important, these tests should be interpreted with care, be-

cause inflated rates of type I errors are likely to occur [28].

Again, recent developments in biostatistical analyses may offer

better alternatives for the future [27, 52]. Finally, potential con-

founders should be quantified and included in the final

analyses.

Antibiotic resistance will remain a relevant problem in ICUs

in the coming decades; with no new antibiotic classes on the

horizon, the minimization of further emergence of resistance

is of utmost importance. Characteristics of ICU populations

and of colonization dynamics enhance the risk of confounding

when analyzing control measures. The measures proposed in

this review will reduce the risk of false interpretation of study

results.
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