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Abstract: There are several antiseptic, antibiotic and non-decontamination-based interventions for
preventing intensive care unit (ICU) acquired infection. These have been evaluated in >200 studies.
Infection prevention using topical antibiotic prophylaxis (TAP) appears to be the most effective.
Whether antibiotic use in the ICU may influence the risk of infection among concurrent control
patients within the same ICU and result in asymmetrical herd effects cannot be resolved with
individual studies examined in isolation. The collective observations within control and intervention
groups from numerous ICU infection prevention studies simulates a multi-center natural experiment
enabling the herd effects of antibiotics to be evaluated. Among the TAP control groups, the incidences
for both ventilator associated pneumonia (VAP) and mortality are unusually high in comparison to
literature-derived benchmarks. Paradoxically, amongst the TAP intervention groups, the incidences
of mortality are also unusually high and the VAP incidences are similar (i.e., not lower) compared to
the incidences among studies of other interventions. By contrast, the mortality incidences among
the intervention groups of other studies are similar to those among the intervention groups of TAP
studies. Using topical antibiotics to prevent infections acquired within the ICU environment may
result in profoundly asymmetrical effects.

Keywords: bacteremia; topical antibiotic prophylaxis; study design; intensive care; mechanical
ventilation; selective digestive decontamination; herd effects; ventilator associated pneumonia

1. Introduction

Patients in the ICU are at high risk of acquiring a range of infections during their ICU
stay [1]. For patients staying more than 48 h, the risks of ventilator-associated pneumonia
(VAP) [2], bacteremia [3] and candidemia [4] are as high as 25%, 10% and 1%, respec-
tively. Multiple factors, such as the presence of invasive devices such as central lines or
endotracheal intubation increase the risk. Infections acquired during the patient’s ICU
stay complicate their management and increase the mortality risk. The ICU mortality is
generally 22.7% in this patient group with similar incidences among control and interven-
tion groups of 145 studies (37,156 patients) of infection prevention interventions whether
using antibiotic or non-antibiotic methods [5]. Moreover, there are major challenges in the
diagnosis, treatment and prevention of each of these infections.

ICU-acquired infections generally originate from bacteria and candida colonizing the
patient’s microbiome. This colonizing flora originates from external sources, including
the ICU environment itself, and by transmission from the microbiomes of other patients
concurrent within the ICU. Antibiotic use, while it might prevent infections in individual
patients, will contribute to the disruption of the microbiome within ICU patients and the
ICU environment itself. Is it possible that using antibiotics to prevent the development of
an infection in individuals might asymmetrically compound or even increase the risk of
infection for other patients in the ICU context [6]?
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The goal here is to test the presumption of symmetry between the effect of antibiotic
prophylaxis at the level of individual patients versus the effect of the same antibiotic
prophylaxis at the level of the population among studies as reported in the literature.

2. Prevention Interventions

The origin of most ICU-acquired infections from the patient’s colonizing microbiome under-
lies various ICU infection prevention strategies [7–29]. These can be broadly classified as inter-
ventions based on decontamination using topical antibiotic prophylaxis (TAP) [7–14], decontam-
ination using topical antiseptics, such as chlorhexidine [15–17] and non-decontamination-based
intervention strategies [18–27]. Examples of non-decontamination strategies might be different
methods of airway management [14–24] or different methods of preventing stress ulcer-
ation, which through effects on stomach acid secretion, influence stomach colonization
secondarily [25,26]. Even different methods of enteral feeding may influence the infection
risk through the influence on stomach colonization [27].

These preventative interventions broadly target key colonization sites such as the
oropharynx, the gastrointestinal tract or the skin, depending on the specific ICU-acquired
infection of interest. The interventions are variously applied as mouth washes (the orophar-
ynx), as enteral applications (the gastrointestinal tract) or as body washes (targeting the
skin). By contrast, the effect of TAP is believed to be mediated through the control of gut
overgrowth with bacteria [28,29].

Further complicating this topic, the studies of these various infection prevention
interventions have evaluated different endpoints: pneumonia, bacteremia and candidemia.
For example, even the mortality census may have been ICU, hospital or 28-day mortality,
or other timepoints [30]. To further complicate the evaluation of these studies of prevention
strategies, three main study design types have been used. For some studies, this was
the typical randomized control trial (RCT) study design, comparing the incidences of
endpoints among concurrent patients individually randomized to receive intervention
versus standard care within the same ICU. For other studies, the control group comprised
non-concurrent patients from historical periods of standard care. In yet other instances,
the study protocol dictated that the control group patients receive protocolized parenteral
antibiotic prophylaxis (duplex studies). The third type is a cluster randomized trial (CRT)
design, wherein each ICU are randomly assigned to deliver either only intervention or only
standard care to each eligible patient. This last type of study design reflects the philosophy
that were a successful prevention strategy to be found, it would be applied to all eligible
patients as part of an ICU bundle of care rather than patients selectively. This type of
study design also ensures that the intervention should not influence the outcome of control
patients through effects on the ICU microbiome as the intervention and control patients are
non-concurrent.

3. Is There an Effective Prevention Method?

There are over 200 studies of these various antibiotic and non-antibiotic-based meth-
ods of ICU infection prevention strategies conducted over the past 40 years and many,
but not all, have been included within systematic reviews of the specific interventions.
Summarizing the collective results is not simple given the range of interventions, the lack
of uniformity within each intervention category, the different study endpoints and the
various study designs used.

Despite this heterogeneity, overall, the most effective method appears to be that based
on oropharyngeal applications of TAP, with (selective digestive decontamination; SDD) or
without (selective oropharyngeal decontamination; SOD) the additional use of protocolized
parenteral antibiotic prophylaxis [31]. The use of TAP applied with or without additional
protocolized parenteral antibiotic prophylaxis appears to be highly effective, with typical
reductions within randomized controlled trials being ~50% for VAP, ~20% for bacteremia
and candida infections and 15% for overall mortality [31]. Of note, these RCTs typically
use control patients who are concurrent and drawn from the same ICU as where the
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intervention patients are located. Moreover, TAP, as variously constituted, is the only
method for which a mortality reduction has been claimed within systematic reviews of the
various VAP preventative interventions [7–27,31]. By contrast, non-decontamination-based
methods achieve <50% reductions in VAP and non-significant effects on mortality. Among
studies of antiseptic interventions, oropharyngeal applications of topical chlorhexidine
may be associated with reductions in VAP of approximately 25%; however, concern that
mortality might be increased by as much as 13% among recipients of chlorhexidine within
studies of non-cardiac ICU patients has led to a reappraisal [16]. The results of 212 VAP
prevention studies are summarized in Table 1. The majority of these studies were selected
from systematic reviews that have summarized the effects of each intervention on VAP and
mortality incidences.

Table 1. Characteristics of studies 1.

Characteristics Observational Non-Decontamination Topical Antiseptic Topical Antibiotic Studies

Number of studies 2
47 81 22 67

Study publication year (range) 1986–2019 1985–2015 2000–2018 1973–2018

Numbers of patients per
study group (median) 278 63 65 80

(IQR) 3 175–487 44–100 31–114 41–131

Mean patient age per
study group (median) 58 56 55 54

(IQR) 3 51–63 49–60 47–58 45–61

VAP prevention effect
(odds ratio; 95% CI n) 4

NA 0.69 0.76 0.37

0.63–0.76 0.64–0.9 0.34–0.41

71 19 62

Mortality prevention effect
(odds ratio; 95% CI n) 5

NA 0.69 0.76 0.37

0.90–1.04 0.95–1.15 0.87–0.96

86 24 69

Notes: 1 The details of 212 studies together with the literature search strategy are summarized in ref [30]. 2 Of these, 31 studies had more
than one observational, control or intervention group and four studies provided both concurrent and non-concurrent control groups. Hence,
the number of groups does not equal the number of studies. 3 Data are the median and inter-quartile range (IQR). 4 A VAP incidence or
effect size was not available for 27 studies. 5 ICU mortality or effect size was not available for 35 studies.

Surprisingly, studies of applications of TAP appear to less effective among studies
with non-concurrent controls. Indeed, the largest study of TAP to date, including 8665
mechanically ventilated patients among 13 European ICUs, failed to demonstrate any
significant reductions in either ICU-acquired bacteremia or mortality at any timepoint,
with or without adjustment for underlying patient disease severity [32].

The basis for this asymmetry between the results of studies with concurrent control
patients versus the results of studies with non-concurrent control patients is puzzling. How-
ever, there may be parallels between the infection prevention experience using antibiotics
in the ICU versus the experience with the use of vaccinations to induce protection against
infection among populations in the broader community. In studies of vaccinations, it is
important to separately estimate the possibly asymmetric effects of the vaccine intervention
in extending the benefit to individual members of a population versus the effect obtained
by the population as a whole from the herd protection if sufficient vaccination coverage is
achieved by the vaccination program [33,34]. ‘Cocooning’ is given as a specific example
of this herd protection within a population and how it may help us to understand the
asymmetrical effects of antibiotic use in the ICU environment and the importance of study
design to account for this.
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4. Cocooning and Herd Effects

Those becoming parents or grandparents are advised to be vaccinated against Per-
tussis. Vaccination of the adults in the household reduces the risk of acquiring Bordetella
pertussis, the causative agent of whooping cough, for a vulnerable newborn in the first few
months of life when their immune system is unresponsive to Pertussis vaccination.

This immunization of the parents to protect the newborn is cocooning, a specific exam-
ple of herd protection, a concept generally pertinent to infection preventative interventions
applied to populations. Herd protection symmetrically confers protection on vulnerable
unprotected members within a population from infections in the shared microbiome.

To what extent herd protection might apply to infection preventative interventions
applied in the ICU context remains unclear. Figure 1 illustrates how herd effects in the ICU
might be conceived and how they could asymmetrically influence the apparent infection
preventative ‘effect’ by indirect effects to non-recipients within an RCT.
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vaccination, given to those recipients randomized to receive the intervention (closed symbols). Are
the direct effects for recipients and the indirect effects for non-recipients symmetrical or asymmetrical?
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Whilst herd protection resulting from vaccination programs delivered to populations
is generally accepted and widely understood conceptually, its demonstration is not simple.
Its measurement requires large purpose designed studies that are powered to demonstrate
a lower than expected incidence of the specific infection of interest among the non-recipient
minority within a population vaccination program. This requires large cluster randomized
trials (CRTs) [33,34]. A demonstration of herd protection within a CRT of a typhoid vaccine
program would generally require >20,000 residents among >40 neighborhoods to achieve
sufficient statistical power. Half the neighborhoods would be randomized to typhoid
vaccination versus control vaccination among the other neighborhoods. The incidence
of typhoid among non-recipients of either vaccine, such as those ineligible or difficult to
reach, would be the endpoint of interest in this type of study [35,36].

5. Independence Assumption

Any influence of a study intervention on concurrent control patients, such as would be
expected to apply with a vaccine intervention by providing herd protection, is problematic
for its evaluation. This could occur within the typical trial design with random allocation
of intervention versus standard care to concurrently located patients. Likewise, in the
evaluation of an intervention to prevent ICU-acquired infections, there are three reasons
why the concept of herd effects should be a crucial consideration in their evaluation. First,
the ICU context contributes to the risk of acquiring infection. Second, any evidence of
herd protection would provide tremendous endorsement for an intervention. Third, any
reduction in infection risk among concurrent patients resulting from herd protection from
the infection preventative intervention within the ICU environment would be problematic
within RCTs using concurrent control patients. Potentially, any reduction in infection risk
among concurrent control group patients would bias the findings toward the null and
obscure the detection of preventative effects. The first TAP study stated that “. . . a reduction
in the number of contagious patients by applying SDD in half of them, might reduce the
acquisition, colonization and infection incidence in the not SDD treated control group” [37]
(p. 186). Indeed, many subsequent TAP studies, including the largest and most recent
study of TAP, by design, intentionally used non-concurrent controls to avoid the possible
contamination of the control group by indirect effects spilling over from the intervention
group [22].

If, on the other hand, the intervention was to increase the infection risk among
concurrent patients through, for example, a change in the shared ICU microbiome, this,
as herd peril, would bias the result of an RCT away from the null. Moreover, studying an
intervention with any chance of herd peril would present unique ethical difficulties [38].

6. Inference Threat

The assumption of the independence of the outcomes between control and intervention
groups is fundamental for causal inference of any intervention effects derived from an
RCT. Testing the assumption of independence of outcomes for the control and intervention
groups of an RCT of an intervention to prevent ICU-acquired infection is impossible within
the confines of a single study. Given there are reasons to doubt the independence of the
outcomes between the control and intervention groups, this independence would need
to be tested, usually by reference to the incidence of the study endpoint of interest to
an external incidence benchmark. Any inability to presume or verify the independence
assumption would present a major threat to any inference of causality that might usually
follow from observing significant effects within an RCT. The uncertainty regarding control
group independence also applies to non-concurrent trials with cross-over, wherein control
periods follow treatment periods, given there is risk of carryover contaminating control
periods [39].
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7. The Natural Experiment

Estimating herd effects in the ICU would seem problematic given the complexities
described above. Moreover, to design and execute such a study would be conceptually
challenging, logistically complex and potentially unethical. However, there is a natural
experiment that might provide insights into herd effects within the ICU [40]. Could the
studies within the VAP prevention evidence base be used as a natural experiment? The
intervention of specific interest here is exposing the ICU microbiome and environment to
patients receiving TAP. The study endpoint is any of several commonly reported outcomes
such as VAP, bacteremia, candidemia or mortality within patients of ICUs not exposed
to patients receiving TAP versus those groups exposed to patients receiving TAP and
concurrently located in the ICU. Of note, the interest here is herd effects, which would
be expected to be apparent at the level of the ICU population rather than at the level
of the individual ICU patient. These ICU populations, as reported in the literature, can
be conceived as having been assigned to different interventions somewhat analogous to
the allocation by neighborhood of vaccinations programs in the typhoid herd immunity
studies. Given TAP-based methods have the most apparent infection prevention effects,
their potential to confer herd effects is of great interest. By contrast, other interventions,
such as non-decontamination interventions, have minimal direct patient effects and would
be expected to confer no herd effects. ICU populations with no study intervention could
serve as observational groups and provide external benchmarks for whichever endpoint is
of interest.

The setup of this natural experiment symmetrically ‘flips’ how these studies were
originally conceived. In particular, the concurrent control groups within TAP studies are
expected to be subject to the influence of herd effects resulting from the intervention. The
other groups, be they non-concurrent control groups of TAP studies or control or even
intervention groups of studies of interventions with little or no established prevention
or herd effects, now collectively serve to provide several differently exposed ‘control’
groups of this natural experiment, all versus the external benchmarks derived from studies
without an intervention. By comparing the event rates between the concurrent control
groups within ICUs having patients receiving the study intervention to the event rates
in the aggregate of other types of control groups from other studies, including studies of
other interventions, provides the estimate of the herd effects.

The results of this symmetrical ‘natural experiment’ for a range of endpoints are
reported in detail elsewhere [40–45]. The findings for VAP incidence and ICU mortality
incidence derived from this ‘natural experiment’ based on an updated analysis of 212 RCT
and other studies of ICU populations are presented in Figures 2–5. The original data are
accessible in [30].

Figures 2–5 display the VAP and ICU mortality endpoints for all group categories each
versus respective literature benchmarks derived from the observational publications versus
year of publication between the years 1985 to 2020. There has been no significant change in
the incidence of either endpoint over the thirty-five-year period of these publications; each
literature-derived benchmark is presented for comparison (green line). Of note, the inci-
dence of each is higher in the concurrent control groups within RCTs of TAP (Figure 5, open
red symbols, dashed lines) versus the externally-derived benchmark. For VAP incidence,
this is eight percent and for ICU mortality this is five percent higher versus the benchmark.
By contrast, the mean incidences for each of the following categories are each similar
to the external benchmarks: non-concurrent control groups within TAP studies, control
groups of studies of non-decontamination interventions and control groups of studies of
anti-septic interventions. Surprisingly, for all endpoints except VAP, the mean incidences
of each within TAP intervention groups are similar to the benchmark, not lower. Of note,
in each case, these findings are consistent with TAP appearing to have a ‘preventive effect’
within RCTs using concurrent controls [31], but not within CRTs using non-concurrent
controls [32].
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One further surprising finding from this ‘natural experiment’ concerns the event rates
within the TAP intervention groups for the incidences of infections with specific bacteria.
The constituents of TAP are polymyxin, tobramycin and amphotericin. These antibiotics
and amphotericin are active against Pseudomonas, Acinetobacter and Candida. The inci-
dences of bacteremia with Pseudomonas [29,43], Acinetobacter [29] and Candida [4,42] among
TAP intervention groups receiving TAP regimens containing polymyxin, tobramycin and
amphotericin are similar to the benchmark. This is profoundly paradoxical and asymmet-
rical. Likewise, the incidences of VAP and bacteremia with Staphylococcus aureus versus
respective Staph aureus benchmarks are profoundly paradoxical [44,45]. Of note, the cross
infection underlying these differences would not be apparent within the individual studies
examined in isolation given their limited sizes [46].
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8. Conclusions

There is an unsubstantiated presumption that the effect of prophylactic antibiotics
on ICU patients at the patient level and the population level would be symmetrical. This
review considers the evidence from a wide range of studies to test this presumption using
an approach that symmetrically ‘flips’ the control and intervention groups.

Considerable uncertainty remains as to what effects, if any, TAP might provide toward
preventing ICU acquired infections. The non-independence assumption requirement for
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the RCTs described above remains unverified and is likely untenable, as postulated in the
first TAP study [37].

There is no evidence for protective cocooning effects from using TAP to prevent ICU
acquired infections. Indeed, the high incidence of multiple endpoints, including VAP and
ICU mortality, among concurrent control groups of TAP-RCTs raises concern that the herd
effects of TAP are harmful [39]. Moreover, these herd effects, as herd peril, could underlie
the apparent preventive ‘effect’ of TAP as observed within TAP-RCTs.

Using antibiotics as an infection prevention intervention within the ICU environment
may result in profoundly asymmetrical effects at the level of the individual patient versus
the level of the population.
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