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ABSTRACT Regimens containing topical polymyxin appear highly effective at pre-
venting ventilator-associated pneumonia (VAP) overall and, more so, VAP caused by
Gram-negative bacteria. However, Stoutenbeek’s postulates that VAP incidences
within studies of topical antibiotics depend on the context of whether the compo-
nent (control and intervention) groups of each study were concurrent versus non-
concurrent remain untested. The literature was searched for concurrent control (CC)
versus nonconcurrent control (NCC) designed studies of respiratory tract applications
of topical polymyxin to mechanically ventilated (MV) patients that reported inci-
dences of Pseudomonas-associated ventilator-associated pneumonia (PsVAP). Studies
of various interventions other than topical polymyxin (nonpolymyxin studies) served
to provide additional points of reference. The PsVAP incidences within the compo-
nent groups of all studies were benchmarked against groups from observational
studies. This was undertaken by meta-regression using generalized estimating equa-
tion methods. Dot plots, caterpillar plots, and funnel plots enable visual benchmark-
ing. The PsVAP benchmark (and 95% confidence interval [CI]) derived from 102 ob-
servational groups is 4.6% (4.0 to 5.3%). In contrast, the mean PsVAP within NCC
polymyxin intervention groups (1.6%; CI, 1.0 to 4.5%) is lower than that of all other
component group categories. The mean PsVAP within CC polymyxin control groups
(9.9%; CI, 7.6 to 12.8%) is higher than that of all other component group categories.
The PsVAP incidences of control and intervention groups of studies of respiratory
tract applications of polymyxin are dependent on whether the groups were within a
concurrent versus nonconcurrent study. Stoutenbeek’s concurrency postulates are
validated.
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Polymyxin is a common component within selective oral-pharyngeal decontamina-
tion and selective digestive decontamination (SOD/SDD) regimens (1–6). The evi-

dence in support of SOD/SDD in protection against ventilator-associated pneumonia
(VAP) and other intensive care unit (ICU)-acquired infections appears compelling.
Numerous studies and systematic reviews report apparent reductions in VAP incidence
of �50% (1–6) in comparison to other methods of VAP prevention, which achieve
reductions of generally �50% (7–18). Moreover, SOD/SDD appears most protective
against Gram-negative colonization and infection (4).

However, the optimal study design for the evaluation of decontamination interven-
tions in the ICU context is unclear. Stoutenbeek postulated that it would be difficult to
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interpret the infection incidences in, on the one hand, the intervention group (postu-
late 1) and, on the other hand, the control group (postulate 2) of a concurrent control
(CC) study, as the influence of contextual effects may be impossible to exclude within
the traditional CC trial format. Hence, the original ICU study of SOD/SDD (19) and at
least 20 of the more than 60 studies that followed were undertaken with a noncon-
current control (NCC) design. Several had either a hybrid design with both NCC and CC
groups or crossover designs.

The objective here is to test these postulates. To this end, several obstacles need to
be resolved. First, Pseudomonas aeruginosa-associated VAP (PsVAP) incidence provides
a more specific endpoint than overall VAP incidence. Pseudomonas aeruginosa, against
which polymyxin is a key antibiotic, accounts for approximately 20% of VAP isolates (20,
21), and resistance, even in the context of prophylactic colistin use, is rare (22).

Second, an externally derived reference PsVAP incidence is required with which to
benchmark the PsVAP incidences within the component (control and intervention)
groups within the published studies of SOD/SDD. To this end, a category of observa-
tional studies serves to derive external benchmarks for PsVAP (and VAP) incidence.
Additionally, a composite category of studies of interventions other than topical
polymyxin (nonpolymyxin studies) provides additional points of reference.

Third, the impact of a range of other contextual (group level) factors that could
influence the PsVAP incidence needs to be modeled.

RESULTS
Characteristics of the studies. Of the 191 studies identified by the search (Fig. 1),

119 were sourced from 20 systematic reviews and 72 were sourced from elsewhere
(Table 1; see Tables S1 to S4 in the supplemental material). Only a minority of NCC
studies of topical polymyxin had been cited within a systematic review. The majority of
studies were published between 1980 and 2010, and a minority originated from trauma
ICUs. Bronchoscopic methods for VAP sampling and diagnosis were used more com-
monly among observational studies than topical polymyxin studies. The nonpolymyxin
studies were drawn from studies of gastric acid-based, airway-based, and topical
antiseptic- or antibiotic-based interventions for the prevention of ICU-acquired infec-
tions among mechanically ventilated (MV) patients.

A total of 289 component groups were derived from these 191 studies. Fifteen
studies, including three having a hybrid design, had more than one observational,
control, or intervention group. The majority of groups from studies of topical polymyxin
methods had fewer than 50 patients per group versus more than 75 patients in the
majority of all remaining groups. There were 16 different topical polymyxin-containing
regimens within the topical polymyxin-based intervention groups.

Effect sizes: overall VAP incidence. The study-specific effect sizes of the topical
polymyxin and nonpolymyxin interventions against overall VAP incidence are pre-
sented as forest plots (Fig. S1 and S2 [see additional file S1]), and the summary odds
ratios are presented in Table 1.

Benchmarking: visual. The PsVAP incidences in all groups are displayed in cater-
pillar plots (Fig. S3 to S7), funnel plots (Fig. S9 to S15), and scatter plots (Fig. 2). There
was significant disparity in the summary incidences of both VAP (Fig. S8) and PsVAP
(Fig. 2) among the component groups versus the respective benchmarks (Table 1). For
VAP and PsVAP, the incidences among the control groups of CC studies of topical
polymyxin were each higher by �50% than the respective benchmarks, whereas the
incidences for control groups of studies of nonpolymyxin methods and the control
groups of NCC design studies of topical polymyxin were more similar to the corre-
sponding benchmarks. Conversely, for both VAP and PsVAP, the incidences for the
intervention groups of NCC studies of topical polymyxin were �50% less than the
respective benchmarks, whereas the incidences for intervention groups of studies of
nonpolymyxin methods and the intervention groups of CC designed studies of topical
polymyxin were more similar to the corresponding benchmarks (Table 1 and Fig. 2; Fig.
S3 to S7). Among the studies of topical polymyxin, the difference in PsVAP incidence
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FIG 1 Search method, screening criteria, and resulting classification of eligible studies and subsequent derivation of
component groups. The arrows numbered 1 to 6 indicate the following steps. (1) An electronic search for systematic reviews
containing potentially eligible studies was performed using the search terms “ventilator-associated pneumonia,” “mechanical
ventilation,” and “intensive care unit,” each combined with either “meta-analysis” or “systematic review,” up to December 2015.
(2) Studies were streamed into one of four categories: studies in which there was no intervention (observational studies),
studies with topical polymyxin with or without a CC design, and studies of nonpolymyxin methods of VAP prevention. The
studies of nonpolymyxin methods of VAP prevention encompass a broad range of methods. (3) The studies were screened
against inclusion and exclusion criteria. (4) A hand search was undertaken for additional studies. (5) Eligible studies were then

(Continued on next page)
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between control groups of NCC design studies and CC design studies and likewise the
difference in PsVAP incidence between intervention groups of NCC design studies and
CC design studies were each significantly different (P � 0.05).

In the PsVAP caterpillar plots (Fig. S3 to Fig. S7) and the VAP (Fig. S8) and PsVAP (Fig. 2)
dot plots, there is no impression that the summary VAP or PsVAP incidences for any
category of component group was driven by a minority of outlier studies that may have
been subject to either outbreaks or to unusually large prevention effects. Of the 41
zero-event groups, 10 were among the 25 intervention groups of the CC design studies

FIG 1 Legend (Continued)
collated, and any duplicate studies were removed. (6) The component groups, being control (rectangles), intervention (ovals),
and observation (diamond) groups, were extracted from each study. Note that the total numbers do not tally, as some
systematic reviews provided studies in more than one category and some studies provided groups in more than one category.

TABLE 1 Characteristics of studiesa

Characteristic

Result for:

Observational studies
(no intervention)

Studies of VAP prevention

Nonpolymyxin
studies

Topical polymyxin studies

NCC CC

Study characteristics
Source Table S1 Table S2 Table S3 Table S4
Total no. of studies 93 60 17 25
No. of studies with origin from systematic reviewb 43 47 5 22
No. of studies originating from North American ICUsc 25 15 2 3
No. of studies with MV for �48 h for �90%d 6 1 1 4
No. of studies originating from trauma ICUse 21 13 2 8
No. of studies with bronchoscopic samplingf 57 25 6 6
Study publication yr (range) 1986–2015 1987–2016 1975–2017 1987–2007
Overall VAP prevention effect sizeg NA 0.74; 0.67–0.82 0.40; 0.31–0.52 0.35; 0.29–0.43

Group characteristics
No. of patients per study group (median; IQR)h 290; 135–660 76; 60–149 84; 60–228 42; 31–74

VAP incidence per 100 patients (mean %; 95% CI)
(no. of groups)

Cohort 20; 18–22 (102) NA NA NA
Control NA 21; 19–24 (60) 18; 11–30 (9) 33; 26–41 (24)
Intervention NA 15; 13–18 (54) 10; 6–15 (15) 14; 11–18 (25)

PsVAP incidence per 100 patients (mean %; 95% CI)
(no. of groups)

Cohort 4.6i; 4.0–5.3 (102)
Control 4.8j; 4.0–5.8 (60) 6.4k,l; 5.1–7.9 (9) 9.9l,m,n; 7.6–12.8 (24)
Intervention 3.5o; 2.8–4.3 (54) 1.6k,p,q; 1.0–4.5 (15) 3.8m,n,p; 2.9–5.0 (25)

aNote that several studies had more than one control and/or intervention group. Hence, the number of groups does not equal the number of studies. Abbreviations:
NCC, nonconcurrent control; CC, concurrent control; NA, not applicable.

bStudies that were sourced from 20 systematic reviews (references available in supplemental material).
cStudies originating from an ICU in Canada or the United States.
dStudies for which fewer than 90% of patients were reported to receive �48 h of MV.
eA trauma ICU was arbitrarily defined as an ICU with �50% of admissions for trauma.
fBronchoscopic instead of tracheal sampling for VAP diagnosis.
gSee Fig. S1 and S2 in the supplemental material.
hData are the median and interquartile range (IQR).
iThis value is the PsVAP benchmark as derived in Fig. S3.
jSee Fig. S4.
kSee Fig. S6.
lThe incidences of PsVAP within control groups from CC and NCC design studies of topical polymyxin were statistically different (P � 0.049).
mThe incidence of PsVAP within CC control groups of studies of topical polymyxin in which observer blinding was achieved by using a topical placebo was 10.9% (7.0

to 16.0%; n � 11) compared to 8.9% (6.2 to 12.7%; n � 14) in those not using a topical placebo.
nSee Fig. S7.
oSee Fig. S5.
pThe incidences of PsVAP within intervention groups from CC and NCC design studies of topical polymyxin were statistically different (P � 0.017).
qThe incidence of PsVAP among intervention groups of NCC studies of topical polymyxin after exclusion of two pre-1980 North American studies (37, 39) was 1.6%
(1.0 to 2.8%).
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compared to 2 among the 15 intervention groups of the NCC design studies of topical
polymyxin. This uneven distribution is apparent as an asymmetry in the funnel plots
(Fig. S10, S11, S14, and S15) of study groups, with an excess of high standard error
(low-precision) groups with PsVAP �5%. These groups mostly represent zero-event
groups whose analytic weights were each �1% and, in aggregate, �10% toward the
derivation of each group summary (data not shown).

Among the observational groups, there was a slight downward trend in PsVAP
incidence versus year of publication (Fig. 3).
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FIG 2 Incidence of PsVAP versus the benchmark. Results for the component (Ob, observational [open
symbols]; C, control, and I, intervention [closed triangles]) groups of studies of either topical polymyxin-
or nonpolymyxin-based methods of VAP prevention are shown (95% CI of summary incidence). The
PsVAP benchmark is the summary mean (central unbroken vertical line) derived from the observational
studies. Note that the x axis is a logit scale and groups with a zero count have a continuity correction
(N � 0.5) to enable them to appear in the plot. These data are displayed in more detail as caterpillar plots
(see Fig. S3 to S7 in the supplemental material).
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FIG 3 Pseudomonas VAP incidence per 100 patients versus year of publication. Symbols: open gray
circles, observational groups; open triangles, control group from nonpolymyxin studies; solid gray
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correction (N � 0.5) to enable them to appear in the plot. The regression line is derived from only the
observational groups.
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Benchmarking: meta-regression. In models adjusting for all the group level factors
as detailed in Table 2, origin from a North American ICU was negatively associated with
both VAP and PsVAP, group origin from a trauma ICU was positively associated with
both VAP and PsVAP, and year of publication was negatively associated with PsVAP
(Fig. 3).

The strongest negative factor in each of the PsVAP and VAP models was that
associated with membership of an NCC topical polymyxin intervention group. In
contrast, for each of the PsVAP and VAP models, the strength of the association
between membership of a CC topical polymyxin study intervention group was equal in
magnitude, although contrary in direction, to the strength of the association with
membership of a CC control group. Repeating this analysis limited to studies obtained
from systematic reviews revealed similar findings (data not shown).

Repeating this analysis using the DerSimonian and Laird random-effects method as
an alternative method of meta-regression analysis revealed similar findings (Table S5).

DISCUSSION

This analysis of a broad range of studies has been undertaken in an attempt to test
the postulated contextual effect of concurrency of control and intervention groups
within studies of topical polymyxin on the incidence of PsVAP. This analysis is informed
by data from other studies in this patient group; PsVAP and VAP benchmarks are
derived from studies without an intervention, and studies of nonpolymyxin interven-
tions provide additional points of reference. The number of studies with PsVAP data
included here is larger than that contained in a previous review (4), which catalogued
54 randomized controlled trials of SOD/SDD from which data on Gram-negative
bacterial pneumonia was available from only 14.

Of note, the summary effect sizes seen here of the polymyxin and nonpolymyxin
interventions are similar to the summary effects seen in the respective systematic
reviews from which these studies were largely drawn (2–18). Interestingly, the magni-
tudes of the summary effect sizes for topical polymyxin appear similar for CC and NCC

TABLE 2 Regression models (GEE methods)a

Factor

VAP PsVAP

Coefficientb 95% CI P Coefficientb 95% CI P

Groups from observational studies (reference group) �1.3 �1.8 to �0.8 �0.001 �3.1 �3.7 to �2.4 �0.001

Control groups
Nonpolymyxin studies �0.20 �0.03 to �0.43 0.08 �0.12 �0.18 to �0.43 0.43
NCC topical polymyxin studies �0.15 �0.31 to �0.61 0.52 �0.49 �0.09 to �1.07 0.1
CC topical polymyxin studies �0.46 �0.03 to �0.88 0.036 �0.56 �0.18 to �0.94 0.004

Intervention groups
Nonpolymyxin studies �0.16 �0.44 to �0.11 0.24 �0.15 �0.48 to �0.18 0.36
NCC topical polymyxin studies �0.57 �1.26 to �0.19 0.008 �1.35 �1.96 to �0.73 0.001
CC topical polymyxin studies �0.41 �1.03 to �0.21 0.003 �0.54 �0.93 to �0.15 0.006

Trauma ICUc �0.80 �0.58 to �1.01 0.001 �0.43 �0.14 to �0.72 0.004
Mode of diagnosisd �0.16 �0.45 to �0.12 0.26 �0.21 �0.55 to �0.13 0.23
MV of �90%e �0.57 �0.92 to �0.22 0.002 �0.50 �1.05 to �0.05 0.075
North American studyf �0.41 �0.73 to �0.08 0.013 �0.59 �1.03 to �0.16 0.007
Yr of publicationg �0.01 �0.03 to �0.005 0.16 �0.02 �0.05 to �0.006 0.01
aAbbreviations: GEE, generalized estimating equation methods; ICU, intensive care unit; MV, mechanical ventilation; NCC, nonconcurrent control; CC, concurrent
control. The regression models derived using random-effects methods are presented in Table S5 in the supplemental material.

bIn our interpretation, for each model, the reference group is the observational study (benchmark) group, and the coefficient for the reference group equals the
difference in logits from 0 (a logit equal to 0 equates to a proportion of 50%; a logit equal to �1.4 equates to a proportion of 20%; a logit equal to �2.9 equates to
a proportion of 5%), and the other coefficients represent the difference in logits for groups positive for that factor versus the reference group.

cA trauma ICU is arbitrarily defined as an ICU for which �50% of admissions were for trauma.
dDiagnosis of VAP using bronchoscopic rather than trachea-based sampling.
eLess than 90% of the group receiving prolonged MV.
fOriginating from an ICU in the United States or Canada.
gYear of study publication, with the coefficient representing the increment for each year post-1985.
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designed studies, and each, in contrast, exceed the effect size derived from the studies
of nonpolymyxin interventions.

Moreover, the PsVAP benchmark, being 4.6% (95% confidence interval [CI], 4.0 to
5.3), is comparable to an incidence estimate reported in the literature. Among a
multinational survey of ICUs, the PsVAP incidence among MV patients was 4.8% in
Europe and 3.4% in the United States (23).

There are three hybrid design studies with PsVAP data available (24–26). These three
studies were each relatively small. The PsVAP incidence within these studies fit the
pattern of PsVAP results among the broader panel of studies of topical polymyxin
(Fig. S16).

The summary PsVAP and VAP incidences derived from the control groups of the CC
studies of topical polymyxin methods are higher than the respective benchmarks, than
the same incidences derived from the NCC polymyxin studies, and also than the same
incidences derived from the control groups of nonpolymyxin-based methods. Surpris-
ingly, the PsVAP and VAP incidences derived from the intervention groups of the CC
polymyxin-based methods are in each case more similar to the respective benchmarks.

In contrast, the summary PsVAP and VAP incidences derived from the intervention
groups of the NCC studies of topical polymyxin methods are lower than the respective
benchmarks, than the same incidences derived from the CC polymyxin studies, and also
than the same incidences derived from the intervention groups of nonpolymyxin-based
methods.

These findings remain robust to three sensitivity tests. First, the use of a topical
placebo to achieve observer blinding is a key marker of a high-quality study, especially
where the endpoint is somewhat subjective, as is the case for VAP. However, approx-
imately half of the studies of topical polymyxin used a topical placebo to achieve
observer blinding (27). The PsVAP incidences derived from CC studies that were or were
not observer blinded were similar.

Second, the low PsVAP incidence within intervention groups of NCC studies of
topical polymyxin remains apparent after exclusion of two early U.S. studies. Finally, a
meta-regression model was undertaken. Several candidate group level predictors of
PsVAP incidence were used to base meta-regression models in an effort to account for
the disparate observations between the CC and NCC studies of topical polymyxin.
However, membership of an intervention group from an NCC design topical polymyxin
study retained the strongest association with PsVAP incidence (Table 2). In contrast,
membership of a control group from a CC design topical polymyxin study remained
positively associated with PsVAP incidence (Table 2).

There are four key limitations to this analysis, the first being that the studies have
been published over a period of more than 3 decades. There was considerable heteroge-
neity in the interventions, populations, VAP isolate reporting practices, prevalence of
antibiotic resistance, and study designs among the studies here, together with a slight
downward trend in PsVAP over this time. Moreover, the inclusion criteria for both the
nonpolymyxin and the topical polymyxin interventions here have been intentionally
broadly specified. Of note, many of the topical polymyxin interventions under study
were within a regimen that often also included other SOD/SDD components, such as
topical antifungal and aminoglycoside antimicrobials and protocolized parenteral an-
tibiotics.

Second, the analysis is not intended to be a systematic review to estimate the effect
size of topical polymyxin in preventing PsVAP. There is no rating for study quality here.
Generally, NCC design studies are rated as too low in quality to warrant inclusion within
a systematic review of effect size. The summary effect sizes here are derived merely for
internal reference within this review.

The third limitation is that there are too few NCC nonpolymyxin studies with which
to compare the effect of membership of component group of such a study versus that
of an NCC topical polymyxin study.

Finally, the analysis here is inherently observational. Only a limited number of key
group level factors were entered into the regression models, and there was no ability
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to adjust for the underlying patient level risk within the analysis. Moreover, the analysis
here has merely identified a high incidence of PsVAP among the control groups of CC
design topical polymyxin studies that remains without an explanation. It remains
possible that a high PsVAP or even VAP incidence, whether due to an apparent or an
inapparent outbreak (28), served as a prompt to undertake and publish a CC study
of a topical polymyxin regimen within the ICU. This was not explicitly stated in any of
the studies analyzed here. However, there are studies that have reported the use of
regimens containing topical polymyxin in relation to the control (29–31) and emer-
gence (32–34) of outbreaks of Gram-negative infections. These outbreak studies (29–
34) were excluded from the analysis here.

The importance of using methods that include zero-event groups together with
estimates of their precision in the analysis has previously been considered and dis-
cussed within an analysis of candidemia (35). Moreover, without these zero-event
groups, the summary PsVAP estimates for CC studies of topical polymyxin would have
been higher and the discrepancy with the benchmark would have been greater than
that obtained here with the zero-event groups included. The funnel plots indicate a
disproportionate number of small (imprecise) zero-event groups among the CC studies
here. The explanation for this is unclear, but this would be consistent with underre-
porting of PsVAP.

The disparity in the incidence of PsVAP among studies of topical polymyxin versus
the respective benchmarks recapitulates similar observations for various endpoints
among studies of SOD/SDD versus externally derived benchmarks from populations of
MV patients. For example, with respect to Staphylococcus aureus as a VAP isolate (27),
Staphylococcus aureus bacteremia (36), Candida as a respiratory tract isolate (37), and
candidemia incidence (35), in each case, the endpoint is higher among control groups
of SOD/SDD studies than the respective benchmarks.

The basis for the difference in PsVAP incidence between control and intervention
groups of NCC versus CC studies of topical polymyxin remains to be explained.

With respect to postulate 1, it is plausible that cross colonization from the concur-
rent colocated control group patients nullified the decolonization in the intervention
patients receiving SDD. As predicted by Stoutenbeek et al. (19), “. . . having heavily
contaminated controls next to decontaminated patients might adversely affect the
potential beneficial results.”

With respect to postulate 2, the PsVAP incidence in control group patients is highest
in the presence of concurrent colocated intervention patients receiving SDD. These
findings here are paradoxical and contrary to the prediction of Stoutenbeek et al. (19)
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.”

There are five considerations to explain this paradox. First, patients receiving
prolonged MV are a major reservoir of Pseudomonas in the ICU (20, 21). Second, the MV
patient population, to which SOD/SDD has been targeted in these studies, may have
ICU lengths of stay that are above average. Third, the mechanism of allocation of an
intervention, or not, to patients within a CC study is on a patient-by-patient basis and
typically involves random assignment. As a consequence of this allocation, adjacent to
intervention group MV patients within a CC design study will be a predominance of
untreated MV patients. In contrast, in an NCC design study, this allocation is typically to
all eligible patients within the unit, and there may be no adjacent untreated MV
patients.

Fourth, is a topical placebo used within a randomized double-blind placebo-
controlled evaluation of topical antibiotics as prophylaxis without effect within the ICU
context? Such studies require careful consideration of any potential perfidious effect of
a topical placebo (27) contributing to herd peril (38) within this context.

Finally, the Pseudomonas decolonization achieved with SOD/SDD is incomplete (4,
22). Decolonization fails using even an intensified SDD regimen in a minority of patients
(39). These patients may continue to serve as reservoirs within the unit, and the
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potential exists for rebound on the discontinuation of SOD/SDD (40). One study
examined the epidemiology of Pseudomonas pyocine and resistogram types within an
ICU by undertaking a CC designed study of SDD and found that the patients receiving
SDD served as a reservoir for persistent Pseudomonas strains in the unit that accounted
for the majority of control group Pseudomonas infections (41). This persistence within
the SDD-treated patients was not a consequence of polymyxin resistance. Studies
within Dutch ICUs confirm that the prevalence of resistance to antibiotics, including
colistin among Gram-negative bacteria colonizing the respiratory tract, does not in-
crease over a period of several years of SDD use (22). However, on the sudden
discontinuation of SDD, a rebound in the prevalence of antibiotic resistance in the ICU
can occur (39). A similar rebound was observed in a two-ICU crossover study under-
taken without a washout period (42). There were no PsVAP (and no Gram-negative
bronchopneumonia) events in 99 SDD-exposed intervention group patients versus 13
PsVAP (among 31 Gram-negative bronchopneumonia) events in 61 NCC group patients
in the post-SDD period (42).

Two NCC polymyxin studies undertaken in the 1970s are of particular interest (43,
44). These American studies, with �1,500 “seriously ill” ICU patients overall, represent
the largest studies of polymyxin preventative therapy undertaken outside Europe.
Despite the findings of substantial reductions in Pseudomonas pneumonia, both studies
urged caution with this preventative therapy. One observed a higher pneumonia
mortality despite the reduction in Pseudomonas pneumonia and raised concern that
“continuous use of polymyxin B aerosols appears to be a dangerous form of therapy”
(43). The other study was placebo blinded and conducted over 11 alternating placebo
and polymyxin cycles without washout periods. This study was “terminated . . . in the
middle of the 11th cycle, a placebo cycle, because of the sudden increase in coloni-
zation and infection with P. aeruginosa” (44). With the rebound in this last cycle, the
incidence of Pseudomonas pneumonia reached 12%, having been 0.8% in the previous
five polymyxin cycles.

Conclusion. The PsVAP incidences of control and intervention groups of studies of
respiratory tract applications of polymyxin are dependent on whether the groups were
within a CC versus a NCC study. These discrepancies highlight the challenges to study
design in the evaluation of topical antibiotics as prophylaxis within the ICU context.
These findings, which would not be apparent within any study examined in isolation
nor within a systematic review as conventionally undertaken, validate the Stoutenbeek
hypotheses.

MATERIALS AND METHODS
Being an analysis of published work, ethics committee review of this study was not required.
Study selection and derivation of groups. The literature search and analytic approach used here

(Fig. 1) are as described previously (35, 38). The six steps used (Fig. 1, numbered arrows) were as follows.
In step 1, an electronic search of PubMed, the Cochrane database, and Google Scholar for systematic

reviews containing potentially eligible studies was undertaken using the following search terms:
“ventilator-associated pneumonia,” “mechanical ventilation,” and “intensive care unit,” each combined
with either “meta-analysis” or “systematic review” up to December 2015.

In step 2, systematic reviews of studies of patient populations requiring prolonged (�24-h) ICU
admission for which the VAP incidence was analyzed were then streamed into one of four categories:
systematic reviews of studies in which there was no intervention (observational studies), systematic
reviews of NCC or CC design studies with topical polymyxin in any formulation (2–7), and systematic
reviews of studies of nonpolymyxin interventions (nonpolymyxin studies). The studies of nonpolymyxin
methods of VAP prevention encompass a broad range of methods delivered either via the gastric route
(8–10), the airway route (11–16), or the oral care route (17, 18).

In step 3, the studies were screened against the following eligibility criteria. Criteria for inclusion were
prevention studies with or without concurrent controls for which incidence data for both PsVAP and VAP
were extractable as an incidence proportion. The denominator for this incidence proportion is the
number of MV patients with an ICU stay of at least 24 h. Criteria for exclusion were studies limited to
patients with the acute respiratory distress syndrome, studies with less than 50% of patients receiving
MV, and studies of topical antibiotics in the context of an ICU outbreak (29–34). Due to the significant
worldwide variation in PsVAP (23), and the finding that there were no studies of topical polymyxin
conducted outside Europe and North America, studies undertaken from Asia and Central and South
America were excluded from this analysis.
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In step 4, a hand search was undertaken for additional studies not identified within systematic
reviews.

In step 5, all eligible studies were then collated, and any duplicate studies were removed and
streamed into groups of patients from studies without a VAP prevention method (observational groups)
or component groups of the studies of polymyxin with CC or NCC design and nonpolymyxin interven-
tions. Groups within multiarm studies that received antibiotic prophylaxis with regimens other than
topical polymyxin were excluded. The working definition for an NCC design study used here was that the
control and study patients were not colocated in the same ICU at the same time. Some NCC design
studies fit this description because the control and intervention group patients, while concurrent, were
located in separate ICUs.

In step 6, the component groups were extracted from each study as observational, control, or
intervention groups.

Data analysis. The PsVAP incidence is the number of patients with VAP and with any Pseudomonas
isolate per 100 MV patients together with the incidence proportion of VAP overall. Those groups for
which the proportion of admissions for trauma was �50% were arbitrarily designated as originating from
trauma ICUs. Other parameters extracted were whether the mode of VAP diagnosis required broncho-
scopic sampling and whether the study originated from either the United States or Canada (North
America).

The analytic approach is as undertaken previously (27, 28, 36, 37, 45, 46). Two methods of meta-
regression were used. The main method was generalized estimating equation regression models using
an exchangeable correlation matrix together with empirical robust variance estimates. A second method
based on a DerSimonian and Laird random-effects meta-regression analysis was undertaken for com-
parison. The full details are provided in the supplemental material.

Data availability. The data sets analyzed during the current study are provided in the supplemental
material.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/AAC
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