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Clonal Diversity of Klebsiella spp. and

Escherichia spp. Strains Isolated from

Patients with Ventilator-Associated

Pneumonia. Antibiotics 2021, 10, 674.

https://doi.org/10.3390/

antibiotics10060674

Academic Editor: Michele Bartoletti

Received: 14 May 2021

Accepted: 3 June 2021

Published: 5 June 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Anesthesiology, Resuscitation and Intensive Care Medicine, University Hospital Olomouc,
77900 Olomouc, Czech Republic; jan.papajk@fnol.cz (J.P.); radovan.uvizl@fnol.cz (R.U.)

2 Department of Microbiology, Faculty of Medicine and Dentistry, Palacký University Olomouc,
77515 Olomouc, Czech Republic

3 Department of Microbiology, University Hospital Olomouc, 77515 Olomouc, Czech Republic;
tatana.stosova@fnol.cz (T.Š.); milan.kolar@fnol.cz (M.K.)

* Correspondence: kristyna.mezerova@upol.cz

Abstract: Ventilator-associated pneumonia (VAP) is one of the most severe complications affect-
ing mechanically ventilated patients. The condition is caused by microaspiration of potentially
pathogenic bacteria from the upper respiratory tract into the lower respiratory tract or by bacterial
pathogens from exogenous sources such as healthcare personnel, devices, aids, fluids and air. The
aim of our prospective, observational study was to confirm the hypothesis that in the etiology of
VAP, an important role is played by etiological agents from the upper airway bacterial microflora.
At the same time, we studied the hypothesis that the vertical spread of bacterial pathogens is more
frequent than their horizontal spread among patients. A total of 697 patients required mechanical
ventilation for more than 48 h. The criteria for VAP were met by 47 patients. Clonality of bacterial
isolates from 20 patients was determined by comparing their macrorestriction profiles obtained by
pulsed-field gel electrophoresis (PFGE). Among these 20 patients, a total of 29 PFGE pulsotypes of
Klebsiella spp. and Escherichia spp. strains were observed. The high variability of clones proves that
there was no circulation of bacterial pathogens among hospitalized patients. Our finding confirms
the development of VAP as a result of bacterial microaspiration and therefore the endogenous origin
of VAP.

Keywords: ventilator-associated pneumonia; Klebsiella spp.; Escherichia spp.; pulsed-field gel elec-
trophoresis (PFGE); clonality; endogenous infection

1. Introduction

Ventilator-associated pneumonia (VAP) is one of the most severe complications affect-
ing mechanically ventilated patients. VAP has a considerable impact on patient prognosis
due to longer ventilation time and higher mortality. The incidence of VAP is reported to
be 9–27% [1]. The risk of developing VAP is highest in the first five days of mechanical
ventilation and then gradually decreases [2]. Mortality associated with VAP is 33–50%,
depending on the bacterial pathogen, adequacy of the antibiotic therapy and comorbidities
of the patient [1]. With strict preventive measures in place, the death rate may decrease
to approximately 9–13% [3]. The incidence of VAP is influenced by a range of risk fac-
tors contributing to undesirable microaspiration of potentially pathogenic bacteria into
the lower respiratory tract. Microaspirations occur not only due to respiratory invasive
procedures, including intubation or bronchoscopy, but also passively due to leakage of
pooled secretions (from the paranasal sinuses, nasopharynx, oropharynx or stomach) from
the space above the endotracheal tube cuff. Even insertion of the tube itself disrupts the
natural barrier protecting the airways [4] and a biofilm forming on its surface may become
a source of bacterial contamination of the lower respiratory tract [5]. All these mechanisms,
individually or together, participate in the endogenous origin of VAP. The independent risk
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factors for VAP are mainly previous administration of antibiotics and patient comorbidi-
ties [1]. The exogenous sources of bacterial pathogens responsible for VAP in the intensive
care setting may include healthcare personnel, devices, aids, fluids or air [6].

The study aimed to confirm the hypothesis that in the etiology of VAP, an important
role is played by etiological agents from the upper airway bacterial flora, and that vertical
spread of bacterial pathogens is more common than their horizontal spread among patients.

2. Results

Patients over 18 years of age hospitalized at the Department of Anesthesiology, Re-
suscitation and Intensive Care Medicine, University Hospital Olomouc, Czech Republic,
between 11 January 2018 and 22 May 2020 were involved in this prospective, observa-
tional study.

Over the study period, a total of 697 patients required mechanical ventilation for more
than 48 h. The criteria for VAP were met by 47 patients. The clonality study included 20
patients (18 males, 2 females) whose VAP was caused by Klebsiella spp. and Escherichia spp.
As for demographic data, only age was normally distributed (median 58, interquartile
range, IQR, 23–83). The other parameters showed non-normal distribution. The mean body
mass index was 28 ± 5 (median 28, IQR 19–48). The median Acute Physiology and Chronic
Health Evaluation II (APACHE II) score on admission was 24 (IQR 14–32). The median
duration of mechanical ventilation and intensive care unit (ICU) stay was 11 days (IQR
5–43) and 13 days (IQR 6–44), respectively. The patients had a 30-day mortality rate of 20%.

A total of 49 Klebsiella spp. and Escherichia spp. isolates were obtained from 20 pa-
tients. Of those, nine Escherichia spp. isolates came from five patients and 40 Klebsiella
spp. isolates from 17 patients; the latter included four isolates from patients from whom
Klebsiella variicola or Escherichia spp. isolates were also obtained.

2.1. PFGE Analysis of Klebsiella spp. Isolates

For 26 Klebsiella pneumoniae isolates from 12 patients, different restriction profiles
obtained with SpeI digestion of DNAs were observed, resulting in 16 pulsotypes. Isolates
with identical restriction profiles were documented among different types of samples
collected from the patients (Figure 1). Additionally, more than one clone was observed
among isolates coming from patients referred to as PAT 8, PAT 9 and PAT 12.

Clustering analysis of nine isolates identified as Klebsiella variicola coming from five
patients contributed to our finding that there was no clonal spread among patients in the
Department of Anesthesiology, Resuscitation and Intensive Care Medicine. Furthermore,
more than one clone was observed in the patient PAT 2 (Figure 2). A dendrogram con-
structed for five Klebsiella oxytoca isolates coming from 2 patients supported clonal diversity
among different patients (Figure 3). Nevertheless, the phylogenetic tree based on PFGE
profiles revealed identical strains isolated from different types of samples collected from
each patient.
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old set at 97%. 
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2.2. PFGE Analysis of Escherichia spp. Isolates

PFGE identified three pulsotypes among five Escherichia coli isolates belonging to three
patients (Figure 4), supporting clonal diversity among different patients. The same results
were obtained by restriction profiles of Escherichia hermannii DNA as four isolates were
categorized to two phylotypes corresponding with patient codes (Figure 5).

Antibiotics 2021, 10, x FOR PEER REVIEW 4 of 9 
 

 

 
Figure 2. Dendrogram for restriction patterns of K. variicola isolates. Legend: horizontal axis—similarity of isolates (%); 
vertical axis—pulsotype, patient code, type of sample, date of sample collection, date of VAP diagnosis; PT pulsotype, 
PAT patient, ENDO endotracheal aspirate sample, THROAT throat swab. The vertical line indicates the similarity thresh-
old set at 97%. 

 
Figure 3. Dendrogram for restriction patterns of K. oxytoca isolates. Legend: horizontal axis—similarity of isolates (%); 
vertical axis—pulsotype, patient code, type of sample, date of sample collection, date of VAP diagnosis; PT pulsotype, 
PAT patient, ENDO endotracheal aspirate sample, THROAT throat swab. The vertical line indicates the similarity thresh-
old set at 97%. 

2.2. PFGE Analysis of Escherichia spp. Isolates 
PFGE identified three pulsotypes among five Escherichia coli isolates belonging to 

three patients (Figure 4), supporting clonal diversity among different patients. The same 
results were obtained by restriction profiles of Escherichia hermannii DNA as four isolates 
were categorized to two phylotypes corresponding with patient codes (Figure 5). 

 

Figure 4. Dendrogram for restriction patterns of E. coli isolates. Legend: horizontal axis—similarity of isolates (%); vertical 
axis—pulsotype, patient code, type of sample, date of sample collection, date of VAP diagnosis; PT pulsotype, PAT patient, 
ENDO endotracheal aspirate sample, THROAT throat swab. The vertical line indicates the similarity threshold set at 97%. 

 
Figure 5. Dendrogram for restriction patterns of E. hermannii isolates. Legend: horizontal axis—similarity of isolates (%); 
vertical axis—pulsotype, patient code, type of sample, date of sample collection, date of VAP diagnosis; PT pulsotype, 

Figure 4. Dendrogram for restriction patterns of E. coli isolates. Legend: horizontal axis—similarity of isolates (%); vertical
axis—pulsotype, patient code, type of sample, date of sample collection, date of VAP diagnosis; PT pulsotype, PAT patient,
ENDO endotracheal aspirate sample, THROAT throat swab. The vertical line indicates the similarity threshold set at 97%.

Antibiotics 2021, 10, x FOR PEER REVIEW 4 of 9 
 

 

 
Figure 2. Dendrogram for restriction patterns of K. variicola isolates. Legend: horizontal axis—similarity of isolates (%); 
vertical axis—pulsotype, patient code, type of sample, date of sample collection, date of VAP diagnosis; PT pulsotype, 
PAT patient, ENDO endotracheal aspirate sample, THROAT throat swab. The vertical line indicates the similarity thresh-
old set at 97%. 

 
Figure 3. Dendrogram for restriction patterns of K. oxytoca isolates. Legend: horizontal axis—similarity of isolates (%); 
vertical axis—pulsotype, patient code, type of sample, date of sample collection, date of VAP diagnosis; PT pulsotype, 
PAT patient, ENDO endotracheal aspirate sample, THROAT throat swab. The vertical line indicates the similarity thresh-
old set at 97%. 

2.2. PFGE Analysis of Escherichia spp. Isolates 
PFGE identified three pulsotypes among five Escherichia coli isolates belonging to 

three patients (Figure 4), supporting clonal diversity among different patients. The same 
results were obtained by restriction profiles of Escherichia hermannii DNA as four isolates 
were categorized to two phylotypes corresponding with patient codes (Figure 5). 

 

Figure 4. Dendrogram for restriction patterns of E. coli isolates. Legend: horizontal axis—similarity of isolates (%); vertical 
axis—pulsotype, patient code, type of sample, date of sample collection, date of VAP diagnosis; PT pulsotype, PAT patient, 
ENDO endotracheal aspirate sample, THROAT throat swab. The vertical line indicates the similarity threshold set at 97%. 

 
Figure 5. Dendrogram for restriction patterns of E. hermannii isolates. Legend: horizontal axis—similarity of isolates (%); 
vertical axis—pulsotype, patient code, type of sample, date of sample collection, date of VAP diagnosis; PT pulsotype, 

Figure 5. Dendrogram for restriction patterns of E. hermannii isolates. Legend: horizontal axis—similarity of isolates (%);
vertical axis—pulsotype, patient code, type of sample, date of sample collection, date of VAP diagnosis; PT pulsotype, PAT
patient, ENDO endotracheal aspirate sample, THROAT throat swab. The vertical line indicates the similarity threshold set
at 97%.

In 15 patients (75%), the bacterial pathogen that caused VAP was isolated from the
upper respiratory tract before the development of VAP, or bacterial strains identified from
the upper respiratory tract and endotracheal aspirate (ETA) samples showed identical
restriction profiles in the same patient. In the remaining five patients, we confirmed the
presence of the detected pathogen only in ETA samples after VAP had occurred.

3. Discussion

Over the study period, the incidence of VAP in the Department of Anesthesiology,
Resuscitation and Intensive Care Medicine reached 7%, a lower rate compared to long-
term reports [1]. The incidence was compared to 2018 data (1 January–31 December
2018) showing 20 cases of VAP among 291 patients mechanically ventilated for over 48 h
(unpublished data). The 2018 rate was also 7%, suggesting a stable incidence of VAP in
the department. In their comparison of data from the National Healthcare Safety Network,
Dudeck et al. reported a downward trend in the incidence of VAP [7,8]. However, recent
guidelines by the Infectious Diseases Society of America and the American Thoracic
Society state a stable VAP rate (approx. 10%) in mechanically ventilated patients [9].
The present study found a mortality rate of 20% among VAP patients. A meta-analysis
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by Melsen et al. reported lower overall mortality (13%). However, the opposite was
true for comparable patient subgroups (APACHE II score 20–29), with rates of 20% and
36%, respectively [3]. Mortality rates in different studies are also difficult to compare
due to various methodologies. According to Forel et al., 28-day and 90-day mortality
of patients with VAP was 27% and 42%, respectively [10]. While a study from Thailand
documented 30-day mortality of 46% [11], Tejada et al. reported a rate of 44% without time
specification [12]. A multi-center study by Herkel et al. assessed 30-day mortality with
regard to adequate or inadequate empirical antibiotic therapy (27% vs. 45%) [13].

In the pathogenesis of VAP, microaspiration of bacteria from secretions in the space
above the endotracheal tube cuff or the oropharynx plays the major role. Less frequently,
the infection is caused by exogenously acquired pathogens. Thus, most VAP cases are of
endogenous origin [6,14]. The risk factors for the development of VAP are mainly urgent
tracheal intubation, reintubation, bronchoscopy and intolerance of enteral feeding, that is,
situations representing a higher risk of microaspiration [15]. The introduction of routine
assessment of the bacterial flora in both the upper and lower respiratory tract has allowed
early identification of bacterial pathogens responsible for VAP. ETA sample collection
results in more frequently detected pathogens (93%) compared to not only oropharyngeal
swab (OS) and gastric aspiration samples (59% and 57%, respectively), but especially to
protected specimen brushing (36%) [16]. The latter approach has the lowest sensitivity of all
invasive techniques and is therefore not routinely performed, as stated in a meta-analysis
by Fernando et al. [17]. Our results suggest that taking OS and ETA samples twice a week
is sufficient.

To the best of our knowledge, this is the first study comparing the clonality of Kleb-
siella and Escherichia spp. strains isolated from different types of samples in each patient
with VAP. Among 20 patients, a total of 29 PFGE pulsotypes were observed. Restriction
profiles obtained from 26 K. pneumoniae isolates revealed 16 pulsotypes among 12 patients.
K. variicola isolates also showed high variability of clones, as six pulsotypes were obtained
from isolates belonging to five patients. Where K. oxytoca, E. coli and E. hermannii isolates
were analyzed by PFGE, the number of pulsotypes always corresponded with the number
of patients, proving that there was no circulation of pathogen among hospitalized patients.

Comparison of PFGE pulsotypes obtained in this study also showed high variability
of bacterial clones among different patients, which correlates with a study by Hanulik et al.
demonstrating clonal diversity among 23 K. pneumoniae isolates with only three pairs of
clones belonging to six different patients [18]. A later study by Pudova et al. observed
unique restriction profiles of analyzed isolates (74%) from hospital-acquired pneumonia
(HAP) patients, suggesting only rare clonal spread of HAP bacterial pathogens among
individual patients [19]. Unlike our study, circulation of multidrug-resistant K. pneumoniae
isolates causing VAP in Egypt was confirmed by PFGE analysis. A study by Mohamed et al.
included 19 clinical isolates from different patients and four environmental isolates, re-
sulting in 17 pulsotypes. The restriction profiles of clinical and environmental isolates
were similar, suggesting the exogenous origin of VAP infection [20]. Identical clones of
K. pneumoniae were also detected in 29% of VAP patients in China. Clonal relationship of
the K. pneumoniae strains was studied by random amplified polymorphic DNA (RAPD)
and multilocus sequence typing, revealing 21 different RAPD patterns and 25 sequence
types (ST) among 49 K. pneumoniae isolates. The most frequent clone, ST23 (43% prevalence)
corresponding to hypervirulent K. pneumoniae (hvKP), evinced an identical RAPD pattern
for all analyzed isolates, suggesting their epidemiological relationship [21]. According
to a study by Tabrizi et al., hvKP isolated from mechanically-ventilated drug-poisoning
patients was related to ST23 with the same PFGE pulsotype pattern, also underlining its
epidemiological importance [22]. Based on our PFGE results, no epidemiologic strain was
detected among the investigated patients.

In 75% of patients, the identified bacterial pathogen was first isolated from the upper
respiratory tract as part of the bacterial flora. Subsequently, its presence in the endotracheal
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secretion of a patient with clinically expressed VAP was confirmed. This finding confirms the
development of VAP resulting from bacterial microaspiration as reported by Pudova et al. [19].

The study limitations are its retrospective design, evaluation of only two bacterial
species, and inclusion of only one center.

4. Materials and Methods
4.1. Patients and Clinical Material

All patients over 18 years of age who required mechanical ventilation for more than
48 h at the Department of Anesthesiology, Resuscitation and Intensive Care Medicine
over the study period were involved in the study. Biological samples for microbiology
testing, collected as described below, were a routine part of standard care for mechanically
ventilated patients.

4.2. Sample Processing

The study included patients who met the clinical criteria for VAP caused by strains of
Klebsiella spp. and Escherichia spp. The clinical signs of pneumonia are defined as the pres-
ence of newly developed or progressive infiltrates on chest radiographs plus at least two
other signs of respiratory tract infection: temperature > 38 ◦C, purulent sputum, leukocyto-
sis (white blood cell, WBC > 10 × 103/mm3) or leukopenia (WBC < 4 × 103/mm3), signs
of inflammation on auscultation, cough and/or respiratory insufficiency with a PaO2/FiO2
ratio of ≤300 mm Hg that develop after more than 48 h of mechanical ventilation.

Excluded were patients with signs of pneumonia at the time of initiation of mechanical
ventilation or with neutropenia, organ donors, those who later switched to withhold
therapy or palliative care, and patients with VAP caused by bacterial pathogens other than
Klebsiella spp. and Escherichia spp.

4.3. Collection of Samples for Microbiological Culture and Identification of Isolated Bacteria

In all patients, OS samples were taken on admission and then twice weekly, and
ETA samples were taken twice weekly following the initiation of mechanical ventilation.
OS samples were collected from the back wall of the oropharynx using a commercially
available sample collection kit with a transport medium (Copan Diagnostics, Murrieta, CA,
USA). ETA samples were collected by aspiration of secretions from an orotracheal tube
using a sterile closed collecting system, with subsequent rinsing of the suction catheter with
10 mL of sterile saline and closing of the test tube with a sterile stopper. The identification of
bacteria was performed by MALDI-TOF MS (Biotyper Microflex, Bruker Daltonics, Bremen,
Germany) [23]. The study analyzed all Escherichia spp. and Klebsiella spp. strains isolated
from OS and ETA collected from the enrolled patients. Table S1 in Supplementary data
summarizes isolated bacterical species, dates of sample collection and VAP diagnosis of
the enrolled patients.

4.4. Genotyping of Selected Bacterial Isolates

Clonal relationships of bacterial isolates were determined by comparing their macrore-
striction profiles obtained by pulsed-field gel electrophoresis (PFGE). Bacterial DNA was
isolated according to a protocol previously described in a study by Husickova et al. [24].
Briefly, DNA was isolated from a bacterial culture incubated at 37 ◦C for 16 h in Mueller–
Hinton broth. The cells were washed three times with washing buffer followed by dilution
of bacteria for optical density of 1.0–1.5 at 600 nm. The cells were subsequently mixed with
2% low melting point agarose (Bio-Rad, Hercules, CA, USA) to form blocks. The prepared
agarose blocks were incubated at 37 ◦C in lysis buffer containing lysozyme. After 24 h,
the blocks were transferred into deproteination buffer with proteinase K and incubated at
55 ◦C for another 24 h. The obtained blocks were finally washed in TE buffer and stored
at 4 ◦C. According to manufacturer’s instructions, enzymes XbaI and SpeI (New England
Biolabs, Ipswich, MA, USA) were used for DNA restriction. Escherichia spp. isolates were
digested by XbaI while SpeI-digested genomic DNA was used for obtaining restriction



Antibiotics 2021, 10, 674 7 of 9

profiles of Klebsiella spp. isolates. The obtained DNA fragments were separated by PFGE,
which was carried out in 1.2% agarose gel at 6 V cm−1 and pulse times of 2–35 s for 24 h.
Thiourea (final concentration 50 µM) was added to an electrophoresis buffer in order to
improve the typeability of the strains. Ethidium bromide was used for staining the gel, the
obtained restriction profiles were documented by an imaging device and compared by the
GelCompar II software (Applied Maths, Kortrijk, Belgium). Dendrograms were constructed
by the unweighted pair group method with arithmetic mean combined with a hierarchical
clustering method with Dice’s coefficient. Optimization and band matching tolerance was
set at 2%. Restriction profiles reaching 97% similarity were considered identical.

4.5. Statistical Analysis

Data were analyzed with IBM SPSS Statistics for Windows version 23.0 (IBM Corp.,
Armonk, NY, USA). Quantitative variables are presented as means and standard deviations
(SD), minimum and maximum values and medians. The Shapiro–Wilk test for normal-
ity was used to verify that most data are not normally distributed (the only exception
being age). Qualitative data (males/females, 30-day mortality) are presented as counts
and percentages.

5. Conclusions

The results of this study, namely unique profiles confirming high variability of bac-
terial pathogens isolated from different patients, led us to conclude that the isolates did
not spread among the hospitalized patients, suggesting that all VAP infections were en-
dogenously acquired. At the same time, the results prove that strict adherence to hygiene
and epidemiological precautions and careful surveillance of bacterial pathogens causing
VAP, including assessment of the upper respiratory tract microflora, in clinical practice,
may effectively prevent the horizontal spread of bacterial pathogens among mechanically
ventilated patients. The observations of the study also indicate that bacterial microflora
of the upper respiratory tract might predict the pathogens implicated in VAP. Thus, reg-
ular screening of a patient’s oral microflora might guide empirical antibiotic treatment
when the patient subsequently develops VAP, possibly increasing the rate of appropriate
antibiotic treatment.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/antibiotics10060674/s1, Table S1: ENDO endotracheal aspirate sample, ESCO E. coli, ESHE E.
hermannii, KLOX K. oxytoca, KLPN K. pneumoniae, KLVA K. variicola, PAT patient, THROAT throat swab.

Author Contributions: Conceptualization, M.K. and J.P.; Methodology, K.M., T.Š. and R.U.; Formal
Analysis, K.M. and R.U.; Investigation, J.P.; Resources, J.P.; Data Curation, K.M., T.Š. and J.P.; Writing—
original draft preparation, K.M., M.K. and J.P.; Writing—review and editing, K.M., M.K. and J.P.;
Visualization, K.M. and J.P.; Supervision, M.K. and R.U. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the grant IGA_LF_2021_022 and project MH CZ—DRO
(FNOL, 00098892).

Institutional Review Board Statement: This study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the Joint Institutional Ethics Committee of University
Hospital Olomouc Ethics Committee (no. 173/2018).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study. (In case informed consent to participation in the study could not be obtained due to the
provision of continuous analgesia/sedation to mechanically ventilated patients, close relatives were
asked for it and properly informed).

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to protection of privacy of patients
included in the study.

Acknowledgments: The authors are thankful to K. Langová for performing statistical analyses.

https://www.mdpi.com/article/10.3390/antibiotics10060674/s1
https://www.mdpi.com/article/10.3390/antibiotics10060674/s1


Antibiotics 2021, 10, 674 8 of 9

Conflicts of Interest: The authors declare no conflict of interest.

References
1. American Thoracic Society; Infectious Diseases Society of America. Guidelines for the Management of Adults with Hospital-

acquired, Ventilator-associated, and Healthcare-associated Pneumonia. Am. J. Respir. Crit. Care Med. 2005, 171, 388–416.
[CrossRef] [PubMed]

2. Chastre, J.; Fagon, J.-Y. Ventilator-associated Pneumonia. Am. J. Respir. Crit. Care Med. 2002, 165, 867–903. [CrossRef]
3. Melsen, W.G.; Rovers, M.M.; Groenwold, R.H.; Bergmans, D.C.; Camus, C.; Bauer, T.T.; Hanisch, E.; Klarin, B.; Koeman, M.A.;

Krueger, W.; et al. Attributable mortality of ventilator-associated pneumonia: A meta-analysis of individual patient data from
randomised prevention studies. Lancet Infect. Dis. 2013, 13, 665–671. [CrossRef]

4. Zolfaghari, P.S.; La Wyncoll, D. The tracheal tube: Gateway to ventilator-associated pneumonia. Crit. Care 2011, 15, 310. [CrossRef]
[PubMed]

5. Hunter, J.D. Ventilator associated pneumonia. BMJ 2012, 344, e3325. [CrossRef] [PubMed]
6. Safdar, N.; Crnich, C.J.; Maki, D.G. The pathogenesis of ventilator-associated pneumonia: Its relevance to developing effective

strategies for prevention. Respir. Care 2005, 50, 725–739.
7. Dudeck, M.A.; Weiner, L.M.; Allen-Bridson, K.; Malpiedi, P.J.; Peterson, K.D.; Pollock, D.A.; Sievert, D.M.; Edwards, J.R. National

Healthcare Safety Network (NHSN) report, data summary for 2012, Device-associated module. Am. J. Infect. Control 2013,
41, 1148–1166. [CrossRef]

8. Dudeck, M.A.; Horan, T.C.; Peterson, K.D.; Allen-Bridson, K.; Morrell, G.; Pollock, D.A.; Edwards, J.R. National Healthcare Safety
Network (NHSN) Report, data summary for 2010, device-associated module. Am. J. Infect. Control 2011, 39, 798–816. [CrossRef]

9. Kalil, A.C.; Metersky, M.L.; Klompas, M.; Muscedere, J.; Sweeney, D.A.; Palmer, L.B.; Napolitano, L.M.; O’Grady, N.P.; Bartlett,
J.G.; Carratalà, J.; et al. Management of Adults With Hospital-acquired and Ventilator-associated Pneumonia: 2016 Clinical
Practice Guidelines by the Infectious Diseases Society of America and the American Thoracic Society. Clin. Infect. Dis. 2016,
63, e61–e111. [CrossRef]

10. Forel, J.-M.; Voillet, F.; Pulina, D.; Gacouin, A.; Perrin, G.; Barrau, K.; Jaber, S.; Arnal, J.-M.; Fathallah, M.; Auquier, P.; et al.
Ventilator-associated pneumonia and ICU mortality in severe ARDS patients ventilated according to a lung-protective strategy.
Crit. Care 2012, 16, R65. [CrossRef]

11. Werarak, P.; Kiratisin, P.; Thamlikitkul, V. Hospital-acquired pneumonia and ventilator-associated pneumonia in adults at Siriraj
Hospital: Etiology, clinical outcomes, and impact of antimicrobial resistance. J. Med. Assoc. Thai. 2010, 93, S126–S138.

12. Artigas, A.T.; Dronda, S.B.; Vallés, E.C.; Marco, J.M.; Usón, M.C.V.; Figueras, P.; Suarez, F.J.; Hernández, A. Risk factors for
nosocomial pneumonia in critically ill trauma patients. Crit. Care Med. 2001, 29, 304–309. [CrossRef]

13. Herkel, T.; Uvizl, R.; Doubravska, L.; Adamus, M.; Gabrhelik, T.; Sedlakova, M.H.; Kolar, M.; Hanulik, V.; Pudova, V.; Langova,
K.; et al. Epidemiology of hospital-acquired pneumonia: Results of a Central European multicenter, prospective, observational
study compared with data from the European region. Biomed. Pap. 2016, 160, 448–455. [CrossRef]

14. Berthelot, P.; Grattard, F.; Mahul, P.; Pain, P.; Jospé, R.; Venet, C.; Carricajo, A.; Aubert, G.; Ros, A.; Dumont, A.; et al. Prospective
study of nosocomial colonization and infection due to Pseudomonas aeruginosa in mechanically ventilated patients. Intensiv.
Care Med. 2001, 27, 503–512. [CrossRef]

15. Uvizl, R.; Kolar, M.; Herkel, T.; Vobrova, M.; Langova, K. Possibilities for modifying risk factors for the development of hospital-
acquired pneumonia in intensive care patients: Results of a retrospective, observational study. Biomed. Pap. 2017, 161, 303–309.
[CrossRef]
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