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Abstract

Background

Pseudomonas aeruginosa is a common cause of community-acquired and nosocomial-
acquired pneumonia. The development of resistance of P. aeruginosa to antibiotics is
increasing globally due to the overuse of antibiotics. This article examines, retrospectively,
the antibiotic resistance in patients with community-acquired versus nosocomial-acquired
pneumonia caused by P. aeruginosa or multidrug-resistant (MDR) P. aeruginosa.

Methods

Data from patients with community-acquired and nosocomial-acquired pneumonia
caused by P. aeruginosa and MDR P. aeruginosa were collected from the hospital
charts at the HELIOS Clinic, Witten/Herdecke University, Wuppertal, Germany, between
January 2004 and August 2014. An antibiogram was created from all study patients with
community-acquired and nosocomial-acquired pneumonia caused by P. aeruginosa or
MDR P. aeruginosa.

Results

A total of 168 patients with mean age 68.1 + 12.8 (113 [67.3% males and 55 [32.7%]
females) were identified; 91 (54.2%) had community-acquired and 77 (45.8%) had nosoco-
mial-acquired pneumonia caused by P. aeruginosa. Patients with community-acquired ver-
sus nosocomial-acquired pneumonia had a mean age of 66.4 £ 13.8 vs. 70.1 £ 11.4 years
[59 vs. 54 (64.8% vs. 70.1%) males and 32 vs. 23 (35.2% vs. 29.9%) females]. They
included 41 (24.4%) patients with pneumonia due to MDR P. aeruginosa: 27 (65.9%) com-
munity-acquired and 14 (34.1%) nosocomial-acquired cases. P. aeruginosa and MDR P.
aeruginosa showed a very high resistance to fosfomycin (community-acquired vs.
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nosocomial-acquired) (81.0% vs. 84.2%; 0 vs. 85.7%). A similar resistance pattern was
seen with ciprofloxacin (35.2% vs. 24.0%; 70.4% vs. 61.5%), levofloxacin (34.6% vs.
24.5%; 66.7% vs. 64.3%), ceftazidime (15.9% vs. 30.9; 33.3% vs. 61.5%), piperacillin
(24.2% vs. 29.9%; 44.4% vs. 57.1%), imipenem (28.6% vs. 27.3%; 55.6% vs. 50.0%), piper-
acillin and tazobactam (23.1% vs. 28.6%; 44.4% vs. 50.0%), tobramycin (28.0% vs. 17.2%;
52.0% vs. 27.3%), gentamicin (26.4% vs. 18.2%; 44.4% vs. 21.4%), and meropenem
(20.2% vs. 20.3%; 42.3% vs. 50.0%). An elevated resistance of P. aeruginosa and MDR

P. aeruginosa was found for cefepime (11.1% vs. 23.3%; 25.9% vs. 50.0%), and amikacin
(10.2% vs. 9.1%; 27.3% vs. 9.1%). Neither pathogen was resistant to colistin (P = 0.574).

Conclusion

While P. aeruginosa and MDR P. aeruginosa were resistant to a variety of commonly used
antibiotics, they were not resistant to colistin in the few isolates recovered from patients with
pneumonia.

Introduction

Pseudomonas is a rod-shaped, aerobic, Gram-negative bacterium belonging to the family Pseu-
domonadaceae [1]. Pseudomonas aeruginosa easily adapts to the environment it inhabits and
can also colonize and invade a human host to cause serious infections [2,3]. P. aeruginosa iso-
lates that cause infections are thought to express various virulence factors. This pathogen is
one of the most common causes of pneumonia [4,5].

Risk factors for the development of infections caused by Pseudomonas include neutropenia,
cystic fibrosis, severe burns, and foreign device installations [2,3]. The general human popula-
tion is refractory against infections caused by Pseudomonas species, but Pseudomonas species
are physiologically highly flexible and able to act as opportunistic pathogens in humans with
weakened immune systems [6]. P. aeruginosa causes life-threatening community-acquired
pneumonia, nosocomial infections such as pneumonia, urinary tract infections, and bacter-
emia; and chronic lung infections in patients with cystic fibrosis [7]. The identification of the
microbiological cause of a case of pneumonia is especially important for preservation of the
sensitivity of bacteria to antibiotics and for regulation of drug therapy [7].

Pneumonia due to Pseudomonas can be transmitted in hospitals by nursing staff, medical
equipment, sinks, disinfectants, and food. Pseudomonas infections are a serious problem in
hospitals for two reasons. First, patients who are critically ill can die from pneumonia caused
by Pseudomonas. Second, the elimination of P. aeruginosa in patients with infections is very
difficult because of its resistance to a variety of antibiotics [7]. P. aeruginosa currently shows
resistance to the following antibiotics: penicillin G; aminopenicillin, including those combined
with beta-lactamase inhibitors; first and second generation cephalosporins; piperacillin; pipera-
cillin and tazobactam; cefepime; ceftazidime; aminoglycosides; the quinolones; and the carba-
penems; as well as colistin and fosfomycin [8]. Therefore, distinguishing the trends in
resistance of P. aeruginosa becomes important for choosing the right antibiotic because P. aer-
uginosa is the fourth most common cause of pneumonia [9].

The increasing resistance of P. aeruginosa to numerous antibiotics, as a result of excessive
antibiotic administration, is now leading to the accumulation of antibiotic resistance and
cross-resistance between antibiotics and the appearance of multidrug-resistant (MDR) forms
of P. aeruginosa [10]. The treatment of MDR P. aeruginosa pneumonia in critical patients is
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therefore becoming more of a challenge. These findings stress the importance of microbiolo-
gists providing clinicians with accurate information regarding the sensitivity patterns of antibi-
otics, so that clinicians can select an appropriate antibiotic for the timely treatment of
infectious diseases while still helping to prevent the occurrence of resistance of P. aeruginosa to
antibiotics.

For these reasons, the present investigation was conducted to identify antibiotics to which
P. aeruginosa has developed resistance in the last 10 years. Data from the hospital database at
the HELIOS Clinic, Witten/Herdecke University, in Wuppertal, Germany, were collected for
all patients with pneumonia caused by P. aeruginosa and MDR P. aeruginosa who presented
with clinical symptoms, such as cough with purulent sputum, shortness of breath, and fever;
with elevated infection parameters in blood lab tests; and with evidence of infiltrates in chest
X-rays, according to the International Classification of Diseases (ICD J15.1). The aim of this
study was to determine the changes in antibiotic resistance according to susceptibility testing
of tracheal or bronchial secretions and blood cultures of patients with community-acquired
and nosocomial-acquired pneumonia caused by P. aeruginosa or MDR P. aeruginosa over a
period of 10 years. Antibiotic use and failure of antibiotic treatment were monitored in the
entire study population during the study period. Tackling pneumonia sooner with the correct
choice of effective antibiotic against P. aeruginosa or MDR P. aeruginosa right from the start of
treatment should shorten the duration of patients’ suffering and the length of their hospital
stays, as well as reduce patient mortality.

Material and Methods
Ethics Statement

This study was conducted in accordance with the approved institutional guidelines of the Witten-
Herdecke University in Germany. All patient data were anonymized prior to analysis. The Ethics
Committee of the Witten-Herdecke University in Germany approved this study and all experi-
mental protocols. Due to the retrospective nature of the study protocol, the Ethics Committee of
the Witten-Herdecke University in Germany waived the need for written, informed consent.

Patients

This quality-control observational study retrospectively examined the resistance to antibiotics
in patients with diagnosed community-acquired or nosocomial-acquired pneumonia triggered
by P. aeruginosa or MDR P. aeruginosa. The data were collected from hospital charts at the
HELIOS Clinic, Witten/Herdecke University, in Wuppertal, Germany, in the study period
from January 1, 2004 to August 12, 2014. The outcomes of susceptibility testing were compared
between patients with community-acquired and nosocomial-acquired pneumonia due to either
P. aeruginosa or MDR P. aeruginosa. Thus, all patients with community-acquired pneumonia
caused by P. aeruginosa or MDR P. aeruginosa constituted the study group, while the patients
with nosocomial-acquired pneumonia caused by P. aeruginosa or MDR P. aeruginosa were the
reference group. The study population with community-acquired and nosocomial-acquired
pneumonia initiated by P. aeruginosa or MDR P. aeruginosa was mixed in terms of age. All
patients over 18 years of age who had community-acquired or nosocomial-acquired pneumo-
nia caused by P. aeruginosa or MDR P. aeruginosa were included in the study.

Setting

This study included all patients with pneumonia caused by P. aeruginosa or MDR P. aerugi-
nosa who were treated on the general wards of all departments, intensive care units, infectious
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diseases settings, and at the Division of Pulmonary, Allergy and Sleep Medicine at the HELIOS
Clinic in Wuppertal. The HELIOS Clinic Wuppertal, located in the two districts of Barmen
and Elberfeld in northern Germany, is a maximum care teaching hospital of Witten/Herdecke
University in Witten, with 24 departments and 967 beds. It offers almost the entire range of
medical services for about 50,000 inpatients and 100,000 outpatients per year. The majority of
the patients with pneumonia were treated at the Division of Pneumology at HELIOS Clinic.
The Division of Pneumology, Allergology, Sleep, and Respiratory medicine offers a total of 70
beds with intensive care as a special department for respiratory medicine in various forms of
respiratory failure, sleep disorders, and a special focus on acute and chronic benign as well as
malignant diseases of the respiratory system. All patients with nosocomial-acquired pneumo-
nia caused by P. aeruginosa or MDR P. aeruginosa, but who were treated initially for other
medical reasons in other departments, such as Internal Medicine and Surgery, were included in
this study. Those with P. aeruginosa or MDR P. aeruginosa infection that led to other infec-
tions, such as urinary infection, urosepsis, gastroenteritis, and meningitis, were excluded from
the study. All patients examined at the Department of Neurology who had been suspected of
having pneumonia caused by P. aeruginosa or MDR P. aeruginosa were excluded from this
study because of restricted access to their patient data.

Data collection

All patients admitted to this hospital during this study period who had a microbiological exam-
ination of tracheal or bronchial aspirates, blood cultures, and secretion of drainage performed
for suspected pneumonia were included in this retrospective study. We routinely recorded the
patient’s age and sex, the number of tracheal or bronchial aspirates, blood cultures, or secretion
of drainage collected, the result of the culture, the susceptibility and resistance of the isolates to
commonly used antimicrobial agents, comorbidities from the hospital records, inflammatory
markers from the blood laboratory values. Data from these records were subsequently entered
into an Excel (Microsoft) spreadsheet.

Definition of Pneumonia

Pneumonia is an acute inflammation of the lung, primarily affecting the alveoli, which is usu-
ally caused by P. aeruginosa or MDR P. aeruginosa. Typical clinical symptoms of pneumonia
include cough, chest pain, fever, and difficulty breathing. The diagnosis of pneumonia is per-
formed by X-ray examination and sputum culture [11,12].

Community-acquired pneumonia caused by Pseudomonas is an acute infection of the lung
parenchyma acquired from normal social contact within the community; this is in contrast to
nosocomial-acquired pneumonia caused by Pseudomonas, which is acquired during hospitali-
zation [11,12]. The classification of pneumonia caused by Pseudomonas was made in each case,
from 2004 to 2014, according to the latest edition of the ICD [13].

The specific criteria used for the diagnosis of pneumonia were that all patients were hospi-
talized and exhibited the presence of new areas of infiltration on X-ray examination and new
clinical symptoms, including at least two of the following: difficulty of breathing, fever > 38°C,
sputum production, coughing, and leukocytosis (white blood cell count > 10,000/pL).

Aspiration pneumonia was defined as a form of pneumonia caused by P. aeruginosa or
MDR P. aeruginosa and triggered by aspiration of foreign bodies, or liquids and foods from the
mouth, or vomited gastric contents, or gastric fluid. Aspiration pneumonia was diagnosed
based on the medical history, clinical inspection, X-ray examination of the lungs, and finally
through the bronchoscopy.
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Tested Antibiotics

The sensitivity and resistance to the following antibiotics were tested against P. aeruginosa:
piperacillin, piperacillin and tazobactam, cefepime, ceftazidime, imipenem, meropenem, cipro-
floxacin, levofloxacin, gentamicin, tobramycin, amikacin, fosfomycin, and colistin.

The frequency of use of these antibiotics in clinical practice for the treatment of patients
with pneumonia caused by P. aeruginosa or MDR P. aeruginosa was recorded. The frequency
of testing of these antibiotics on an antibiogram after detecting microbial Pseudomonas was
noted.

The empiric antibiotic therapy was the initial treatment of pneumonia before the specific
bacterium P. aeruginosa or MDR P. aeruginosa was identified. It involved administration of
commonly used antibiotics based on experience while waiting for the results of the susceptibil-
ity testing from the microbiology laboratory.

The inhibition zone diameter breakpoints used for P. aeruginosa were those recommended
in the Clinical and Laboratory Standards Institute 2004 — 2011 guidelines (CLSI, 2012) [14]
(Table 1). A change from the CLSI guidelines to Europe-wide standards for susceptibility test-
ing was possible in 2011 because the European Committee on Antimicrobial Susceptibility
Testing set Europe-wide standards for susceptibility testing of antibiotics for almost all patho-
gens on which our tests are based (EUCAST, 2012-2014) [15]. These standards take more clin-
ical and pharmacokinetic aspects of antimicrobial therapy into account. After 2012, therefore,
the revised breakpoints based on the EUCAST guidelines were used in the susceptibility testing
of each antibiotic (Table 1).

Susceptibility testing

P. aeruginosa colonies from agar plates were suspended in Phoenix ID broth (Becton Dickin-
son, Heidelberg, Germany) to a 0.5 - 0.6 McFarland standard. Identification was performed
either by use of the BD Phoenix"™ automated system or by MALDI-TOF MS (Bruker Dal-
tonics, Bremen, Germany). The BD Phoenix' ™ automated microbiology system (Becton-Dick-
inson Diagnostic Systems, Sparks, MD, USA), equipped with software suitable for the
interpretation of susceptibility testing results using the European Committee on Antimicrobial

Table 1. MIC breakpoints for Pseudomonas aeruginosa according to EUCAST and CLSI guidelines.
Abbreviations: CLSI: Clinical and Laboratory Standards Institute; EUCAST: European Committee on Antimi-
crobial Susceptibility Testing; MIC: minimum inhibitory concentration.

EUCAST 2012-2014 CLSI 2004-2011
Antimicrobial Sensitive </ Resistant > (mg/L) Sensitive </ Resistant > (ug/mL)
Piperacillin 16/16 16/128
Piperacillin + Tazobactam 16/16 16/4 /128/4
Cefepime 8/8 8/32
Ceftazidime 8/8 8/32
Imipenem 4/8 2/8
Meropenem 2/8 2/8
Ciprofloxacin 05/1 1/4
Levofloxacin 1/2 2/8
Gentamicin 4/4 4/16
Tobramycin 4/4 4/16
Amikacin 8/16 16/ 64
Fosfomycin -/- 32/32
Colistin 4/4 2/8

doi:10.1371/journal.pone.0139836.1001
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Susceptibility Testing (EUCAST) breakpoints 2012 — 2014, was used for performing the anti-
microbial susceptibility testing EUCAST [15] (Table 1). The panel selected to perform the eval-
uation was NMIC/ID-76 for Gram-negative bacteria.

The secondary method for susceptibility testing used was the disc diffusion method accord-
ing to Kirby-Bauer [16]. Disc diffusion was used for screening reasons and in cases where car-
bapenemase activity had been ruled out, e.g. imipenem, meropenem, or ceftazidime resistance.
Synergy testing or a metallo-beta-lactamase E-test was performed when Gram-negative bacte-
rial isolates producing phenotypic metallo-beta-lactamase were suspected.

Multidrug-resistant P. aeruginosa

The criterion used in this study for defining MDR in P. aeruginosa was that P. aeruginosa was
non-susceptible to > 1 agent in > 3 antimicrobial categories in the susceptibility testing of isolates
from patients with community-acquired or nosocomial-acquired pneumonia. The antimicrobial
categories considered in this investigation were: aminoglycosides; carbapenems; cephalosporins;
gyrase inhibitors; penicillin + §3-lactamase inhibitors; epoxide; and polymyxin [17].

Microbiology

Specimen sites outside the respiratory tract were not pertinent to this study. The isolates
belonging to unique patients or repeat patient isolates were excluded. Bronchoalveolar lavage
was applied in the context of a bronchoscopy. Tracheal secretions were also collected by fiber-
optic bronchoscopy through aspiration into sterile 40 ml specimen traps (Argyle™ Specimen
Traps, Covidien Germany Ltd, Neustadt/Donau, Germany). Throat swabs were collected with
a commercial cotton swab transport system (MEUS Srl*, Piove di Sacco, Italy) by rotating the
swab with slight pressure on the palatal arch of patients with suspected pneumonia. The recov-
ery of sputum was performed by expectoration into a 30 ml sterile sputum collection tube (Sal-
ivette™, SARSTEDT, Niimbrecht, Germany).

Microscopy examination of Gram stained material was conducted at 80 - 1,000 fold magni-
fication for at least five visual fields according to the criteria of Bartlett [18].

Columbia Agar with 5% sheep blood (Becton Dickinson, Heidelberg, Germany) was incu-
bated at 37°C for 24 to 48 hours as a general culture medium for the growth and discovery of
Streptococcus pneumoniae, Streptococcus pyogenes, Staphylococcus aureus, Escherichia coli, and
Shigella flexneri. BBL™ CHROMagar™ Orientation medium (Becton Dickinson, Heidelberg,
Germany) was used for the detection of Enterobacteriaceae. The tested Enterobacteriaceae were
Escherichia coli, Shigella, Klebsiella, Proteus mirabilis, Enterobacter spp., Citrobacter spp., and
Serratia marcescens. BBL™ CDC Anaerobe 5% Sheep Blood Agar (Becton Dickinson, Heidel-
berg, Germany) was used for antimicrobial susceptibility testing for the general growth of
anaerobes. The different Pseudomonas species were identified using MALDI-TOF Biotyper
mass spectrometry (Bruker Daltonik Ltd Life Sciences & Chemical Analysis, Bremen, Ger-
many) and the automated microbiology system PHOENIX (Becton Dickinson, Heidelberg,
Germany) according to the CLSI guidelines [14].

BD'™ Chocolate Agar (Becton Dickinson, Heidelberg, Germany) was used as a variant of
blood agar for the isolation and cultivation of Neisseria and Haemophilus species. BD™ Mac-
Conkey Agar (Becton Dickinson, Heidelberg, Germany) was used as a selective medium for the
detection of Gram-negative bacteria, especially Pseudomonas.

BD"™ Pseudosel ™ Agar (Cetrimide Agar) was used for the selective isolation and pre-
sumptive identification of P. aeruginosa from clinical specimens [19].

BD"™ Sabouraud Agar (Becton Dickinson, Heidelberg, Germany) was used for the cultiva-
tion and differentiation of fungi.
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Blood Cultures

At least 20 ml of blood was taken through venipuncture with a blood-collection needle (Safety-
Multifly™, SARSTEDT, Niimbrecht, Germany) and injected into two specific media: BACTEC
Plus Aerobic/F and Plus Anaerobic/F medium (BD, Becton, Dickinson and Company, Heidel-
berg, Germany).

Laboratory

The amounts of C-reactive protein (CRP) in human serum (the normal value is less than 6 mg/
L) was measured in lithium heparin SARSTEDT Monovette™ 4.7 ml (orange top) using a stan-
dard immunoturbidimetric assay on the COBAS™ 6000 INTEGRA system ¢ 501 (Roche Diag-
nostics Ltd, Mannheim, Germany). Leukocyte counts (normal range 4,000 - 10,000/pL) in the
blood were generally measured as a routine part of the blood counts after blood collection in
EDTA Monovette™ (2.7 mL) by flow cytometry using the Sysmex™ XE 2100 hematology ana-
lyzer (Sysmex Germany Ltd, Norderstedt, Germany).

Comorbidities

Comorbidities were analyzed in patients with pneumonia caused by P. aeruginosa or MDR P.
aeruginosa. Comorbidity was considered as the presence of one or more additional disorders
existing simultaneously with the primary disease. The additional disorder could be a behavioral
or mental disorder.

The length of the hospital stay was also assessed in patients with pneumonia caused by P.
aeruginosa or MDR P. aeruginosa.

The number of deaths occurring during hospitalization was determined in the study group.
The survival analyses were calculated using the Kaplan Meier method.

No experiments in this study were conducted on live vertebrates, including humans. All
experiments were performed in accordance with relevant guidelines and regulations of the
Witten-Herdecke University, Germany.

Statistical Analysis

The categorical data were expressed as proportions, while continuous data were expressed as
means and standard deviations (SDs). The calculations were performed at 95% confidence
intervals (CIs). A chi-square test was carried out for the three probabilities of sensitivity, inter-
mediate sensitivity, and resistance to antibiotics used against P. aeruginosa or MDR P. aerugi-
nosa and compared between community-acquired and nosocomial-acquired pneumonia. The
chi-square test was also used to compare gender, comorbidities, morbidity, and the various
detection methods for P. aeruginosa or MDR P. aeruginosa for the two probabilities between
community-acquired and nosocomial-acquired pneumonia. One-way analysis of variance
(ANOVA) for independent samples was performed to compare age differences, durations of
hospital stays, and laboratory tests from the patients with pneumonia caused by P. aeruginosa
or MDR P. aeruginosa. Two-tailed tests were performed, and a P value of < 0.05 was consid-
ered statistically significant.

Results

In the hospital database used in this study, 218 (3.1%) patients were found with pneumonia
caused by P. aeruginosa (ICD J15.1). This is part of a total of 6,932 patients in all age groups
with pneumonia caused by different types of bacterial pathogens, who had been treated at the
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HELIOS Clinic, Witten/Herdecke University, Wuppertal, Germany, during the study period of
January 1, 2004 to August 12, 2014.

Fifty patients were excluded from this study. The reasons for the exclusion of these patients
were that they had other infectious disease such as urinary infection, urosepsis, gastroenteritis,
and meningitis caused by P. aeruginosa or that access to their patient data at the Department
of Neurology was restricted. In addition, patients with pneumonia associated with P. aerugi-
nosa who were younger than 18 years of age and were treated at the Department of Pediatric
and Adolescent Medicine were excluded. Apart from these patients, no other patients were
excluded from this study.

A total of 168 (2.4%) of 6,932 patients with a mean age of 68.1 + 12.8 years [113 (67.3%)
males and 55 (32.7%) females] with pneumonia caused by P. aeruginosa met the inclusion cri-
teria for this trial. The patients were divided into categorical groups depending on the origin of
their pneumonia caused by Pseudomonas. These groups were 79 (47%) patients with commu-
nity-acquired, 77 (45.8%) with nosocomial-acquired pneumonia; and 12 (7.1%) with aspiration
pneumonia. In general, the number of patients with community-acquired pneumonia due to P.
aeruginosa was higher (91; 54.2%). The average age was higher in patients with nosocomial-
acquired pneumonia. Notably, no significant age difference was detected in any of the study
groups. Likewise, no gender difference was found between the two study populations. The
male sex was more likely to suffer from pneumonia caused by P. aeruginosa (Table 2).

The average length of the hospital stay was a few days longer for patients with nosocomial-
acquired pneumonia caused by P. aeruginosa, but the difference was not statistically significant
(Table 2).

The mean values of CRP were slightly elevated in patients with nosocomial-acquired pneu-
monia, but the amount of CRP in the serum of patients with community-acquired pneumonia
did not differ statistically from that of patients with nosocomial-acquired pneumonia caused
by P. aeruginosa (Table 2). The mean leukocyte counts were slightly increased in patients with
community-acquired pneumonia, but they were not statistically different in patients with com-
munity-acquired and nosocomial-acquired pneumonia caused by P. aeruginosa (Table 2).

The susceptibility analysis for each antibiotic varied in this study because some isolates were
examined by the automated microbiology system (Becton-Dickinson Diagnostic Systems,
Sparks, MD, USA) and others by the disc diffusion method according to Kirby-Bauer. In gen-
eral, a greater number of tests was performed on the automated microbiology system (Table 3).

Excluding ceftazidime, no significant differences were noted with regard to the susceptibility
testing values for any antibiotics for either sensitive, intermediate, or resistant samples deter-
mined from the antibiograms of the culture media from the patients with community-acquired
compared to nosocomial-acquired pneumonia caused by P. aeruginosa (Table 3). P. aeruginosa

Table 2. Comparison of demographic data, length of hospitalization, and laboratory tests between patients with community-acquired and nosoco-
mial-acquired pneumonia due to Pseudomonas aeruginosa. Abbreviations: CRP: C-reactive protein; SD: standard deviation.

Community-acquired pneumonia Nosocomial-acquired pneumonia P

(n=91) (%) (n=77) (%) value
Male 59 (64.8) 54 (70.1) 0.572

Female 32 (35.2) 23 (29.9) 0.572
Age mean + SD (years) 66.4 +13.8 70.1£11.4 0.062
Duration of hospital stay mean + SD (days) 20.0 £23.8 242+21.0 0.235
CRP (normal range < 6 mg/L) mean + SD 89.8 £93.9 98.3 £ 102.2 0.578
Leukocytes (normal range 4,000 — 10,000/uL) 15,350.7 + 8,421.0 13,450.3 + 6,835.7 0.118

mean + SD

doi:10.1371/journal.pone.0139836.1002
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showed a high resistance rate toward ceftazidime, especially in patients with nosocomial-
acquired pneumonia, where the difference was statistically significant (P = 0.046) (Table 3).

The most-used antibiotics for the treatment of patients in this study with community-
acquired and nosocomial-acquired pneumonia caused by P. aeruginosa were a combination of
piperacillin and tazobactam; imipenem; and ciprofloxacin (Table 3). P. aeruginosa showed the
highest resistance to fosfomycin (Table 3).

Ciprofloxacin was the most frequently changed antibiotic in the treatment of patients with
pneumonia based on the antibiotic resistance pattern (Table 3). When necessary, empiric anti-
biotic therapy was changed; failure of antibiotic treatment was not reported in all patients with
pneumonia caused by P. aeruginosa.

P. aeruginosa also had a high resistance to ciprofloxacin, levofloxacin, ceftazidime, piperacil-
lin, imipenem, piperacillin and tazobactam, tobramycin, gentamicin, and meropenem
(Table 3).

P. aeruginosa showed no statistical difference in resistance to colistin in either community-
acquired or nosocomial-pneumonia (P = 0.574; Table 3); it was completely susceptible in both
patient populations (100% Table 3). Nevertheless, a low amount of colistin (5.4%, Table 3) was
examined in the antibiograms after the detection of P. aeruginosa in the culture media from
tracheal secretions in patients with pneumonia.

Resistance to antibiotics has increased significantly in patients with pneumonia due to P.
aeruginosa over the past years (Fig 1). A peak value of antibiotic resistance was reached for cip-
rofloxacin (15%), and levofloxacin (14%) in relation to the total sum of 100 cases of all antibi-
otic resistances in 2010 (Fig 1). In the present study, P. aeruginosa was most susceptible to the

Antibiotic resistance rate over time in pneumonia due to
Pseudomonas aeruginosa

16
—fl—Piparacillin
14 —===DPiparacillin + Tazobactam
12 == Cefepime
—Ceftazidime
10 ——=Imipenem
No. of resistance rate 8 —#—=Meropenem
== Ciprofoxacin
6 —i—Levofloxacin
4 == Gentamicin
Tobramycin
2 == Amikacin
0 Tetracycline
2 4 10 14 5 16 31 24 | 27 21 14 Fosfomycin
2004 | 2005 | 2006 | 2007 | 2008 | 2009 | 2010 | 2011 | 2012 | 2013 | 2014 Colistin

No. of pneumonia by P. aeruginosa per year 2004- 2014
Fig 1. Rate of development of antibiotic resistance over time for pneumonia due to Pseudomonas aeruginosa from 2004 to 2014.
doi:10.1371/journal.pone.0139836.9001
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following antibiotics, in order of decreasing effectiveness: cefepime, amikacin, ceftazidime,
tobramycin, the combination of piperacillin and tazobactam, meropenem, imipenem, pipera-
cillin, ciprofloxacin, gentamicin, and fosfomycin (Table 3). The ratio of the highest sensitivity
of an antibiotic was determined by the amount of each antibiotic that was actually tested.

P. aeruginosa responded to levofloxacin in susceptibility testing as follows: sensitive
(39.6%), intermediate (29.9%), and resistant (30.6%) (Table 3). Therefore, levofloxacin
appeared to be poorly effective against P. aeruginosa for either community-acquired or nosoco-
mial-acquired pneumonia in this study (P = 0.440, Table 3).

P. aeruginosa was most frequently detected in tracheal secretions in both community-
acquired and nosocomial-acquired pneumonia, with statistical significance (P = 0.034,

Table 4).

The tracheal and bronchial secretions of patients with pneumonia caused by Pseudomonas
were sent to the Department of Microbiology at the HELIOS Clinic in Wuppertal, Germany,
for further investigation of the microorganisms present in the secretions (Table 4). All Pseudo-
monas species discovered were from isolates of P. aeruginosa in patients with pneumonia
(Table 4).

The most frequently discovered acute comorbidity was cardiac arrhythmia in patients com-
munity-acquired and in nosocomial-acquired pneumonia caused by P. aeruginosa (Table 5).
The most common chronic comorbidity was chronic obstructive pulmonary disease in patients
with community-acquired and hypertension in nosocomial-acquired pneumonia (Table 5).

A comparison of the data of patients with community-acquired compared to nosocomial-
acquired pneumonia due to MDR P. aeruginosa revealed no significant differences in the
demographic data, length of hospital stay, obtaining of the samples, and the number of leuko-
cytes in the plasma (Table 6). A particularly noticeable effect was the elevated CRP in the
plasma of patients with nosocomial-acquired pneumonia due to MDR P. geruginosa (P =
0.046, Table 6).

When compared with P. aeruginosa pneumonia, a greatly increased antibiotic resistance of
MDR P. aeruginosa was found, in decreasing order, for: fosfomycin, ciprofloxacin, levofloxacin,
ceftazidime, piperacillin, imipenem, tobramycin, piperacillin-tazobactam, meropenem, cefe-
pime, gentamicin, and amikacin (Table 7). As in the cases of P. aeruginosa pneumonia, the
MDR P. aeruginosa pneumonia was completely susceptible to colistin, although the number of
examined cases of colistin in the antibiograms of patients with pneumonia was relatively low
(Table 7). Anemia and chronic obstructive pulmonary disease were the most common comor-
bidities in patients with community-acquired pneumonia due to MDR P. aeruginosa (Table 7).
Anemia and cardiac arrhythmia were the most common acute comorbidities in patients with
community-acquired pneumonia due to MDR P. aeruginosa, and acute respiratory failure in
nosocomial-acquired pneumonia patients caused by MDR P. aeruginosa. Chronic obstructive

Table 4. The various detection methods used and species of Pseudomonas aeruginosa in patients with community-acquired and nosocomial-
acquired pneumonia. Note: Significant P values are shown in bold.

Specimen

Bronchial secretion
Tracheal secretion
Sputum

Venous blood culture
Secretion drainage
Species

Pseudomonas aeruginosa

doi:10.1371/journal.pone.0139836.1004

Community-acquired pneumonia (n = 91) (%) Nosocomial-acquired pneumonia (n = 77) (%) P value
26 (28.6) 17 (22.1) 0.435
52 (57.1) 57 (74.0) 0.034
11 (12.1) 2 (2.6) 0.045
1(1.1) 1(1.3) 0.554
1(1.1) 0 0.920
91 (100) 77 (100)
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Table 5. Acute and chronic comorbidities in patients with community-acquired compared to nosocomial-acquired pneumonia caused by Pseudo-
monas aeruginosa. Comorbidities were only considered if they were more than 10% in one of the groups, even if they were less than 10% in the other
group. Note: Significant P values are shown in bold.

Organ systems Acute and chronic comorbidities Community-acquired pneumonia Nosocomial-acquired pneumonia P
(n =91) (%) (n=77) (%) value
Cardiovascular Acute comorbidities
diseases
Anemia 19 (20.9) 8(10.4) 0.102
Cardiac arrhythmia 23 (25.3) 28 (36.4) 0.165
Myocardial infarction 7 (7.7) 9 (11.7) 0.538
Sepsis 8(8.8) 19 (24.7) 0.010
Shock 4 (4.4) 8 (10.4) 0.229
Chronic comorbidities
Coronary artery disease 20 (22.0) 33 (42.9) 0.006
Hypertension 37 (40.7) 37 (48.1) 0.420
Peripheral arterial occlusive disease 5 ((5.5) 12 (15.6) 0.057
Valvular heart disease 11 (12.1) 18 (23.4) 0.085
Pulmonary diseases Acute comorbidities
Acute respiratory failure 13 (14.3) 13 (16.9) 0.807
Exacerbation by chronic obstructive 16 (17.6) 2 (2.6) 0.004
pulmonary disease
Pleural effusion 2(2.2) 10 (13.0) 0.016
Chronic comorbidities
Chronic obstructive pulmonary disease 39 (42.9) 13 (16.9) 0.0005
Cor pulmonale 10 (11.0) 5 (6.5) 0.454
Gastrointestinal Chronic comorbidities
diseases
Diabetes 22 (24.2) 17 (22.1) 0.888
Hyperlipidemia 3(3.3) 8 (10.4) 0.124
Obesity 3 (3.3 9 (11.7) 0.071
Percutaneous endoscopic gastrostomy 11(12.1) 3(3.9) 0.102
Kidney diseases Acute comorbidities
Acute renal failure 7(7.7) 15 (19.5) 0.043
Acute urinary tract infection 13 (14.3) 6 (7.8) 0.279
Electrolyte imbalance 10 (11.0) 6 (7.8) 0.663
Chronic comorbidities
Chronic renal failure 10 (11.0) 16 (20.8) 0.125
Neurology diseases Chronic comorbidities
Epilepsy 10 (11.0) 10 (13.0) 0.863
State after stroke 11 (12.1) 7 (9.1) 0.708

doi:10.1371/journal.pone.0139836.1005

pulmonary disease was the most common chronic comorbidity in patients with community-
acquired pneumonia and hypertension in patients with nosocomial-acquired pneumonia due
to MDR P. aeruginosa (Table 6).

A total of 33 (19.6%) deaths occurred: 14 (15.4%) patients died from community-acquired
pneumonia caused by P. aeruginosa and 2 (7.4%) due to MDR P. aeruginosa. Most deaths were
in the group with nosocomial-acquired pneumonia caused by P. aeruginosa. Nineteen (24.7%)
patients died from nosocomial-acquired pneumonia caused by P. aeruginosa and 4 (28.6%)
due to MDR P. aeruginosa. Overall, 9.3% more deaths occurred due to nosocomial-acquired
pneumonia caused by P. aeruginosa (P = 0.188) and 21.2% more deaths occurred due to

PLOS ONE | DOI:10.1371/journal.pone.0139836 October 2, 2015 13/20



@'PLOS ‘ ONE

Pneumonia Caused by Pseudomonas

Table 6. Comparison of demographic data, length of hospitalization, laboratory tests, specimens, and acute and chronic comorbidities between
patients with community-acquired and nosocomial-acquired pneumonia due to multidrug-resistant Pseudomonas aeruginosa. Abbreviations:

CAP: community-acquired pneumonia; NAP: nosocomial-acquired pneumonia; SD: standard deviation.

Multidrug-resistant Pseudomonas

CAP (n = 27) (%) NAP (n = 14) (%) P value
Age mean + SD (years) 64.8+18.0 65.1 +20.6 1.0
Gender
Male 18 (66.7) 9 (64.3) 0.842
Female 9 (33.3) 5(35.7) 0.842
Specimen
Bronchial secretion 6 (22.2) 4 (28.6) 1.0
Tracheal secretion 19 (70.4) 9 (64.3) 1.0
Sputum 2(7.4) 1(7.1) 0.549
Duration of hospital stay mean + SD (days) 17.5+20.8 25.8 +23.6 0.242
CRP (normal range < 6 mg/L) mean + SD 80.3 £ 66.4 131.9+97.6 0.046
Leukocytes (normal range 4,000—10,000/uL) mean + SD 13,699.3 + 5,598.6 11,626.0 + 6,381.8 0.276
Acute and chronic comorbidities
Cardiovascular diseases
Anemia 8 (29.6) 3(21.4) 0.842
Bypass surgery 1(3.7) 2(14.3) 0.549
Cardiac arrhythmia 8 (29.6) 3(21.4) 0.842
Cardiac decompensation 3(11.1) 0 0.507
Coronary artery disease 7 (25.9) 5(35.7) 0.777
Heart failure 5(18.5) 1(7.1) 0.610
Hypertension 10 (37.0) 9 (64.3) 0.183
Valvular heart disease 4 (14.8) 2 (14.3) 0.671
Pulmonary diseases
Acute bronchitis 3(11.1) 0 0.507
Acute respiratory failure 4 (14.8) 5(35.7) 0.256
Chronic obstructive pulmonary disease 12 (44.4) 3(21.4) 0.267
Exacerbation by chronic obstructive pulmonary disease 4 (14.8) 0 0.338
Pleural effusion 1(3.7) 2(14.3) 0.549
Gastrointestinal diseases
Diabetes 3(11.1) 4 (28.6) 0.671
Hyperlipidemia 2(7.4) 4 (28.6) 0.176
Obesity 1(3.7) 4 (28.6) 0.071
Kidney diseases
Acute renal failure 2(7.4) 2(14.3) 0.888
Acute urinary tract infection 4 (14.8) 2(14.3) 0.671
Chronic renal failure 3(11.1) 0 0.507
Electrolyte imbalance 1(3.7) 2 (14.3) 0.549
Thyroid disease
Hypothyroidism 3(11.1) 2 (14.3) 0.842
Neurology diseases
Polyneuropathy 3(11.1) 0 0.584
Epilepsy 1(3.7) 2(14.3) 0.549
State after stroke 6 (22.2) 0 0.149
State after encephalopathy 5(18.5) 0 0.224
Spinal stenosis 0 2(14.3) 0.212
Skin disease
Pressure ulcer 1(3.7) 3(21.4) 0.209
doi:10.1371/journal.pone.0139836.t006
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nosocomial-acquired pneumonia due to MDR P. aeruginosa (P = 0.176), but these differences
were not statistically significant. Thus, the survival rate in this study was significantly lower in
patients with nosocomial-acquired pneumonia caused by P. aeruginosa, at 75.3% (95% CI
64.2% - 86.4%), and MDR P. aeruginosa, at 71.4% (95% CI 43.4%— 98.4%), compared to those
with community-acquired pneumonia caused by P. aeruginosa, at 84.6% (95% CI 76.6% -
92.7%), and MDR P. aeruginosa, at 92.6% (95% CI 82.3%- 102.9%).

Discussion

During the ten years of this qualitative control observational study, not all antibiotics were
tested with the same frequency, either manually or with the Phoenix automated system, after
microbiological isolation of P. aeruginosa isolates from respiratory specimens of patients with
pneumonia at the Department of Microbiology.

Fosfomycin is an effective treatment of uncomplicated urinary tract and gastrointestinal
infections against both Gram-positive and Gram-negative bacteria. Therefore, fosfomycin has
recently been recommended as an intensive care treatment for P. aeruginosa pneumonia in
patients with chronic respiratory diseases [20,21]. However, the present study revealed a high
resistance of P. aeruginosa to fosfomycin after examining the antibiograms of patients with
pneumonia.

Surprisingly, the antimicrobial susceptibility testing of the P. aeruginosa isolates from the
tracheal secretions performed in this study also revealed that colistin was the only antibiotic
that showed no resistance over the years, although the number of P. aeruginosa isolates tested
for colistin was rather low. Nevertheless, colistin has been increasingly used for the treatment
of multi-resistant Gram-negative infections. Little recent data are available regarding the sus-
ceptibility of Gram-negative bacteria to colistin, in part because susceptibility testing for colis-
tin remains problematic and also because the use of colistin is not widespread. Colistin
resistance is uncommon in Enterobacteriaceae. The results of a previous study, as well as the
present one, indicate that susceptibility testing should be performed each time the clinical use
of the colistin is considered [22].

Another past study that evaluated the in vitro activity of colistin in isolates of Gram-nega-
tive bacteria using Clinical and Laboratory Standards Institute broth micro-dilution methods
reported that all MDR P. aeruginosa isolates were susceptible to colistin. These data support a
role for colistin in the treatment of infections caused by MDR P. aeruginosa [23]. However, the
emergence of resistance during monotherapy is a concern, so colistin should be combined with
other treatments for P. aeruginosa pneumonia. This practice should be advocated especially in
multidrug-resistant cases. Combination regimens could include imipenem, meropenem,
aztreonam, piperacillin, ceftazidime, or ciprofloxacin, but none of these regimens have shown
any improved outcome in clinical studies [24]. Prolonged colistin exposure (e.g., 2 weeks or
longer) may be a prerequisite for resistance development in particular P. aeruginosa strains.
Ciprofloxacin might not be a wise empiric therapy choice, especially in critical infections, due
to its rising resistance (24% or higher), as was observed in the present study over the years.

In contrast to the data in the literature, P. aeruginosa caused more community-acquired
pneumonia than nosocomial-acquired pneumonia in the current study [25]. Due to the high
resistance of P. aeruginosa to levofloxacin, a combination therapy of levofloxacin with gentami-
cin is recommended for the treatment of pneumonia caused by P. aeruginosa [26]. P. aerugi-
nosa showed no effect of levofloxacin in susceptibility testing in this study. Therefore,
levofloxacin is not recommended as a monotherapy for the treatment of pneumonia due to
Pseudomonas.
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Until now, ceftazidime was held as the most effective antibiotic among the cephalosporin
group for the treatment of pneumonia due to P. aeruginosa [27]. However, ceftazidime showed
low activity against Pseudomonas in the present investigation.

A past study found a similar resistance of P. aeruginosa to piperacillin to that found in the
present study [28]. In general, piperacillin has the broadest spectrum of activity of all penicil-
lins against Pseudomonas. However, the combination therapy of piperacillin with a B-lactamase
inhibitor tazobactam to improve the effectiveness revealed an increased resistance of P. aerugi-
nosa to even this combination of antibiotics in the present study. This antibiotic combination
is often used for the treatment of severe pneumonia due to P. aeruginosa in critically ill patients
[29]. However, treatment with piperacillin-tazobactam is now controversial due to the reduced
susceptibility of Pseudomonas [30]. A reduced effectiveness of piperacillin-tazobactam, which
was the most commonly used antibiotic and the most frequently tested on patient antibio-
grams, was also observed in patients with pneumonia due to P. aeruginosa in the present study.

Due to their very broad spectrum of activity, carbapenems are also effective against P. aeru-
ginosa. Therefore, imipenem and meropenem are beneficial antibiotics for the treatment of
pneumonia due to P. aeruginosa. However, metallo-B-lactamases hydrolyze this antibiotic class
quite efficiently [31]. Therefore, immediate detection of metallo-B-lactamase-producing P. aer-
uginosa is essential for accurate treatment of pneumonia caused by this bacterium. Develop-
ment of carbapenem resistance was also evident for pneumonia due P. aeruginosa in this study.

Tobramycin has a narrow spectrum of activity, but it is often used to eliminate P. aeruginosa
in patients with cystic fibrosis [32]. This aminoglycoside antibiotic is commonly used to treat
different Gram-negative bacteria [33]. It is principally effective against P. aeruginosa. Despite
the antipseudomonal effectiveness of tobramycin, an increased resistance of P. aeruginosa to
tobramycin was evident in the susceptibility testing performed in the present study.

An increased resistance of P. aeruginosa to gentamicin was also seen in this study. This anti-
biotic is often used clinically in combination with beta-lactams or cephalosporins for the treat-
ment of serious pneumonia caused by P. aeruginosa [34].

Cefepime is one of the few antibiotics described to have constant antipseudomonal activity
over the years, although publications on cefepime resistance are growing in number in recent
years [35,36]. An increasing resistance of P. aeruginosa to this cephalosporin was also detected
in the present investigation.

Amikacin has activity against P. aeruginosa, but the combination of cefepime and amikacin
was reported as more effective than cefepime monotherapy in the treatment of nosocomial-
acquired pneumonia due to P. aeruginosa [37]. Although this antibiotic showed the lowest
resistance among the examined antibiotics, a resistance of P. aeruginosa to this aminoglycoside
was noted in the present study.

Unfortunately, pneumonia due to Pseudomonas is becoming more challenging to treat
because of growing antibiotic resistance. An increase in the incidence of MDR P. aeruginosa
pneumonia was also observed over the years in this study. The precise incidence of MDR P.
aeruginosa is not known [38], but several reasons probably explain its appearance. First, a dis-
crepancy may have arisen due to different definitions of MDR P. aeruginosa used in the past
studies [39]. The definition of the resistance of MDR P. aeruginosa ranges in the literature
from one antibiotic to all tested antibiotics [39]. Furthermore, no international monitoring sys-
tems have been established for MDR P. aeruginosa [38]. The monitoring of the exact preva-
lence of MDR P. aeruginosa is further complicated by the annual variation in prevalence in
different geographical areas [38].

The average age of patients with MDS P. aeruginosa pneumonia in the present study was
slightly higher compared to P. aeruginosa. The elderly population is particularly vulnerable to
Pseudomonas pneumonia as a result of increased comorbidities such as diabetes mellitus and
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chronic lung diseases [40]. These two diseases were increasingly seen in elderly people with
MDR P. aeruginosa pneumonia in the present study. A meta-analysis of data from past studies
demonstrated a statistically non-significant increased risk of mortality in patients with pneu-
monia due to resistant P. aeruginosa [41]. An increased mortality of patients with pneumonia
due to MDR P. aeruginosa was also noticed in this study. Similar to the results reported in an
earlier study [42], MDR P. aeruginosa was increasingly discovered in male patients with pneu-
monia in the present study, although no significant statistical difference was noted between the
sexes in either study.

The levels of CRP were elevated in the plasma of patients with pneumonia caused by MDR
P. aeruginosa in the present study. The CRP level used as a follow-up parameter for pneumonia
in addition to the clinical parameters. The monitoring of pneumonia with CRP has been vali-
dated as a follow-up during treatment of pneumonia with antibiotics [43].

Study Limitations

This study describes the situation of P. aeruginosa resistance in a single hospital, so the results
cannot be generalized to other geographic locations. The data in this study are mainly relevant
for this single institution. Evaluation of the study findings revealed that not all antibiotics were
tested with the same frequency in the antibiograms of patients with pneumonia caused by P.
aeruginosa. This study was unable to clarify whether all of these antibiotic substances had been
tested on each antibiogram or had been detailed in the diagnosis of susceptibility testing.

Conclusions

Single-drug or multidrug resistance in P. aeruginosa isolates is an everyday reality for laborato-
ries and hospitals and evidence is growing regarding the ability of certain resistant clones to
spread by cross-transmission. This study represents an attempt to cover resistant infections
from a small evidence base and with the threat of limited new drugs in the pipeline. All patients
with pneumonia caused by P. aeruginosa showed resistance to various antimicrobial agents.
Few P. aeruginosa isolates were fully susceptible to colistin. This finding points to the impor-
tance of studying the median duration of antimicrobial treatment in correlation to low mortal-
ity rates in pneumonia patients and of intensifying these trials in terms of differences in
empiric therapy and definitive therapy as single drugs or in combination. Further studies
should focus on better administration of the existing antibiotic armamentarium, along with
antimicrobial stewardship programs, and should fully support the quest for new antibiotics.
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