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Abstract
Study background: The purpose of this study was to evaluate recent strategies for anti-infective treatment in 

patients suffering from ventilator-associated respiratory infections caused by P. aeruginosa and to assess the risk-
benefit profile of inhaled tobramycin.

Methods: Electronic health records of patients suffering from respiratory infections caused by P. aeruginosa 
from 2011-2014 were retrospectively screened.

Results: In 81 patients, P. aeruginosa was found in respiratory secretions, of which 26 patients suffered from 
ventilator-associated pneumonia (VAP), whereas 55 patients only fulfilled criteria of ventilator-associated tracheitis 
(VAT). Inhaled tobramycin was used in 14 patients with VAP and 31 patients with VAT. In this context, inhaled 
tobramycin was shown to be safe (e.g. no bronchoconstriction or systemic toxicity) and did not result in an increase 
of tobramycin resistant strains in respiratory secretions at 90 days following study inclusion. However, a clear clinical 
benefit (e.g. reduced need for i.v. antibiotics) could not be shown.

Conclusion: Inhaled tobramycin was shown to be a suitable approach with a favorable risk profile to treat 
patients suffering from respiratory infections (VAP, VAT) caused by P. aeruginosa. The clinical benefit needs to be 
reevaluated in a larger prospective investigation.
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Introduction
Hospital-acquired pneumonia (HAP) is one of the most common 

types of nosocomial infection [1-3]. It has a considerable economic 
impact since its occurrence is associated with a prolonged hospital 
stay [1,2]. Ventilator-associated pneumonia (VAP) is a subgroup 
of HAP that affects patients on mechanical ventilation, who have a 
six- to twenty-fold increased risk of developing pneumonia [4,5]. 
VAP is associated with a need for prolonged mechanical ventilation, 
prolonged intensive care unit (ICU) stay, as well as increased mortality 
[6]. In order to reduce the incidence and to optimize the outcome 
of VAP, special ventilator care bundles have been established [7]. 
Moreover, an adequate antibiotic treatment regime is a prerequisite for 
a successful therapy of VAP, which is associated with several problems 
(e.g. multidrug resistant strains). Physicians are therefore faced with 
a high risk of making the wrong antibiotic choice due to increasing 
rates of multidrug resistant strains (e.g. P. aeruginosa) [7-9]. Besides, 
many antibiotic drugs reach inadequate drug levels in the epithelial 
lining fluid. Within this context, inhaled antibiotics have been 
shown to be advantageous [10-13]. Furthermore, the use of inhaled 
antibiotics might be able to reduce the use of intravenous antibiotics, 
resulting in fewer drug interactions and undesirable side effects (e.g. 
nephrotoxicity). Nevertheless, the potential risks of inhaled antibiotics 
also need to be taken into account (e.g. the development of resistance, 
undesirable side effects like bronchoconstriction or coughing attacks, 
and insufficient antibiotic concentrations in unventilated alveoli). 
Although this approach has been well-examined in patients with cystic 
fibrosis [14], the evidence for the use of inhaled antibiotics in critically 
ill patients suffering from VAP with P. aeruginosa is restricted [15,16]. 

Accordingly, recent guidelines only give a weak recommendation 
for the additional use of inhaled antibiotics in high risk patients 
suffering from VAP due to gram-negative bacilli. However, medical 
societies (e.g. the European Society of Clinical Microbiology and 
Infectious Diseases (ESCMID)) reclaim an urgent need for additional 
investigations, assessing the use of nebulized antibiotics for the 
treatment of pneumonia due to multidrug resistant pathogens [17-19].

Ventilator associated tracheitis (VAT) is supposed to be a precursor 
of VAP [20], representing an infection of the lower respiratory tract 
involving the conduction zones, but without affecting the gas exchanges 
zones. Therefore VAT is considered to be a separate clinical entity [21]. 
Since clinical data from well-designed studies are rare [21], recent 
guidelines cannot recommend an antibiotic treatment of VAT [18]. 
However, due to the growing importance of multidrug resistant strains 
in the pathogenesis of VAT and/or VAP, the ESCMID considers the 
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use of nebulized antibiotics. In parallel, the ESCMID warrants further 
studies, in order to assess the clinical benefit of inhaled tobramycin in 
cases of respiratory infections [19].

Therefore, this clinical study was performed in order to 
retrospectively assess recent strategies for the anti-infective treatment 
of patients suffering from respiratory infections (such as VAP or VAT) 
caused by P. aeruginosa and to evaluate the risk-benefit profile of 
inhaled tobramycin.

Material and Methods
This retrospective, observational clinical study was approved by 

the Ethics Committee of the Medical Faculty of Heidelberg, Germany 
(Trial-Code-Nr. S-094/2015). The database of the Department 
of Infectious Disease, Medical Microbiology and Hygiene of the 
Heidelberg University Hospital, Germany was screened for the 
presence of P. aeruginosa in respiratory secretions of each subject 
treated in the surgical ICU of the Heidelberg University Hospital, 
Germany between 2011 and 2014. VAP and VAT were diagnosed 
according to the criteria of the Centers for Disease Control and 
Prevention (CDC) [22] (Electronic Supplementary Materials 1, 2). 
Patients were evaluated from the day of P. aeruginosa detection in 
respiratory secretions and were reevaluated for VAP or VAT 1, 2, 7, 14, 
21 and 28 days afterwards. The resistance pattern of each P. aeruginosa 
strain was further described based on the definition of multidrug 
resistant gram-negative bacteria (MRGN) according to an expert panel 
of the German Society for Hygiene and Microbiology (Electronic 
Supplementary Material 3). Apart from P. aeruginosa, further relevant 
microbiological findings in respiratory secretions, ensuing antibiotic 
treatment regimens as well as changes in the microbiological resistance 
profiles were also recognized within the 28-day observation period. In 
order to assess the incidence of tobramycin resistances following the 
use of inhaled tobramycin, a long-term follow-up was performed at 
90 days following study inclusion. Patient characteristics included age, 
gender, previous operations, medical history, chronic lung diseases 
(CLD), cardiac insufficiency (NYHA I-IV), renal insufficiency (with 
creatinine >1.2 mg/dl), coronary heart disease, immunosuppressive 
state, post-transplantation state, cancer and former radio- or 
chemotherapy, the Acute Physiology, Chronic Health Evaluation II-
Score (APACHE II), the Sepsis-related Organ Failure Assessment score 
(SOFA), the Simplified Acute Physiology Score (SAPS) and the Clinical 
Pulmonary Infection Score (CPIS). Outcome parameters were defined 
as follows: length of ICU stay, duration of mechanical ventilation, 
tracheotomy rate, length of hospital stay (date of ICU admission to 
hospital discharge or death) and disappearance or persistence of P. 
aeruginosa. Based on local resistance patterns, the intravenous (i.v.) 
antibiotic drugs piperacillin/tazobactam, ciprofloxacin, imipenem/
cilastatin, meropenem, ceftazidime, colistin and tobramycin were 
classified as being effective against P. aeruginosa. In patients suffering 
from VAP, antibiotic therapy was defined as empiric from the start of 
antibiotic therapy due to the (clinical and radiological) manifestation 
of VAP up to the first occurrence of P. aeruginosa in respiratory tract 
secretions with knowledge of the respective resistance pattern. From 
then on, antibiotic treatment was defined as targeted. The same holds 
true for patients presenting with VAT, although antibiotic therapy was 
most frequently due to a simultaneously existing abdominal focus. 
The cumulative duration of use of these antibiotics in each patient was 
calculated by adding up the days a patient received at least one of these 
antibiotic drugs effective against P. aeruginosa. In patients receiving 
more than one antibiotic drug, the cumulative duration of use was 
calculated for each single antibiotic drug and then added up. Inhaled 

tobramycin was applied using an air-driven nebulizer via the artificial 
airway at a dosage of 300 mg twice a day.

The resulting study data were entered into an electronic database 
(Microsoft Excel 2011, Microsoft Corp., Redmond, WA) and 
evaluated using SSPS Version 22.0 (Statistical Product and Services 
Solutions, SPSS Inc., Chicago, IL, USA). Data were checked for normal 
distribution by the Kolmogorov-Smirnov test. Due to non-normally 
distributed data, non-parametric tests were used for the statistical 
analyses (the Mann-Whitney test for quantitative data and the chi-
squared test for categorical data). To compare different subgroups of 
patients, the Kruskal-Wallis test was performed. Data are presented 
as median with interquartile range (IQR) or absolute and relative 
frequencies, depending on the underlying distribution. A p-value<0.05 
was considered statistically significant. 

Results
Within the four-year observation period, a positive culture for 

P. aeruginosa from respiratory tract secretions was obtained in 89 
patients. Due to the absence of basic data, eight patients had to be 
excluded, such that 81 patients were screened for the presence of VAP 
or VAT (according to the CDC criteria as described above (Electronic 
Supplementary Materials 1 and 2). In total, 26 patients (32.1%) with 
a positive culture for P. aeruginosa were found to suffer from VAP, 
whereas 55 (67.9%) patients had to be classified as suffering from VAT.

Subgroup of patients with VAP (n=26)

Patients suffering from VAP (n=26) caused by P. aeruginosa were 
found to be hospitalized for nearly one month (27 d (13-34 d)) and were 
in need for ICU treatment for more than three weeks (23 d (9-32 d)) 
prior to VAP onset. Initial ICU admission was due to a septic disease 
state in all cases. Median mechanical ventilation time was six days 
(144 h (32-662 h) until VAP occurred and patients were found to be 
critically ill as assessed by different disease severity scores. Concerning 
known illnesses, more than 30% of patients with VAP were found to 
suffer from chronic obstructive lung disease, which is known to be a 
risk factor for an infection with P. aeruginosa. Due to the oncologic 
focus of our surgical ICU, two-thirds of patients with VAP were found 
to suffer from an oncologic disease. Further relevant demographic and 
baseline clinical data of VAP patients are presented in detail in Table 1. 

Depending on the initial empiric antibiotic treatment regime, 
patients suffering from VAP (n=26) could be divided into five 
subgroups: empiric monotherapy with i.v. antibiotics was performed 
in 46% (n=12) of patients (Group I), whereas 4% (n=1) of patients 
were treated with tobramycin p.i. as monotherapy (Group II). Empiric 
i.v. monotherapy in combination with tobramycin p.i. was performed 
in 4% (n=1) of patients (Group III), whereas 35% (n=9) of patients 
were treated with at least two i.v. antibiotics (plus inhaled tobramycin 
in two of these patients) (Group IV). In 12% (n=3) of patients, no 
empiric therapy was performed (Group V). The different subgroups 
were comparable concerning their demographic and baseline clinical 
data. Moreover, clinical outcome measures (28-day mortality, 90-
day mortality, length of ICU stay, length of hospital stay, duration 
of mechanical ventilation, etc.) did not differ significantly between 
the five subgroups (data not shown). As described above, inhaled 
tobramycin was empirically applied to 16% (n=4) of VAP patients. 
Subsequent targeted antibiotic treatment strategies are also presented 
in Figure 1 and resulted from individual resistance patterns as well as 
an assessment of the recent clinical condition. In terms of targeted 
therapy, inhaled tobramycin was added in 38% (n=10) of patients and 
was therefore applied to 54% (n=14) of all VAP patients.
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Patients with and without inhaled tobramycin were comparable 
concerning their baseline characteristics (Table 1). Concerning 
tobramycin-related side effects, none of the participating patients 
suffered from bronchoconstrictive episodes or coughing attacks during 
the inhalation procedure. Moreover, the incidence of acute renal 
failure (ARF) as well as the need for renal replacement therapy (such 
as signs for systemic nephrotoxicity induced by aminoglycosides) did 
not differ significantly between patients with and without inhaled 
tobramycin. The incidence of other organ failures (e.g. acute liver 
failure (ALF) or acute respiratory distress syndrome (ARDS)) as well as 
several disease severity scores (APACHE II, SAPS & SOFA) were also 
comparable between these two subgroups of patients within the 28-day 
observation period. No significant differences appeared concerning 
the Clinical Pulmonary Infection Score (CPIS) (Table 2). Mortality, 
length of hospital and length of ICU stay were found to be comparable 

between the two subgroups. However, the total duration of mechanical 
ventilation as well as the need for tracheostomy was shown to be 
significantly increased in patients treated with inhaled tobramycin 
(Table 2). This might be due to the fact that inhaled tobramycin was 
mostly used as a rescue therapy in cases of recurrent and/or persistent 
pulmonary infections caused by P. aeruginosa. Accordingly, the 
duration of mechanical ventilation up to the start of treatment with 
inhaled tobramycin was 364 h (33-677 h), which exceeded the median 
duration of mechanical ventilation in VAP patients not treated with 
inhaled tobramycin (85 h (9-286 h)). Therefore, inhaled tobramycin 
was not apparently responsible for the prolonged need for mechanical 
ventilation (with subsequently higher rates of tracheostomy) in VAP 
patients, but rather represents a therapeutic approach to overcome 
a delayed response to conventional treatment with intravenously 
administered antibiotics. 

Variables VAP patients (n=26) Without tobramycin p.i. (n=12) With tobramycin p.i. (n=14) p-value
Demographic data

Gender male [n] 21 (80.7%) 9 (75%) 12 (85.7%) 0.422
Age (years) 67 (55-72) 62 (50-70) 69 (63-73) 0.060

Known illnesses
Diabetes mellitus 10 (38.5%) 4 (33.3%) 6 (42.9%) 0.464

Arterial hypertension 17 (65.4%) 6 (50%) 11 (78.6%) 0.133
Coronary heart disease 7 (26.9%) 3 (25%) 4 (28.6%) 0.596

Chronic obstructive lung disease 8 (30.8%) 4 (33.3%) 4 (28.6%) 0.563
Renal insufficiency 7 (26.9%) 3 (25%) 4 (28.6%) 0.596

Hepatic insufficiency 10 (38.5%) 5 (41.7%) 5 (35.7%) 0.536
Oncologic disease 16 (61.5%) 7 (58.3%) 9 (64.3%) 0.536

Transplantation 2 (7.7%) 1 (8.3%) 1 (7.1%) 0.720
Baseline clinical data*

Hospital length of stay [d] 27 (13-34) 17 (9-38) 29 (23-34) 0.595
ICU length of stay [d] 23 (9-32) 14 (8-32) 27 (17-32) 0.595

Mechanical ventilation [h] 144 (32-662) 144 (40-428) 186 (32-677) 0.742
APACHE II 13 (11-16) 12 (10-16) 14 (11-16) 0.432

SOFA 8 (4-14) 8 (4-14) 8 (5-11) 0.781
SAPS 49 (40-59) 49 (36-64) 49 (42-55) 0.940

paO2/FiO2 240 (190-278) 240 (200-270) 240 (188-275) 0.898
Baseline microbiological data*

Pseudomonas 3-MRGN 3 (11.5%) 1 (8.3%) 2 (14.3%) 0.560
Pseudomonas 4-MRGN 0 (0%) 0 (0%) 0 (0%) -
Tobramycin-resistance 0 (0%) 0 (0%) 0 (0%) -

Legends: APACHE II: Acute Physiology and Chronic Health Evaluation II – Score; SOFA: Sepsis-related Organ Failure Assessment score; SAPS: Simplified Acute 
Physiology Score; 3-MRGN: Multi-Resistant Gram-Negative Bacteria with Resistance Against Three Main Antibiotic Drug Classes; 4-MRGN: Multi-Resistant Gram-
Negative Bacteria with Resistance against Four Main Antibiotic Drug Classes; *prior to first detection of Pseudomonas aeruginosa in respiratory tract secretion
Data expressed by number (percentage) or median with accompanying quartiles (Q1-Q3).

Table 1: Demographic and baseline clinical data of patients suffering from VAP (n=26).

Figure 1: Empiric and targeted antibiotic treatment regimes in patients suffering from ventilator-associated pneumonia (VAP) with Pseudomonas aeruginosa. (A) Initial 
empiric choice of antibiotics and (B) subsequent targeted antibiotic treatment regimes in patients suffering from VAP caused by Pseudomonas aeruginosa.
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In 14 of 18 surviving VAP patients (77.8%), P. aeruginosa 
disappeared within the first 14 days after study inclusion, whereas three 
of the surviving 18 patients (16.7%) remained positive after 28 days (two 
patients (18.2%) without inhaled tobramycin and one patient (14.3%) 
with inhaled tobramycin). The number of patients with ongoing 
VAP caused by P. aeruginosa did not differ significantly between the 
two study groups at the different time points. At 90 days after study 
inclusion, respiratory tract secretions were available for 3 surviving 
VAP patients and revealed a positive culture for P. aeruginosa in 1 case 
(1 patient (14.3%) without inhaled tobramycin and 0 patients (0%) with 
inhaled tobramycin). Multidrug resistant P. aeruginosa strains were 
found in 3 (11.5%) VAP patients at the time of first occurrence. There 
was no resistance against four main antibiotic groups (4-MRGN) in 
any patient, whereas the bacterial strains of three patients (11.5%) were 
resistant against three main antibiotic groups (3-MRGN). There was no 
resistance of any bacterial strain against tobramycin at the time of first 
occurrence (Table 1) (Electronic Supplementary Material 3). Within 
the 28-day observation period, 4-MRGN or 3-MRGN P. aeruginosa 
could be observed in 1 (3.8%) and 3 (11.5%) patients respectively. In 
1 (3.8%) VAP patient treated with inhaled tobramycin, P. aeruginosa 
developed resistance against tobramycin within the 28-day observation 
period. In contrast, there was no tobramycin resistance in patients 
suffering from VAP due to P. aeruginosa not being treated with inhaled 
tobramycin within this timeframe (Table 2). Although there was 
only a limited number of respiratory secretions at 90 days after study 

inclusion, the use of inhaled tobramycin did not result in the occurrence 
of tobramycin resistant P. aeruginosa strains in VAP patients. The 
same holds true for VAP patients not treated with inhaled tobramycin, 
although there was one P. aeruginosa strain fulfilling 4-MRGN criteria 
(but without being tobramycin resistant) according to the German 
Society for Hygiene and Microbiology. Besides, in bacterial organisms 
other than P. aeruginosa, no tobramycin resistance could be observed 
throughout the 28-day and 90-day observation period respectively.

A detailed summary of all other relevant microbiological findings 
in respiratory tract secretions (besides P. aeruginosa) of patients 
suffering from VAP as well as a detailed description of the ensuing 
antibiotic treatment regimens during the 28-day observation period 
is presented in Electronic Supplementary Material 4. In brief, 
meropenem (57.7%) and piperacillin/tazobactam (50.0%) were applied 
most frequently in VAP patients based on local resistance patterns. 
Focusing on intravenously administered antibiotic drugs effective 
against P. aeruginosa, the cumulative days of therapy with these 
drugs did not differ significantly between the two study groups, with 
a median of 14.7 d (9.5-22.3 d) in VAP patients treated with inhaled 
tobramycin and 11.2 d (2.8-27.3 d) in VAP patients treated with i.v. 
antibiotics only (Table 2). Moreover, it seems particularly important 
that the pulmonary microbiome did not differ significantly between 
patients treated with or without inhaled tobramycin within the 28-
day as well as 90-day observation period (Electronic Supplementary 
Material 4). In another subgroup analysis, patients were divided into 

Variables VAP patients (n=26) without tobramycin p.i. (n=12) with tobramycin p.i. (n=14) p-value
Organ failures up to 28 days

ARF 14 (53.8%) 6 (50.0%) 8 (57.1%) 0.512
ALF 21 (80.8%) 11 (91.7%) 10 (71.4%) 0.213

ARDS 7 (26.9%) 3 (25.0%) 4 (28.6%) 0.596
Disease severity scores up to 28 days*

APACHE II 13.6 (10.9-15.8) 12.7 (10.3-14.2) 14.2 (11.6-15.8) 0.231
SOFA 7.6 (3.5-13.7) 7.5 (2.9-13) 6.8 (4.4-10.5) 1.000
SAPS 49.1 (33.7-58.3) 38.2 (23.9-50.1) 49.3 (45.3-58.3) 0.403
CPIS 4 (3.5-5) 4.2 (3-5) 4 (3.8-4.6) 0.940

Microbiological follow-up data within 28 days
Pseudomonas 3-MRGN 3 (11.5%) 1 (8.3%) 2 (14.3%) 0.359
Pseudomonas 4-MRGN 1 (3.8%) 0 (0%) 1 (7.1%) 0.462
Tobramycin-resistance 1 (3.8%) 0 (0%) 1 (7.1%) 0.462

Microbiological follow-up data within 90 days
Pseudomonas 3-MRGN 0 (0%) 0 (0%) 0 (0%) ---
Pseudomonas 4-MRGN 1 (3.8%) 1 (8.3%) 0 (0%) 0.500
Tobramycin-resistance 0 (0%) 0 (0%) 0 (0%) ----

Antibiotic stewardship
Cumulative duration of use [d]** 14.3 (6.8-23.9) 11.2 (2.8-27.3) 14.7 (9.5-22.3) 0.560

Outcome parameters
Mortality at 28 d 8 (30.8%) 5 (41.7%) 3 (21.4%) 0.246
Mortality at 90 d 12 (46.2%) 5 (41.7%) 7 (50%) 0.532

Hospital length of stay [d]*** 34 (11-55) 14 (11-55) 41 (11-54) 0.631
ICU length of stay [d]*** 20 (6-50) 14 (6-49) 26 (7-53) 0.705

Mechanical ventilation [h]*** 245 (51-718) 85 (9-286) 469 (151-884) 0.036*
Need for tracheostomy 15 (57.7%) 4 (33.3%) 11 (78.6%) 0.026*

Course of the disease up to the start of treatment with inhaled tobramycin
Mechanical ventilation [h]**** --- --- 364 (33-677) ---

Legends: ARF: Acute Renal Failure; ALF: Acute Liver Failure; ARDS: Acute Respiratory Distress Syndrome; APACHE II: Acute Physiology and Chronic Health Evaluation 
II– Score; SOFA: Sepsis-Related Organ Failure Assessment Score; SAPS: Simplified Acute Physiology Score; CPIS: Clinical Pulmonary Infection Score; 3-MRGN: 
multi-resistant gram-Negative Bacteria with Resistance Against three Antibiotic Drug Classes; 4-MRGN: Multi-Resistant Gram-Negative Bacteria with Resistance Against 
Four Antibiotic Drug Classes. *median value for the observation period of 28 days; **of antibiotics effective against Pseudomonas aeruginosa; ***after first detection of 
Pseudomonas aeruginosa in respiratory tract secretion; ****between the start of mechanical ventilation and the start of treatment with tobramycin p.i.
Data expressed by number (percentage) or median with accompanying quartiles (Q1-Q3).

Table 2: Clinical and microbiological follow-up data as well as outcome parameters in patients suffering from VAP (n=26).
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three groups (based on the three most frequently used intravenously 
administered antibiotics effective against P. aeruginosa: 1.) meropenem 
(n=15), 2.) piperacillin/tazobactam (n=14), 3.) ciprofloxacin (n=10)) 
and afterwards analyzed for differences in the pulmonary microbiome. 
However, a significant difference between these three subgroups could 
not be observed (data not shown).

Subgroup of patients with VAT (n=55)

Patients fulfilling VAT-criteria (n=55) were shown to be 
hospitalized for a median of 19.0 d (13.0-40.5 d) before study 
inclusion and required invasive ventilation for a duration of 238 h 
(73-454 h). Apart from oncologic diseases, no significant differences 
could be observed concerning baseline clinical data. As assessed by 
a significantly prolonged need for invasive ventilation prior to study 
inclusion, inhaled tobramycin was used in terms of a rescue therapy 
in patients suffering from VAT. No significant differences could be 
observed with regard to the prevalence of P. aeruginosa strains fulfilling 
3- or 4-MRGN criteria at study inclusion (Table 3).

Within the 28-day observation period, VAT patients treated with 
inhaled tobramycin were shown to suffer from a more severe disease 
state, as assessed by significantly increased median SAPS- and CPIS-
scores. In parallel, ALF occurred more frequently in VAT patients 
treated with inhaled tobramycin, whereas the incidence of ARF was 
comparable between the two subgroups. Moreover, the detection of P. 
aeruginosa strains fulfilling 3- or 4-MRGN criteria or presenting with 
tobramycin resistance, did not differ significantly between patients 
treated or not treated with inhaled tobramycin (Table 4). Regarding 
tobramycin-related side effects, none of the participating patients 
suffered from bronchoconstrictive episodes or coughing attacks during 
the inhalation procedure.

A detailed summary of all other relevant microbiological findings in 
respiratory tract secretions (besides P. aeruginosa) of patients suffering 
from VAT as well as a detailed description of the ensuing antibiotic 
treatment regimens during the 28-day observation period is presented 
in Electronic Supplementary Material 5. In brief, ciprofloxacin (49.1%), 
and ceftazidime (45.5%) were applied most frequently in these patients. 
Focusing on intravenously administered antibiotic drugs potentially 
effective against P. aeruginosa, the cumulative days under therapy 
with these drugs did not differ significantly between the two study 
groups, with a median of 13.0 d (6.9-20.1 d) in VAT patients treated 
with inhaled tobramycin and 14.1 d (8.2-24.6 d) in VAT patients only 
treated with i.v. antibiotics (Table 4). 

At 90 days after study inclusion, respiratory tract secretions were 
available in 5 surviving VAT patients and revealed a positive culture for 
P. aeruginosa in 4 cases (0 patients (0%) without inhaled tobramycin 
and 4 patients (28.6%) with inhaled tobramycin). P. aeruginosa 
strains in these four VAT patients treated with inhaled tobramycin 
were either shown to be multi-sensible (n=1; 7.1%) or fulfilled 3- & 
4-MRGN criteria in two (14.3%) and one (7.1%) case respectively. 
Most interestingly, one of these 3-MRGN P. aeruginosa strains was 
shown to be tobramycin resistant. Besides, in bacterial organisms 
other than P. aeruginosa, no tobramycin resistance could be observed 
throughout the 28-day and 90-day observation period respectively. 
Moreover, it seems particularly important, that the rest of the 
pulmonary microbiome did not differ significantly between patients 
treated with or without inhaled tobramycin within the 28-day as well 
as 90-day follow up (Electronic Supplementary Material 5). In another 
subgroup analysis, patients were divided into three groups (based on 
the three most frequently used intravenously administered antibiotics 
effective against P. aeruginosa: 1) ciprofloxacin (n=27), 2) ceftazidime 

Variables VAT patients (n=55) without tobramycin p.i. (n=24) with tobramycin p.i. (n=31) p-value
Demographic data

Gender male [n] 40 (72.7%) 16 (66.7%) 24 (77.4%) 0.279
Age (years) 63 (53-68) 64.5 (49.8-68) 62 (57.5-66) 0.727

Known illnesses
Diabetes mellitus 18 (32.7%) 11 (45.8%) 7 (22.6%) 0.063

Arterial hypertension 36 (65.5%) 16 (66.7%) 20 (64.5%) 0.549
Coronary heart disease 15 (27.3%) 8 (33.3%) 7 (22.6%) 0.279

Chronic obstructive lung disease 9 (16.4%) 2 (8.3%) 7 (22.6%) 0.147
Renal insufficiency 23 (41.8%) 10 (41.7%) 13 (41.9%) 0.601

Hepatic insufficiency 21 (38.2%) 7 (29.2%) 14 (45.2%) 0.176
Oncologic disease 17 (30.9%) 2 (8.3%) 15 (48.4%) 0.041*

Transplantation 13 (23.6%) 6 (25%) 7 (22.6%) 0.541
Baseline clinical data*

Hospital length of stay [d] 19 (13-40.5) 17 (10-34) 31 (17-43.5) 0.075
ICU length of stay [d] 18 (10-38.5) 16 (9-33) 25 (14.5-40) 0.114

Mechanical ventilation [h] 238 (73-454) 139 (45-316) 315 (110-543) 0.027*
APACHE II 14 (11-19) 14 (12-20) 14 (10-18) 0.345

SOFA 8 (4-12) 8 (5-11) 8 (4-12) 0.912
SAPS 52 (36-63) 51 (31-60) 54 (45-63) 0.300

paO2/FiO2 285 (210-350) 295 (198-343) 285 (210-350) 0.734
Baseline microbiological data*

Pseudomonas 3-MRGN 25 (45.5%) 12 (50%) 13 (41.9%) 0.415
Pseudomonas 4-MRGN 0 (0%) 0 (0%) 0 (0%) -
Tobramycin-resistance 0 (0%) 0 (0%) 0 (0%) -

Legends: APACHE II: Acute Physiology and Chronic Health Evaluation II – Score; SOFA: Sepsis-related Organ Failure Assessment score; SAPS: Simplified Acute 
Physiology Score; 3-MRGN: multi-resistant gram-negative bacteria with resistance against three main antibiotic drug classes; 4-MRGN: multi-resistant gram-negative 
bacteria with resistance against four main antibiotic drug classes; *prior to first detection of Pseudomonas aeruginosa in respiratory tract secretion
Data expressed by number (percentage) or median with accompanying quartiles (Q1-Q3).

Table 3: Demographic and baseline clinical data of patients suffering from VAT (n=55).
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(n=25), 3) piperacillin/tazobactam (n=20)) and afterwards analyzed 
for differences in the pulmonary microbiome. However, a significant 
difference between these three subgroups could not be observed (data 
not shown).

Whole cohort of patients (n=81) suffering from ventilator-
associated pulmonary infections

Non-surprisingly, results of the whole cohort of patients suffering 
from ventilator-associated pulmonary infections are completely 
in line with the findings of the previously described subgroups of 
patients suffering from VAP or VAT: (1) Patients treated with inhaled 
tobramycin were shown to be more seriously ill as assessed by several 
disease severity scores and were hallmarked by (2) a longer need for 
mechanical ventilation as well as (3) a higher rate of tracheostomy 
following study inclusion. However, this might also be due to the 
fact that inhaled tobramycin was mostly used as a rescue therapy in 
cases of recurrent and/or persistent pulmonary infections caused by 
P. aeruginosa. Accordingly, hospital and ICU lengths of stay, as well as 
the duration of mechanical ventilation up to study inclusion tended to 
be increased in patients treated with inhaled tobramycin in comparison 
to patients not treated with inhaled tobramycin. Moreover, the use 
of inhaled tobramycin did not result in an increased risk for multi-
resistant P. aeruginosa strains at 28 days as well as 90 days following 
study inclusion (Electronic Supplementary Material 6). Quite the 
contrary, the rate of tobramycin-resistant P. aeruginosa strains was 
significantly increased in the subgroup of patients not treated with 
inhaled tobramycin (n=7; 19.4%) in comparison to those patients 

treated with inhaled tobramycin (n=2; 4.4%) at 28 days following the 
onset of the disease. In bacterial organisms other than P. aeruginosa, 
no tobramycin resistances could be observed throughout the 28-day 
and 90-day observation period respectively. In another subgroup 
analysis, patients were divided into four groups (based on the four 
most frequently used intravenously administered antibiotics effective 
against P. aeruginosa: 1) ciprofloxacin (n=37), 2) ceftazidime (n=35), 3) 
piperacilin/tazobactam (n=33), 4) meropenem (n=33)) and afterwards 
analyzed for differences in the pulmonary microbiome. However, in 
line with the results of the subgroups of patients with VAP or VAT, 
significant differences between these subgroups could not be observed 
(data not shown).

Discussion
In this retrospective analysis of critically ill patients suffering from 

recurrent and/or persisting VAP or VAT caused by P. aeruginosa, 
recent strategies for the anti-infective treatment as well as the risk 
profile of inhaled tobramycin were evaluated. Within this context, 
inhaled tobramycin was most frequently used for the augmentation 
of intravenously administered antibiotics and was shown to have a 
favorable risk profile.

VAP is a severe complication in ventilated patients as it is associated 
with the need for prolonged mechanical ventilation, prolonged ICU 
stay and an increased mortality [6]. Multidrug resistant strains play an 
important role in VAP [7,23]. Looking at the data from the European 
Centre for Disease Prevention and Control (ECDC) network, the 

Variables VAT patients (n=55) without tobramycin p.i. (n=24) with tobramycin p.i. (n=31) p-value
Organ failures up to day 28

ARF 35 (63.6%) 14 (58.3%) 21 (67.7%) 0.330
ALF 42 (76.4%) 14 (58.3%) 28 (90.3%) 0.036*

ARDS 7 (12.7%) 3 (12.5%) 4 (12.9%) 0.508
Disease severity scores up to 28 days*

APACHE II 10.4 (7.1-14.6) 9.9 (6.4-14) 11.8 (8.1-14.6) 0.203
SOFA 5.1 (2.5-7.9) 3.7 (2.6-7.2) 6.1 (2.6-8.3) 0.231
SAPS 37.7 (22.5-45.1) 29.1 (20-41.4) 41.1 (29.6-47.1) 0.030*
CPIS 1.6 (0.8-2.7) 1.4 (0.6-1.8) 2.2 (1-2.8) 0.047*

Microbiological follow-up data within 28 days
Pseudomonas 3-MRGN 13 (23.6%) 6 (25%) 7 (22.5%) 0.321
Pseudomonas 4-MRGN 12 (21.8%) 6 (25%) 6 (19.4%) 0.546
Tobramycin-resistance 8 (14.5%) 7 (29.2%) 1 (3.2%) 0.061

Final microbiological follow-up within 90 days
Pseudomonas 3-MRGN 2 (3.6%) 0 (0%) 2 (6.5%) 0.222
Pseudomonas 4-MRGN 1 (1.8%) 0 (0%) 1 (3.2%) 0.500
Tobramycin-resistance 1 (0%) 0 (0%) 1 (3.2%) 0.500

Antibiotic stewardship
Cumulative duration of use [d]** 13.3 (7.8-22.3) 14.1 (8.2-24.6) 13 (6.9-20.1) 0.734

Outcome parameters
Mortality at 28 d 18 (32.7%) 7 (29.2%) 11 (35.5%) 0.521
Mortality at 90 d 27 (49.1%) 10 (41.7%) 17 (54.8%) 0. 243

Hospital length of stay [d]*** 27 (11-48.5) 19 (11-45) 31 (15-48.5) 0.373
ICU length of stay [d]*** 21 (10-39) 16 (7-34) 23 (10-43) 0.116

Mechanical ventilation [h]*** 204 (31-474) 48 (0-301) 303 (87-602) 0.010*
Need for tracheostomy 35 (63.7%) 13 (54.2%) 22 (71%) 0.158

Legends: ARF: Acute Renal Failure; ALF: Acute Liver Failure; ARDS: Acute Respiratory Distress Syndrome; APACHE II: Acute Physiology and Chronic Health Evaluation 
II – Score; SOFA: Sepsis-Related Organ Failure Assessment score; SAPS: Simplified Acute Physiology Score; CPIS: Clinical Pulmonary Infection Score; 3-MRGN: Multi-
Resistant Gram-Negative Bacteria with Resistance against Three Antibiotic Drug Classes; 4-MRGN: Multi-Resistant Gram-Negative Bacteria with Resistance against 
Four Antibiotic Drug Classes. *median value for the observation period of 28 days; **of antibiotics effective against Pseudomonas aeruginosa; ***after first detection of 
Pseudomonas aeruginosa in respiratory tract secretion; 
Data expressed by number (percentage) or median with accompanying quartiles (Q1-Q3).

Table 4: Clinical and microbiological follow-up data as well as outcome parameters of patients suffering from VAT (n=55).
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rates of multidrug resistant P. aeruginosa strains are increasing and 
therapeutic options are limited [24]. However, the first antibiotic 
shot should be a winner, since a delay in the initiation of an adequate 
anti-infective treatment is independently predictive for mortality in 
critically ill patients suffering from bacteremia with P. aeruginosa (due 
to a pulmonary focus in 77% of all cases) [25]. Accordingly, in severe 
infections caused by P. aeruginosa, there is some evidence for the use 
of an empiric combination therapy (e.g. cefepime + amikacin) instead 
of an empiric monotherapy (e.g. solely cefepime) [26]. These results are 
supported by another investigation by the group of Garnacho-Montero 
et al. performed in patients suffering from VAP due to P. aeruginosa. In 
these patients, the use of an initial combination therapy was superior 
to an empiric monotherapy with regard to clinical outcome measures 
(e.g. recurrent VAP, mortality, ICU mortality or in-hospital mortality), 
probably due to a significant reduction in the risk of an ineffective 
empiric antibiotic therapy in the initial phase of the disease [27]. 
As soon as the initial empiric combination therapy was deescalated 
towards a targeted antibiotic monotherapy, the continuation of a 
combination therapy did not provide any further advantages [27]. 
Therefore, the value of an initial empiric combination therapy seems 
to be primarily related to the reduction in the risk of inadequate 
initial treatment in patients at high risk of acquiring multidrug 
resistant strains (e.g. P. aeruginosa). Accordingly, in our investigation 
dealing with patients suffering from VAP due to P. aeruginosa, an 
i.v. combination therapy was performed in 35% (Group IV; n=9) of 
all patients, but was not associated with improvements in survival or 
better clinical outcome measures (e.g. disease severity scores, length 
of ICU stay, length of hospital stay, need for mechanical ventilation) 
in comparison to an initial empiric i.v. monotherapy (Group I; n=12). 
However, this finding should be interpreted cautiously due to the small 
cohort of patients included in the present investigation and does not 
offer a clear recommendation for action with regard to the preferable 
antibiotic treatment regime.

Due to potential negative side effects of an intravenous combination 
therapy (e.g. nephrotoxicity in the case of intravenously administered 
aminoglycosides [28,29]), the use of inhaled antibiotics may represent 
a desirable option for the augmentation of an antibiotic treatment 
in pulmonary infections due to its favorable risk-benefit profile. The 
advantages include the delivery of high local doses in combination with 
minimal systemic toxicity. The inhaled application of antibiotics is well-
established in patients with cystic fibrosis [30-36]. However, the number 
of studies on the use of inhaled tobramycin in ventilated patients with 
VAP or VAT is limited, such that recent guidelines give only a weak 
recommendation for the additional use of inhaled antibiotics, especially 
in patients at high risk of acquiring multidrug resistant strains; this 
highlights the urgent need for more scientific research on this topic 
[17,18]. One interesting case-control study in oncologic patients 
suffering from VAP caused by gram-negative strains (e.g. P. aeruginosa 
in 69% of cases) was published by Ghannam et al. [37]. Within this 
investigation, the use of inhaled antibiotics (e.g. aminoglycosides as 
well as colistin) was superior to an intravenous treatment strategy with 
regard to several clinical and microbiological infection criteria (e.g. 
nephrotoxicity, resolution of clinical and microbiologic infections). 
Another retrospective investigation by Czosnowski et al. also supports 
the adjunctive use of inhaled tobramycin in VAP patients [38]. A 
comparable study to ours was performed by Arnold et al. [39]. The 
dose of 300 mg tobramycin twice daily was similar, and the number 
of patients treated with inhaled tobramycin was also comparable. The 
need for mechanical ventilation was increased in the group of patients 
treated with inhaled tobramycin in both studies. Moreover, trends 

concerning the duration of ICU and hospital stay, as well as 28-day 
survival, were comparable in both studies. This might be due to the fact 
that patients receiving inhaled tobramycin were found to be sicker and 
suffered from recurrent and/or persistent VAP in both investigations as 
demonstrated by higher APACHE-II scores in the study by Arnold et 
al. and a prolonged need for mechanical ventilation and a higher rate of 
tracheostomy in our study. Additionally, in the study by Arnold et al., 
not all patients were positive for P. aeruginosa in the respiratory tract, 
since patients suffering from VAP caused by Acinetobacter baumanii 
were also included. Another study dealing with the use of inhaled 
antibiotics in critically ill ICU patients suffering from VAP caused by 
P. aeruginosa or Acinetobacter spp. was performed by Hallal et al. [16], 
comparing the use of inhaled tobramycin (n=5) with intravenously 
administered tobramycin (n=8) in a randomized, double-blind pilot 
study. This investigation was able to show that all patients treated 
with inhaled tobramycin had clinical resolution of VAP, whereas 
two intravenously treated patients were considered to suffer from 
treatment failures (deterioration of multiorgan dysfunction score, 
doubling of serum creatinine as a sign of nephrotoxicity). Although the 
design of the study by Hallal et al. is completely different to ours and a 
comparison of the results therefore have to be performed with caution, 
the following key aspect is supported throughout both investigations: 
the use of inhaled tobramycin does not lead to relevant systemic side 
effects (e.g. nephrotoxicity) and is therefore associated with a suitable 
risk profile. This is further supported by the results of Florescu et al. [40] 
and van Koningsbruggen-Rietschel et al. [41]. Both studies evaluated 
the effect of inhaled tobramycin in patients with cystic fibrosis and did 
not observe nephrotoxic side effects with this route of administration. 
However, the use of empiric monotherapy with inhaled tobramycin 
as described by Hallal et al. has only been performed in one patient 
within the present investigation in terms of individual treatment. This 
is in line with recent guidelines, which actually do not recommend 
monotherapy with inhaled antibiotics due to the lack of clear evidence 
[17,18]. Besides nephrotoxicity, the induction of bronchoconstriction 
or coughing attacks has been described as another potential side effect 
during the use of inhaled tobramycin [33,42,43]. However, none of the 
participating patients suffered from such episodes during the inhalation 
procedure, indicating that inhaled tobramycin is well-tolerated 
even in critically ill ICU patients with an irritated bronchial system. 
The induction of resistance mechanisms due to the use of inhaled 
tobramycin was also suspected to be a potential danger. As previously 
described by the EARS, multidrug resistant P. aeruginosa strains 
(3-MRGN/4-MRGN) are increasingly important [24]. Accordingly, 
P. aeruginosa strains of all patients within the presented investigation 
revealed a 3-MRGN resistance pattern in 34.6% (n=28), whereas none 
of the strains appeared to be 4-MRGN prior to the onset of the disease. 
This resistance condition took a turn for the worse 28-days as well as 
90-days later, since P. aeruginosa strains appeared to reveal a 4-MRGN 
resistance pattern much more frequently (at 28 days: n=13 (16%); at 90 
days: n=2 (2.5%)), but without being attributable to the use of inhaled 
tobramycin. With regard to the development of tobramycin-resistant 
P. aeruginosa strains due to the use of inhaled tobramycin, the present 
investigation was able to dispel any existing reservations: in the whole 
cohort of patients suffering from respiratory infections caused by P. 
aeruginosa, the rate of tobramycin-resistant P. aeruginosa strains was 
significantly increased in the subgroup of patients not treated with 
inhaled tobramycin (n=7; 19.4%) in comparison to those patients 
treated with inhaled tobramycin (n=2; 4.4%) at 28 days following the 
onset of the disease. The same holds true for the rest of the pulmonary 
microbiome, since inhaled tobramycin did not lead to a significant 
change in the composition of the microbiome and none of the identified 
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bacterial species at 28 days as well as 90 days (others than P. aeruginosa) 
were shown to develop tobramycin-resistance. Accordingly, the use of 
inhaled tobramycin in patients suffering from respiratory infections 
caused by P. aeruginosa seems not to be associated with a deleterious 
effect on the pulmonary microbiome as well as an increased risk for the 
development of tobramycin resistant strains. 

One further aim of the present study was to assess whether the 
use of inhaled tobramycin is associated with a reduced need for i.v. 
antibiotics. Unfortunately, this aim could not be achieved due to the 
following reasons: (1) Besides VAP or VAT, most of the patients 
suffered from a severe leading infection (e.g. in the abdominal cavity) 
requiring i.v. antibiotics. Therefore, the amount of i.v. antibiotics was 
more often affected by the clinical development of the leading infection 
than by the progression of VAP or VAT. (2) Methodological weaknesses 
of the retrospective design might have led to an underestimation of the 
advantages of a treatment regime with inhaled tobramycin. Therefore, 
a prospective reevaluation for the use of inhaled tobramycin in patients 
suffering from VAP or VAT is recommended. Moreover, it would be 
more than interesting to assess whether a systematic use of inhaled 
tobramycin in patients suffering from VAT might be able to avoid 
the conversion of VAT into VAP with all its potentially deleterious 
consequences.

With regard to limitations, the following aspects need to be 
discussed critically. The study design was retrospective and only a 
restricted number of patients were included. Moreover, the field of 
application for the use of inhaled tobramycin was not clearly defined, 
resulting in heterogeneous study groups. Whether inhaled tobramycin 
is able to prevent the conversion of VAT into VAP cannot be concluded 
by the present investigation and needs to be addressed in an additional 
prospective project.

Conclusion
Inhaled tobramycin seems to be a suitable approach with a favorable 

risk profile for the treatment of patients suffering from recurrent and/
or persistent VAP or VAT caused by P. aeruginosa. However, “hard” 
clinical benefits of this treatment regime need to be reevaluated in a 
large prospective investigation.
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