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Abstract We sought to evaluate the safety and feasibility of
inhaled aminoglycosides or colistin in cancer patients with
ventilator-associated pneumonia (VAP) due to Gram-negative
bacteria (GNB). A retrospective case-matched study was
obtained after obtaining IRB approval in patients at the
intensive care unit at our NCI-designated comprehensive
cancer center between 1999 and 2005. Sixteen patients with
GNB-VAP who received inhaled aminoglycosides or colistin
were compared with 16 patients who had received these
antibiotics intravenously alone. Eligible patients were re-
quired to have received at least six doses of inhaled therapy, or
3 or more days of intravenous therapy. Clinical Pulmonary
Infection Scores were used to assess pneumonia severity.
Standard ATS criteria were used to define VAP. Patients
treated with inhaled antibiotics were less likely to have
received corticosteroids (13% vs 50%; P<0.02) and had a
higher median baseline creatinine level (0.85 vs 0.6 mg/dL;
P<0.02) than patients treated intravenously. Pseudomonas
aeruginosa (69%) was the most common cause of VAP.
There were no serious adverse events associated with inhaled
antibiotics. Patients who received these antibiotics intrave-
nously developed renal dysfunction (31%); none of the
patients treated with inhaled antibiotics developed nephro-
toxicity (P<0.04). Patients treated with inhaled antibiotics
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were more likely to have complete resolution of clinical
(81% vs 31% in the intravenous antibiotic group; P<0.01)
and microbiologic infection (77% vs 8% in the intravenous
antibiotic group: P<0.0006). In a multivariate analysis
adjusted for corticosteroid use, inhaled antibiotic therapy
was predictive of complete clinical resolution (odds ratio
[OR], 6.3; 95% confidence interval [CI], 1.1, 37.6; P<0.04)
and eradication of causative organisms (OR 36.7; 95% CI,
3.3, 412.2; P<0.003). In critically ill cancer patients with
Gram-negative VAP, inhaled aminoglycosides were tolerated
without serious toxicity and may lead to improved outcome.

Introduction

Pneumonia is a serious complication in critically ill cancer
patients receiving antineoplastic therapy [1]. Prolonged
mechanical ventilation and the devices needed to maintain
the patency of the upper respiratory tract significantly
increase the risk of lower respiratory tract infection in
critically ill patients. In fact, ventilator-associated pneumo-
nias (VAPs) account for approximately half of all infections
acquired during critical care unit stays and are associated
with high mortality rates (20-50%) [2, 3]. Furthermore,
owing to the prolonged use of multiple broad-spectrum
antibiotics in many critically ill patients, drug-resistant
bacteria are increasingly common pathogens in critical care
units [4, 5]. The treatment of VAP in critical care unit
patients thus poses several challenges:

1. Infections are often due to drug-resistant bacteria such as
methicillin-resistant Staphylococcus aureus, and non-
fermentative Gram-negative bacteria (GNB), including
Pseudomonas, Acinetobacter, Stenotrophomonas species
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2. Few drugs are effective against these organisms

3. Drugs such as vancomycin and the aminoglycosides,
which are effective against other types of drug-resistant
infections, have poor lung tissue penetration in patients
with serious pulmonary infections [6—8]

One way of overcoming the tissue penetration limitation
would be to deliver drug concentrations directly to the site
of infection. In fact, aerosolized drug delivery has trans-
formed the quality of life in patients with cystic fibrosis;
regular use of inhaled tobramycin by these patients reduces
lower respiratory tract colonization and recurrent infection
due to GNB [9]. In addition, tobramycin and colistin have
also been successfully used in the treatment of nosocomial
pneumonia due to drug-resistant GNB [10-12]. However,
the safety and efficacy of inhaled aminoglycosides and
colistin remain limited in critically immunosuppressed
patients with VAP and underlying malignancy.

We sought to determine the safety and efficacy of
aerosolized aminoglycosides and colistin in critically ill
patients with VAP due to GNB (GNB-VAP) at our National
Cancer Institute-designated comprehensive cancer center.

Materials and methods
Study setting, patients, and design

This retrospective study was performed at The University of
Texas M. D. Anderson Cancer Center after obtaining
permission from the institutional review board. Patients with
culture-documented GNB-VAP who had received inhaled or
intravenous aminoglycosides or colistin between January
1999 and April 2006 were identified through a database
search. Eligible patients were required to have received at
least six doses of inhaled therapy or > 3 days of intravenous
therapy [13]. Patients were given inhaled antibiotic therapy
mostly in consultation with Infectious Diseases if they were:

1. Critically ill

2. Had multicentric lung infection

3. Had infection due to drug-resistant, Gram-negative
bacteria

4. Had a history of drug-induced or cancer-related renal
damage and considered at high risk of aminoglycoside-
or colistin-induced renal failure

Patients who had received inhaled and intravenous
preparation of the same drug, concurrently or sequentially,
were not included in the analysis.

Patient and laboratory data were retrieved from comput-
erized medical records; in patients who had GNB-VAP
prior to 2003, paper charts were also reviewed. The
following clinical information was retrieved: demographics,
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underlying malignancy, duration of critical unit stay and of
mechanical ventilatory assistance; neutropenia (defined as
absolute neutrophil count < 500 neutrophils/mm?*); comor-
bidities including chronic lung disease, diabetes mellitus,
renal failure; splenectomy; ventilator dependency; use of
systemic corticosteroids and antibiotics 1 week prior to and/
or during the infection episode; duration and dose of GNB-
VAP therapy; antineoplastic therapy; source of diagnostic
culture; antimicrobial susceptibility; treatment-associated
adverse events; and clinical and microbiologic outcome.

Clinical Pulmonary Infection Scores (CPIS) were used to
assess the severity of pneumonia [14]. The CPIS were
retrospectively calculated at the beginning of and after
completion of therapy using the following parameters, as
described elsewhere [14]: body temperature, peripheral
blood leukocyte count, PaO2/FiO2 ratio, chest radiograph,
and microbiologic culture results.

Drug-induced bronchospasm was determined by reviewing
assessments by the respiratory therapist in charts before,
during, and following administration of inhaled antibiotic
therapy. Nurses’ and physicians’ progress notes were also
assessed for the possibility of a delayed reaction to the inhaled
antibiotics. Respiratory rates and fractional inspired oxygen
concentration (FiO2) before and after inhaled therapy were
reviewed for post-treatment changes.

Definitions

Pneumonia was considered to be ventilator-associated if
onset occurred after receipt of mechanical ventilation for at
least 48 h and the infection was judged not to have been
incubating before the initiation of mechanical ventilation.
Standard VAP diagnosis criteria were used [2, 15].
Pneumonia was diagnosed on the basis of a radiographic
finding of a new and progressive pulmonary consolidation
and at least two of the following clinical criteria: a body
temperature > 38°C, leukocytosis (>10,000 cells/uL) or
leukopenia (<4000 cells/uL), and clinical evidence suggestive
of pneumonia such as purulent bronchial secretions and a
decrease in oxygenation [2]. Isolates were regarded as
multidrug-resistant if they had intermediate susceptibility
or resistance to at least three drugs in the following
classes: beta-lactams, carbapenems, aminoglycosides, and
fluoroquinolones.

The response to treatment was assessed at the time of
discharge from the critical care unit or at the end of
antimicrobial GNB-VAP therapy, especially if the patient
remained hospitalized for a non-GNB-VAP-related event.
Clinical responses were classified as complete resolution of
GNB-VAP; partial resolution, which included improved
clinical parameters (fever defervescence, suctioning require-
ments, symptoms and signs of pneumonia), ventilator
parameters and laboratory findings (improved blood gases,
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normalization of white blood cell count), and/or receding
pulmonary infiltrates on a chest radiograph at the end of
therapy; or failure, which was defined as worsening of the
clinical and ventilator parameters and/or progression of
contiguous or non-contiguous consolidation on radiography
at the end of therapy. Microbiologic response was defined as
eradication of causative organisms in patients in whom a
follow-up culture was obtained at the end of therapy.
Persistent infection was defined as continued isolation of the
original disease-associated pathogen after 2 weeks of GNB-
VAP therapy. VAP-associated death was defined as death
attributed to progressive lung infection and/or secondary
complications arising from uncontrolled infection such as
lung abscess, empyema, complicated parapneumonic pleural
effusion in the absence of known non-infection-associated
terminal events such as severe myocardial infarction, intra-
cranial bleeding, or gastrointestinal hemorrhage.

Renal dysfunction was defined as the doubling of
serum creatinine in patients with pretreatment (baseline)
creatinine clearance of >30 mL/min or an increase in
creatinine by >1 mg/dL at the end of therapy in patients
with pretreatment creatinine clearance < 30 mL/min.

Inhaled antimicrobials

When inhaled tobramycin was prescribed, FDA-approved
preparation of inhaled tobramycin (Tobi®; Chiron, Emery-
ville, CA, USA; 300 mg per 5-mL container) was used.
When another inhaled aminoglycoside or colistin was
prescribed, the institutional pharmacy dispensed nebulized
formulas made from commercially available intravenous
preparations in the following strengths: amikacin (100 mg
per 3-mL intravenous dose), gentamicin (40 mg per mL
intravenous dose), and colistin (75 mg per 4-mL intrave-
nous dose). Inhaled colistin was delivered at the dose of
100 mg every 8 h; tobramycin, 300 mg twice daily (b.i.d.);
gentamicin, 100 mg three times daily (t.i.d.); and amikacin,
100 mg t.i.d. or 300 mg b.i.d. A jet nebulizer was adapted
to the ventilatory circuit, and during antibiotic administra-
tion, the patient’s vital signs, oxygen saturation, ventilatory
parameters were carefully monitored by a respiratory
therapist and critical care unit nurse. Patients received
inhaled beta-agonist bronchodilators before and after
therapy.

Statistical analysis

The Chi-squared or Fisher’s exact test was used to assess
differences in categorical variables, as appropriate. Differ-
ences in continuous variables were assessed by Student’s ¢
test or Wilcoxon rank-sum test. All tests were two-sided,
and statistical significance was set at P<0.05. Multivariate
logistic regression analysis was used to assess the

independent effect of therapy on each of the three outcomes:
clinical resolution, microorganism eradication, and renal
failure. All the statistical analyses were performed using
SAS version 9.1 (SAS Institute, Cary, NC, USA).

Results

In cancer patients at our critical care unit the rate of VAP
has declined considerably from 34.2 VAP/1,000 ventilator
days in 1999 to 10.1 and 8.6 VAP/1,000 ventilator days in
2005 and 2006 respectively, after multifaceted infection
control measures, including oral care policy, inline suction,
respiratory care focus to reduce ventilator days, and a hand
hygiene initiative were instituted. Gram-negative bacteria
remain the most frequent (approximately 60%) cause of
VAP in critically ill patients at our institution.

Patient and disease characteristics

Thirty-two patients who met the study criteria were
identified. The patients who received inhaled aminoglyco-
sides or colistin (n=16) and those who received these
antibiotics intravenously (n=16) were similar, as shown in
Table 1. However, patients in whom GNB-VAP was treated
with inhaled antibiotics were significantly less likely to
have received systemic corticosteroids within 1 week
before or during therapy for GNB-VAP (13% vs 50%; P<
0.02) and had a higher median serum creatinine level prior
to GNB-VAP therapy (0.85 vs 0.6 mg/dL; P<0.02) than
patients who received intravenous antibiotics. There were
no differences in comorbidities or underlying malignancies
between the two groups (Table 1). Only one patient with
amyotrophic lateral sclerosis and ventilator dependency had
a prior history of VAP.

Table 2 shows the causative organisms, treatment, and
responses for the 32 patients. The most common organism
associated with GNB-VAP was Pseudomonas aeruginosa
(n=22; 69%). Klebsiella pneumoniae was the second most
common organism (n=5; 16%). One patient (6%) in the
inhaled group had concurrent P. aeruginosa bacteremia and
in the intravenous treatment group, 2 patients (13%) were
bacteremic with P. aeruginosa and K. Pneumoniae.

Fourteen patients received intravenous aminoglycosides,
13 patients received inhaled aminoglycosides, and 2
patients in each group received colistin. One patient with
Pseudomonas aeruginosa was treated with a combination
of inhaled colistin and tobramycin for 26 days; this patient
also received systemic imipenem. The median duration of
therapy was comparable in the two groups: a median of
9+5 (range, 2-21) days in the intravenous therapy group
vs 11+6 (range, 3—26) days in the inhaled therapy group
(P>0.5).
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Table 1 Characteristics among patients with Gram-negative ventilator-associated pneumonia (VAP) treated with inhaled or intravenous antibiotic

therapy
Characteristic Intravenous therapy’ Inhaled therapy® P value
n=16 n=16
Age, mean =+ s.d. 57+18 years 61+14 years 0.4
Gender
Male 9 (56) 12 (75) 0.2
Underlying disease
Hematologic malignancy® 2 (13) 0 (0) 0.4
Solid-organ cancer® 14 (88) 15 (94)

Lung cancer 7 (44) 6 (38) 0.7
Radiation therapy 9 (56) 2 (13) 0.009
Head and neck 4 (25) 0 (0) 0.5

Thorax 4 (25) 2 (13)

Gastrointestinal tract 1(11) 0 (0)
Diabetes mellitus 1 (6) 3 (19) 0.6
Chronic obstructive lung disease 3 (19) 6 (38) 0.4
Renal failure® 0 (0) 4 (25) 0.1
Splenectomy 1(6) 0 (0) 0.9
Ventilator dependency* 1(6) 0 (0) 0.9
Corticosteroids® 8 (50) 2 (13) 0.02
CPISY, median + s.d. 7+£2.9 6+1.8 0.4
Creatinine®, median (range) 0.6 (0.4-1.0) mg/dL 0.8 (0.2-2.8) mg/dL 0.02
Duration of hospitalization, median (range) 38 (14-155) days 47 (20-153) days 0.3
Duration of CCU stay, median (range) 35 (5-135) days 34 (12-152) days 0.8
Duration of MV, median (range) 22 (5-135) days 25 (4-123) days 0.8
Duration of antibiotic therapy, median (range) 10 (2-21) days 11 (3-26) days 0.8

s.d.: standard deviation; CPIS: Clinical Pulmonary Infection Score; ICU: intensive care unit, MV: mechanical ventilation

*Non-Hodgkin’s lymphoma and chronic lymphocytic leukemia in 1 patient each

® Eight patients with lung cancer, 5 with renal cell carcinoma, 4 each with esophageal and head/neck cancer, 2 with mesothelioma, and 1 patient
with each of the following: prostate adenocarcinoma, gastric adenocarcinoma, pancreatic adenocarcinoma, osteosarcoma, superior vena cava

sarcoma, thyroid medullary carcinoma
The patient without cancer had amyotrophic lateral sclerosis
¢ Before and during therapy for ventilator-associated pneumonia

9 patients who continue to require long-term mechanical ventilation after resolution of VAP

¢ At the onset of antibiotic therapy for ventilator-associated pneumonia
fData are number of patients (%) unless otherwise specified

Adverse events

No adverse events were associated with inhaled antibiotics
therapy, notably no bronchoconstriction or apnea. However,
5 patients who received intravenous aminoglycosides
developed drug-induced renal dysfunction (31% vs 0%;
P<0.04). The median serum creatinine levels at the end of
therapy in patients treated with intravenous aminoglyco-
sides and colistin was 0.85 (range, 0.5-5.0) mg/dL and in
patients who received inhaled antibiotics creatinine levels
were 0.75 (range, 0.2-2.9) mg/dL.

Response to therapy
A significantly greater percentage of patients treated with

inhaled antibiotics had complete clinical resolution than
patients treated with intravenous antibiotics (100% [n=13
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out of 13] vs 55% [n=5 out of 9]; P<0.01). Also, bacterial
eradication in patients in whom follow-up lower respiratory
tract cultures were available was significantly more frequent
in patients who had been treated with inhaled antibiotics
(77% [n=10 out of 13] vs 8% [n=1 out of 12] in those with
intravenous therapy alone; P<0.0006). In addition, the mean
CPIS at the end of therapy was more favorable in patients
treated with inhaled antibiotics (3+1.7 vs 442.6; P<0.04).

Logistic regression analysis

The logistic regression model used was adjusted for renal
failure, concordant antibiotic use (concordant refers to
intravenous antibiotics that were active against the GNB
in both arms), corticosteroid use, lung cancer, radiation
therapy, comorbidities, CPIS, Gram-negative rod species,
and duration of critical care unit stay. The likelihood of a
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complete clinical resolution (odds ratio [OR], 6.3; 95%
confidence interval [CI], 1.1, 37.6; P<0.04) and of
eradication of the causative organisms (OR, 36.7; 95% CI,
3.3, 412.2; P<0.003) was significantly greater in patients
treated with inhaled antibiotics.

Discussion

In this study, critically ill cancer patients with GNB-VAP
treated with inhaled aminoglycosides and/or colistin had
significantly better outcomes than patients who received
these antibiotics intravenously. Furthermore, the inhaled
antibiotics were tolerated without serious adverse events,
such as sustained drug-induced bronchospasm, increased
requirements for supplemental oxygen, or nephrotoxicity.

The concerns regarding the intravenous antimicrobial
preparation used for aerosolized delivery includes optimal
osmolality, alkalinity, and ionic strength of the preparation,
which may lead to irritation of the respiratory mucosa [16].
In our patients, however, acrosolization of these intrave-
nous antimicrobial preparations was tolerated without any
serious adverse events.

Aerosolized drug delivery to the lungs has been
extensively evaluated in patients with cystic fibrosis and
recipients of heart-lung transplants [9]. Inhaled amino-
glycosides lead to high drug concentrations in the lung
tissue, especially in patients given treatments during
mechanical ventilation; in contrast, serum drug concen-
trations in these individuals are negligible [17, 18]. Geller
et al. found that 95% of patients with cystic fibrosis treated
with inhaled tobramycin achieved 25 times the minimum
inhibitory concentration (MIC) for Pseudomonas species in
sputum samples, whereas serum tobramycin levels
remained negligible [19]. The higher drug concentration
in the bronchial space may further improve antimicrobial
efficacy, especially for the antimicrobial agents that require
high drug concentration for effective bacterial killing.
Effective drug delivery to the bronchoalveolar space in
patients with pulmonary infection may improve treatment
response due to the following:

1. A decrease in the volume of the tracheobronchial
secretions

2. A decline in the viable bacteria

3. Reduction in proinflammatory cytokines such as
interleukin-18 and tumor necrosis factor o« from
neutrophils, macrophages, and lymphocytes

4. By promoting epithelial-derived soluble intercellular
adhesion molecule-1 (SICAM-1) [17]

The increased sICAM-1 represents a decline in the
proinflammatory, neutrophil-derived elastases. Besides pro-
viding selective bronchopulmonary delivery of high drug
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concentrations, aerosolized aminoglycoside therapy, espe-
cially in critically ill patients with pneumonia, may
abrogate the host’s dysregulated inflammatory response by
down-regulating macrophage-derived mediators of inflam-
mation, which are crucial for neutrophil recruitment and
activation at the site of infection.

The use of aerosolized antibiotics to prevent pneumonia
in patients requiring prolonged mechanical ventilation was
previously considered ineffective owing to poor tissue
penetration [20, 21]. However, research in the 1990s
challenged this belief and showed that aerosolized drugs,
especially in mechanically ventilated patients, may lead to
> 20% of the total inhaled drug concentration in lung tissue
[17, 22]. In spontaneously breathing patients with cystic
fibrosis, this deposition may range from 10 to 20% of the
total aerosolized dose [23, 24]. The improved drug delivery
critically depends on the size of aerosolized drug particles,
as smaller particles may be exhaled, whereas the particles
between 1 and 5 um get deposited in the lower respiratory
tract [16]. The jet nebulizer currently used in this study
leads to delivery of particles within 1 to 5 um in size.

Inhaled tobramycin is routinely used in cystic fibrosis
patients with bronchiectasis and has been associated with a
significant decline in infection-related hospitalization, at-
tributed to a substantial reduction in lower respiratory tract
bacterial colonization [25]. Similarly, the clinical experi-
ence with aerosolized colistin for the treatment of Pseudo-
monas aeruginosa and Acinetobacter baumannii in patients
with VAP has also been encouraging [13, 26]. In patients
without cystic fibrosis, such as those undergoing thoracic
surgery for lung cancer, the mean lung concentration
following inhaled 300 mg tobramycin ranges from 4 to
6 ng/g lung tissue [27]. The high drug concentration within
lung tissue is achieved in the setting of negligible serum
drug levels, and may improve bacterial elimination, even
for less susceptible microorganisms with higher MICs [27].

Furthermore, inhaled aminoglycosides may disrupt bac-
terial biofilm formation [28, 29]. The biofilm that are
formed on all foreign material such as endotracheal tubes
within a few hours of insertion, serves as an important
reservoir for microorganisms to evade the host’s immune
surveillance and also as a barrier for antimicrobial killing.

Drug resistance following intermittent exposure to
inhaled antibiotics has been a concern. Pseudomonas,
Stenotrophomonas, and Acinetobacter species have a high
potential for developing resistance spontaneously or after
exposure to sub-therapeutic drug levels. This has, however,
not been noted in patients treated with aerosolized
antibiotic therapy for the prevention and/or treatment of
GNB pneumonia [30]. Similarly, in cancer patients with
GNB-VAP who were treated with aerosolized aminoglyco-
sides or colistin, we did not encounter breakthrough
infections due to multidrug-resistant bacteria.
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In our study, treatment with aerosolized aminoglycosides
and/or colistin in immunosuppressed cancer patients, even
in those with reduced renal function, was well tolerated and
none of the 16 patients who were treated with aerosolized,
potentially nephrotoxic antimicrobials developed renal
dysfunction, whereas nearly a third of patients treated with
these drugs given intravenously developed renal failure.
The limitation of a retrospective study apply to this
observation, as selection of patients with VAP could not
be standardized and potentially less serious adverse events
may not have been captured and documented in patients’
electronic medical records.

In conclusion, inhalation therapy with aminoglycosides
and/or colistin in cancer patients with GNB-VAP was
associated with a favorable response and was tolerated
without serious pulmonary or renal toxicity. Further studies
are needed to evaluate this treatment approach in patients
with difficult-to-treat lung infections.
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