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Abstract

Background: This clinical trial evaluated the pharmacokinetics and safety/tolerability of amikacin/fosfomycin
solution using a vibrating plate nebulizer, in mechanically ventilated patients with ventilator-associated tra-
cheobronchitis (VAT) or ventilator-associated pneumonia (VAP).
Methods: Nine adult patients were consented to receive three escalating doses of a combination of 50 mg/mL
amikacin and 20 mg/mL fosfomycin; doses were separated by 24 – 2 hr. On day 3, patients received two
blinded, randomized treatments (amikacin/fosfomycin and volume-matched placebo), separated by 2 hr. All
treatments were administered with a single-patient, multitreatment nebulizer (Investigational eFlow� Inline
Nebulizer System; PARI Pharma GmbH, positioned in the inspiratory limb tubing between the ventilator and
the patient. The nebulizer remained in-line until all treatments had been delivered. Concentrations of amikacin
and fosfomycin were measured in tracheal aspirate and plasma samples obtained during the 24 hr after each
dose.
Results: Fifteen minutes after dosing with the 300/120 mg amikacin/fosfomycin combination, tracheal aspirate
amikacin concentrations – SD were 12,390 – 3,986 lg/g, and fosfomycin concentrations were 6,174 – 2,548 lg/g
(n¼6). Airway clearance was rapid. Plasma concentrations were subtherapeutic; the highest observed amikacin
plasma concentration was 1.4 lg/mL, and the highest observed fosfomycin plasma concentration was 0.8 lg/mL.
Administration time was approximately 2 min/mL. No adverse effects on respiratory rate, peak airway pressures,
or oxygenation were observed during or following drug or placebo administration.
Conclusions: High tracheal aspirate concentrations of amikacin and fosfomycin were achieved in mechanically
ventilated patients with VAT or VAP after aerosolized administration with an inline nebulizer system. Airway
clearance was rapid. No adverse respiratory effects were noted during or following drug administration.
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Introduction

Aerosolized Antibiotics have become the standard
of care in cystic fibrosis patients with chronic en-

dobronchial pseudomonal infections.(1,2) Adjunctive aerosol
antibiotic therapy to treat Gram-negative pneumonia in

patients on mechanical ventilation has been studied for over 30
years with encouraging results; however, multicenter, placebo-
controlled, randomized trials are needed to establish which
antibiotics and drug delivery systems are most efficacious.(3–8)

The emergence of highly resistant Gram-negative bacteria
has increased the amount of aminoglycoside required for a
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potentially effective dose.(9) In a recent survey of 35,000
hospital isolates, the highest amikacin minimum inhibitory
concentration (MIC) for Gram-negative bacteria was greater
than 1,024 lg/mL.(10) Due to sputum antagonism, the target
concentration of an aminoglycoside needed for bactericidal
activity is 25-fold the MIC.(11,12)

Drug delivery issues include particle size and lung de-
position. Hygroscopic growth from the humidified air in the
ventilator circuit can increase the mean droplet size, leading
to rainout in the endotracheal tube and poor delivery to the
lower airways.(3,13) The airflow from a continuously run jet
nebulizer can create a high bias flow that flushes most of the
aerosol into the expiratory limb of the ventilator during
exhalation by the patient.(3,13) A novel approach to the drug
delivery issues was to develop a vibrating plate nebulizer
positioned distal to the wye-piece in the ventilator circuit
and use breath actuation to deliver the dose only during
inhalation. Such a system was used in a Phase 2 trial of a
400-mg dose of amikacin sulfate. Two thirds of patients
receiving doses twice daily had tracheal concentrations of
greater than 6,400 lg/mL, which was approximately sixfold
higher than the peak concentration reported with a contin-
uously running jet nebulizer.(11,14) This system is now being
tested in two Phase 3 trials.

The system described herein included a combination of
amikacin and fosfomycin, which has been previously re-
ported as synergistic against highly resistant Gram-negative
bacteria.(10) The highest amikacin resistance seen in a
worldwide 35,000 patient surveillance study was an MIC of
256 lg/mL when tested against the 5:2 (by weight) amika-
cin/fosfomycin formulation.(10) In addition, fosfomycin has
bactericidal activity against methicillin-resistant Staphylo-
coccus aureus at low MICs.(15) As measured by laser dif-
fractometry (Mastersizer X, Malvern, UK), the average
mass median diameter (MMD) of the amikacin/fosfomycin
(5:2) solution increased from 2.9 to 3.3 lm after humidifi-
cation (personal communication, PARI Pharma). The pH of
the formulation was corrected with HCl, which was chosen
to provide a permeable anion to the antibiotic mixture, the
absence of which is known to induce cough.(16)

An in-line vibrating membrane nebulizer (Investigational
eFlow� Inline Nebulizer System, PARI Pharma GmbH,
Starnberg, Germany), placed on the inspiratory arm, with a
small (initial& 3 lm MMD) droplet size was used to deliver
the amikacin/fosfomycin combination in the reported study.
This approach was chosen to accomplish multiple goals.
First, the small particle size was chosen to allow the ven-
tilator humidity to remain on during drug delivery, while
minimizing potential rainout in the tubing. The ability to
leave the ventilator humidity on is important, because use of
nonhumidified circuits is not standard of care, and increases
in the incidence of tracheal tube occlusion are observed with
the use of heat moisture exchangers.(17) Second, the same
nebulizer stays in place for the entire treatment period,
avoiding repeated opening of the ventilator circuit, which
would increase the likelihood of contamination. Finally, the
eFlow Inline System delivers potentially therapeutic con-
centrations rapidly. During continuous nebulization, using a
low bias flow (less than 3 L/min) creates a ‘‘reservoir’’
function in the inspiratory arm between the nebulizer and
wye-piece connector, thus providing a dense bolus of
aerosolized drug at the onset of each inspiration.(18)

This article reports a Phase 1 pharmacokinetics and safety
study of the amikacin plus fosfomycin combination deliv-
ered with the eFlow Inline System in patients receiving
mechanical ventilation.

Materials and Methods

The Phase 1 study was a randomized, double-blind,
placebo-controlled, dose-escalation study of amikacin and
fosfomycin (50 mg/mL amikacin base and 20 mg/mL fos-
fomycin disodium salt, pH corrected to 5–7 with HCl) de-
livered via the eFlow Inline System in mechanically
ventilated patients with either ventilator-associated pneu-
monia (VAP) or ventilator-associated tracheobronchitis
(VAT). The study was conducted at the Intensive Care Unit
(ICU) of the Alfred Hospital in Melbourne, Australia (a 45-
bed, level 3, multidisciplinary ICU that treats approximately
2,000 patients per annum) and was approved by the hospi-
tal’s Human Research Ethics Committee. The study was
prospectively registered with the Australian New Zealand
Clinical Trials registry (ACTRN 12612000273886).

Inclusion criteria were: male or female patients ‡ 18
years and £ 80 years of age with clinical diagnosis of VAP
or VAT(19) and expected to be on mechanical ventilation for
at least 3 days; Gram-positive or Gram-negative bacteria on
Gram stain of the tracheal aspirate; informed consent ob-
tained from a legally authorized representative; and ability
to produce at least 1 mL of tracheal aspirate. Exclusion
criteria were: severely compromised or suppressed immune
system prior to hospital admission; fraction of inspired oxygen
(FiO2) > 0.8 at enrollment; relative hypoxemia (O2 saturation
< 93% on an FiO2 £ 0.8) at enrollment; positive end-expiratory
pressure (PEEP) > 15 cm H2O at enrollment; creatinine > 0.18
mmol/L; positive pregnancy test or breast feeding; burns to
greater than 40% of the body; treatment with systemic ami-
kacin or fosfomycin within 48 hr of dosing; history of previous
allergy or sensitivity to amikacin or fosfomycin; participation
in a clinical study with administration of an investigational
drug product within 3 months of study drug administration;
blood hemoglobin < 70 g/L at enrollment; and any other con-
dition that in the view of the Investigator was likely to interfere
with the study or put the patient at risk.

The eFlow Inline System (PARI Pharma GmbH) was
positioned in the inspiratory tubing between the Puritan
Bennett 840 Ventilator and the patient, 15 cm upstream of
the wye-piece connector, and remained in place until the
course of therapy was completed. The ventilator humidifier
was left on during study drug administration, and the site
was instructed to set bias flow at £ 2 L/min.

For each cohort, patients were to receive three ascending
doses of study drug, with one dose administered every 22–
26 hr. On day 3, patients were to receive one dose of study
drug and one dose of volume-matched placebo (0.9% nor-
mal saline) administered 2 hr apart; day 3 treatments were
blinded and randomized to order. The treatment order of
amikacin/fosfomycin and placebo on day 3 was allocated by
way of a randomization schedule prepared by a third-party
statistician. A copy of the randomization code was kept on
file at the investigational pharmacy. An unblinded pharma-
cist prepared study drug for dosing and labeled each dose in
a blinded manner to ensure the investigator, ICU staff, and
patient/family members remained blinded.
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Cohorts were planned to be dosed as follows: cohort 1 (n = 3):
2 mL (100 mg/40 mg amikacin/fosfomycin), 4 mL (200 mg/
80 mg amikacin/fosfomycin), and 6 mL (300 mg/120 mg ami-
kacin/fosfomycin); cohort 2 (n = 3): 4 mL (200 mg/80 mg
amikacin/fosfomycin), 6 mL (300 mg/120 mg amikacin/
fosfomycin), and 8 mL (400 mg/160 mg amikacin/fosfomy-
cin); cohort 3 (n = 3): 6 mL (300 mg/120 mg amikacin/fos-
fomycin), 8 mL (400 mg/160 mg amikacin/fosfomycin), and
10 mL (500 mg/200 mg amikacin/fosfomycin); and cohort 4
(n = 6): 8 mL (400 mg/160 mg amikacin/fosfomycin), 10 mL
(500 mg/200 mg amikacin/fosfomycin), and 12 mL (600 mg/
240 mg amikacin/fosfomycin). It was determined that there
was no need to proceed with cohort 4 based on the findings of
high concentrations of study drug in tracheal aspirate samples
from patients in cohorts 1, 2, and 3; the higher doses slated for
testing in cohort 4 would not be used in future studies with the
amikacin/fosfomycin combination.

As this was not a powered efficacy study, no formal
sample size calculations were performed. The number of
patients proposed per cohort was considered sufficient for an
exploratory study to assess the pharmacokinetics of esca-
lating doses of nebulized amikacin/fosfomycin.

Amikacin and fosfomycin systemic concentrations were
measured at pre-dose, 10 min, 1, 2, 4, 6, and 24 ( – 2) hr
post dose. Amikacin and fosfomycin tracheal aspirate con-
centrations were measured at pre-dose, 15 min, 1, 2, 4, 6,
and 24 ( – 2) hr post dose. Amikacin and fosfomycin con-
centrations were determined by the high-performance liquid
chromatography–tandem mass spectrometry method. The
following parameters were calculated for each dose: Cmax,
Tmax, and area under the concentration–time curve from
time 0 to 24 hr (AUC0–24). Tracheal aspirate samples were
collected by suctioning via the endotracheal tube into pre-
weighed, tracheal aspirate traps. If a sample could not be
obtained with suction alone, a small amount (1–3 mL) of
sterile saline was flushed into the endotracheal tube and then
suctioned back. Samples were frozen for shipment to a
laboratory for analysis by liquid chromatography–tandem
mass spectrometry.

Safety parameters evaluated included adverse events,
laboratory parameters (serial hematology, biochemistry, and
urinalysis), airway peak and plateau pressures before and
after drug administration, and oximetry before and during
drug administration.

Statistical methods

All pharmacokinetic parameters were summarized using
descriptive statistics and presented by time point and dose.
All safety parameters were summarized using descriptive
statistics and presented by time point and dose.

Results

A total of nine patients were randomized, and eight (all
male, age range 28–80 years) were dosed during the study
(Table 1). One patient had a clinical deterioration between
consent and planned study drug dosing and was withdrawn
from the study. Of the eight patients dosed, seven had VAP
and one had VAT. Five patients had exclusively Gram-
negative bacteria, two had both Gram-negative and Gram-
positive bacteria, and one patient had only Gram-positive

bacteria. All were receiving appropriate concomitant sys-
temic antibiotic therapy.

All treatments were well tolerated with no clinically
meaningful changes in oximetry, airway pressures, vital
signs, monitored cardiac telemetry, clinical chemistries, or
hematology. Delivery time averaged 2 min per milliliter of
solution. All patients were on a spontaneous triggered
ventilation mode (set rate = 0) with mean – SD delivered
tidal volume of 551 – 54 mL (range 382–750 mL). FiO2

ranged from 0.3 to 0.5, and PEEP ranged from 5 to 12.5 cm
H2O. No clinically meaningful trends were observed in FiO2

or PEEP in response to study drug administration. Three
patients (one from each cohort) demonstrated an improved
clinical condition during study participation, and were ex-
tubated or removed from mechanical ventilation prior to the
planned third dose. The patient who was not administered
study drug due to deteriorating clinical condition was as-
signed to cohort 3.

Amikacin plasma and tracheal aspirate
pharmacokinetics

The amikacin plasma and tracheal aspirate pharmacoki-
netics are presented in Table 2. These data demonstrate that
amikacin was rapidly absorbed following administration
with the eFlow Inline System. The profiles also show rapid
clearance of amikacin, with plasma levels returning to
baseline within 24 hr following dosing in most patients, with
the exception of one patient, who still had quantifiable
plasma amikacin 24 hr after dosing on day 2. Mean Cmax and
AUC0–24 increased with dose.

The amikacin tracheal aspirate peak concentrations were
achieved at the first measurement for all patients at all doses
with rapid clearance. Amikacin Cmax in tracheal aspirate
increased with the 100/40 mg and 200/80 mg doses, and then
plateaued at the 300/120 mg and 400/160 mg doses.

Fosfomycin plasma and tracheal aspirate
pharmacokinetics

The fosfomycin plasma and tracheal aspirate pharmaco-
kinetics are presented in Table 3. These data demonstrate
that fosfomycin was rapidly absorbed following adminis-
tration with the eFlow Inline System. The profiles also show
rapid clearance of fosfomycin, with plasma levels returning
to baseline within 24 hr following dosing in most patients,
with the exception of one patient, who still had quantifiable
fosfomycin in plasma at 24 hr after dosing on day 2. Both
mean Cmax and AUC0–24 increased with dose.

Tracheal aspirate Cmax and AUC0–24 showed no rela-
tionship to dose. The mean Cmax appeared to plateau at
approximately 6,000 lg/g following administration of the
200/80 mg, 300/120 mg, and 400/160 mg doses. As observed
for amikacin, mean Tmax occurred at the first observation
for all doses. For the 300/120 mg dose, Cmax was observed at
15 min; 6 hr after dosing, the mean concentration was
225.5 lg/g, and at 24 hr it was below the lower limit of
quantitation (10.0 lg/g).

Discussion

The purposes of this Phase 1 study were to determine
the pharmacokinetics, safety, and tolerability of nebulized

AMIKACIN/FOSFOMYCIN VIA EFLOW INLINE NEBULIZER 443



amikacin/fosfomycin in patients with a clinical diagnosis of
VAP or VAT following delivery via PARI Pharma’s In-
vestigational eFlow Inline Nebulizer System and to evaluate
doses of amikacin/fosfomycin for subsequent efficacy
studies.

A total of eight adult male patients were enrolled and
randomized, and then received at least two ascending doses
of study drug. The majority of these critically ill patients had
a clinical diagnosis of VAP. The systemic and tracheal as-
pirate pharmacokinetics of nebulized amikacin and fosfo-
mycin were assessed. The shape of the plasma profiles for
both amikacin and fosfomycin indicated rapid absorption,
with rapid elimination post dose for both active ingredients.
The peak concentrations for both amikacin and fosfomycin
at all doses were well below the peak concentrations ob-
served after typical systemic doses.(20–22) There was a trend
toward a linear relationship between mean Cmax and dose
for amikacin and fosfomycin, and between AUC and dose
for amikacin and fosfomycin. Tracheal aspirate Cmax levels
peaked at the 300/120 mg dose for amikacin and fosfomycin.
There was no apparent relationship between AUC and dose
for either amikacin or fosfomycin in tracheal aspirate. Mean
peak amikacin in tracheal aspirate was approximately
12,000 lg/mL for the 300/120 mg and 400/160 mg doses. This
concentration is more than 46-fold higher than the MIC of
amikacin for the most resistant isolate observed in supportive
in vitro studies, including evaluations of the susceptibility
of highly resistant strains.(10) The bactericidal activity of

amikacin is related to peak concentration. Therefore, even in
the absence of a synergistic effect of fosfomycin,(10) the levels
of amikacin achieved after administration of the 300/120 mg
dose would be high enough to overcome any sputum inhibi-
tion and be effective against most sensitive strains; however,
higher concentrations would be required for activity against
highly amikacin-resistant strains, as a 25-fold multiple of the
MIC is required for bactericidal activity.(11,12)

It is difficult to compare antibiotic concentrations
achieved using different devices and in different patient
populations. Nonetheless, we did not expect to observe a 10-
fold increase in antibiotic concentrations when the amikacin
tracheal aspirate concentrations in this study (administration
with eFlow Inline System to patients on mechanical venti-
lation) were compared with tobramycin sputum concentra-
tions reported in a previous study (administration with PARI
LC PLUS jet nebulizer to cystic fibrosis patients).(1) The
systemic antibiotic levels were low and comparable in both
VAP and cystic fibrosis patients. The differences in tracheal
concentrations may reflect application via mechanical ven-
tilation versus spontaneous breathing, but also raise the
possibility that the lower sputum volume in a patient with
VAP compared with a patient with cystic fibrosis may lead
to substantially higher tracheal antibiotic concentrations.

Fosfomycin bactericidal activity is dependent on the time
above the MIC; therefore, based on these results and his-
torical MIC data, twice daily (BID) therapy with the 300/
120 mg dose will provide 24-hr coverage for inhibition of

Table 1. Patient Characteristics

Treatment group

Cohort 1
(n = 3)

Cohort 2
(n = 3)

Cohort 3
(n = 2)

Overall
(n = 8)

Age (years), mean (SD) 60.3 (20.0) 52.3 (24.5) 49.5 (27.6) 54.6 (20.5)
Age (years), range 40–80 28–77 30–69 28–80
Male, n (%) 3 (100) 3 (100) 2 (100) 8 (100)
Creatinine (lmol/L) at screening, mean (range) 66.3 (52, 80) 93.3 (61, 113) 72.5 (59, 86) 78.0 (52, 113)
Race, n (%)

White 2 (66.7) 3 (100) 1 (50.0) 6 (75.0)
Arabic 0 (0) 0 (0) 1 (50.0) 1 (12.5)
Australian Aborigine/Torres Strait Islander 1 (33.3) 0 (0) 0 (0) 1 (12.5)

Reason for mechanical ventilation, n (%)
Traumaa 2 (67.2) 3 (100) 1 (50.0) 6 (75.0)
Idiopathic cardiomyopathy 0 (0) 0 (0) 1 (50.0) 1 (12.5)
Myocardial infarction and

cerebrovascular accident
1 (33.3) 0 (0) 0 (0) 1 (12.5)

Findings on baseline chest x-ray, n (%)
Left lower lobe infiltrate 1 (33.3) 2 (67.7) 1 (50.0) 4 (50.0)
Right lower lobe infiltrate 1 (33.3) 1 (33.3) 0 (0) 2 (25.0)
Right middle lobe infiltrate 1 (33.3) 0 (0) 0 (0) 1 (12.5)
No infiltrate 0 (0) 0 (0) 1 (50.0) 1 (12.5)

Cause of infection, n (%)
Gram-positive bacteria 0 (0) 1 (33.3) 0 (0) 1 (12.5)
Gram-negative bacteria 2 (66.6) 1 (33.3) 2 (100) 5 (62.5)
Gram-positive and Gram-negative bacteria 1 (33.3) 1 (33.3) 0 (0) 2 (25.0)

Indication for study, n (%)
VAP 3 (100) 3 (100) 1 (50.0) 7 (87.5)
VAT 0 (0) 0 (0) 1 (50.0) 1 (12.5)

aTrauma: 1, subarachnoid hemorrhage and rib fractures; 2, head trauma and intracerebral hemorrhage; 3, liver laceration, rib fractures,
and pulmonary contusions; 4, multiple spinal fractures; 5, multiple spinal fractures, multiple rib fractures, left hemopneumothorax,
fractured pelvis, and closed head injury; and 6, road accident.
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typical Gram-negative and Gram-positive pathogens associ-
ated with pneumonia in mechanically ventilated patients.(15,23)

However, for highly fosfomycin-resistant strains, levels would
not exceed the MIC for more than 6–8 hr over a 24-hr period,
even with BID dosing.

The peak amikacin tracheal concentrations achieved with
the 300/120 mg dose of amikacin/fosfomycin were higher
than what was reported with a 400-mg dose of amikacin
sulfate using the breath-actuated vibrating plate nebulizing
system.(11) This suggests that the approach of using the in-
spiratory limb as a reservoir could result in comparable or
superior in vivo results compared with breath-actuated
nebulization. The approach used in this study also resulted
in a faster delivery time than was reported for the breath-
activated system, and allowed the same nebulizer to remain
in the inspiratory limb for the duration of therapy.

The evaluation of safety and tolerability of amikacin and
fosfomycin was another study objective. There were no
dose-related effects on laboratory values, vital signs, oxi-
metry, airway pressure, or ventilator settings. Adverse
events of interest included oxygen desaturation, increased
peak airway pressure, bronchospasm, increased creatinine,
and cardiac arrhythmias. None of these were observed
during the study at any dose level.

Based on review of the safety data, all assessed doses of
amikacin/fosfomycin were deemed to be safe and well tol-
erated in this patient population. We have initiated a Phase 2
multicenter international study of the 300/120 mg amikacin/
fosfomycin dose as adjunctive therapy to intravenous anti-
biotics for Gram-negative bacterial pneumonia in patients
on mechanical ventilation.(24)
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