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Background: The delivery profile of Aztreonam lysine (AZLI) during mechanical ventilation 

(MV) is unknown. We evaluated the amount of AZLI drug delivered using an in vitro model of 

adult MV.  

Methods: An adult lung model designed to mimic current clinical practice was used. Both 

nebulizers were placed before a Y-piece and 4 settings were tested: A) Aeroneb solo® [AS] with 

a t-piece; B) AS with the spacer; C) M-Neb® [MN] with a t-piece and D) MN with the spacer. 

Performance was evaluated in terms of: 1) Mass median aerodynamic diameter (MMAD); 2) 

Geometric standard deviation (GSD), 3) Fine particle dose (FPD), 4) Fine particle fraction 

(FPF), 5) Inhalable mass (IM), and 6) Recovery rate (RR).   

Results: Both devices showed an adequate delivery of AZLI during MV, with MMAD between 

2.4-2.5 µm and 87% of FPF. The FPD (38.8 and 31.7), IM (44.8 and 36.1) and RR (30 and 24) 

were similar for AS and MN respectively. Nebulizer aerosol delivery increased (50% and 70% 

respectively) for both nebulizers when using the spacer.    

Conclusion: Both AS and MN showed a good aerosol delivery profile for AZLI during in vitro 

mechanical ventilation. Better aerosol delivery performance was obtained using the spacer.  

 

Keywords: Aztreonam lysine, aerosol delivery, nebulized antibiotic, mechanical ventilation, in 

vitro model 

 

 

 

1. INTRODUCTION 

Artificial airways such as endotracheal tube (ETT) and tracheostomy tube (TT) are 

frequently used to provide aerosolized treatments to patients under mechanical ventilation (MV). 

Aerosolized antibiotics are particularly useful to treat respiratory tract infections in critically ill 
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patients and as part of long-term airway management in chronically ventilated patients[1–6]. 

Aerosol delivery efficiency decreases with a reduction of the inner diameter of the ETT, thus, 

artificial airways contribute to reducing aerosol delivery of antibiotics to the lower respiratory 

tract [6,7]. Importantly, the smooth inner surface of artificial airways may create a more laminar 

flow, resulting in  better  aerosol efficiency delivery[8]. Despite the theoretical added benefit of 

nebulized administration of antimicrobials, data are still scarce to support the widespread use of 

this drug delivery procedure in critical ill patients with ventilator-associated lower tract 

respiratory infection (VA-LRTI) [3,9,10-12] For instance, in a recent international survey on 

aerosol therapy during MV[2], researchers reported that out of 854 physicians who completed 

the survey, approximately 30% reported using nebulized antibiotics in more than five patients a 

year, and in 14% (n=85  ) of the hospitals, nebulized antibiotics were used in several patients for 

months (i.e., frequent users). 

The administration of aerosolized antibiotics offers the theoretical advantages of 

achieving high drug concentration at the infection site with low systemic complications and 

toxicity, due to its low absorption rate[4,13,14]. Nebulized antibiotics have been widely used in 

patients with cystic fibrosis with promising results[15–18], but data on its utility in patients 

under MV are scarce and in some cases, controversial. There is growing interest in using 

nebulized antibiotics for the prevention/treatment of ventilator-associated pneumonia (VAP) in 

critically ill patients and as co-adjuvant treatment of lung infections caused by highly resistant 

pathogens [3,19–23]. A phase II clinical trial [24] showed that nebulization and intravenous 

infusion of ceftazidime and amikacin had similar efficiency in terms of clinical and radiological 

cure of VAP caused by susceptible P. aeruginosa. In addition, nebulization of ceftazidime and 

amikacin provided more rapid bacterial eradication in distal pulmonary samples than intravenous 

administration.  For instance, the new pneumonia guidelines of the Infectious Diseases Society 

of America/American Thoracic Society Adults (IDSA/ATS) [25]suggested both inhaled and 
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systemic antibiotics for patients with VAP due to multi-drug resistant gram-negative bacilli (i.e., 

only susceptible to aminoglycosides or polymyxins). However, aerosol deposition in the lower 

respiratory tract is affected by several factors including the aerosol-generating system, particle 

size, properties of the inhaler carrier gas, physicochemical properties of the solution, tidal 

volume, respiratory rate, mucus, inflammation and pre-treatment with bronchodilators [1,26–28].  

Aztreonam lysine solution (AZLI; Gilead Sciences) is an antipseudomonal antibiotic 

specifically designed to be aerosolized, which decreases respiratory symptoms, delays 

pulmonary exacerbation, and improves lung function in patients with cystic fibrosis chronically 

infected with Pseudomonas aeruginosa[29–31]. Thus, AZLI has been postulated as a promising 

option for treating VAP patients. However, the delivery profile of AZLI during mechanical 

ventilation is unknown. The aim of this study was to evaluate the amount of aerosolized AZLI 

drug delivered at the tip of the endotracheal tube using an “in vitro” model of adult MV with two 

different vibrating-mesh nebulizers. 

 

 

 

 

 

 

 

2. MATERIALS AND METHODS 

2.1 Ventilator parameters 

 Experimental set-up: The bench model used in this study was designed to resemble current 

clinical practice. To assess the nebulizer’s performance and drug delivery under conditions that 

mimic clinical use, we used a ventilator (Evita XL ventilator, Dräger Medical, Lübeck, 
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Germany) in volume-controlled mode (Vt= 450mL, f= 15/min, PEEP= 5cmH2O, ratio between 

inspiratory and expiratory time=1/2 and  a flow rate of 40 L/min) connected to the Dual Adult 

Training and Test Lung (model 5600i, Michigan Instruments: Resistance=5 cmH2O/L/s, 

Compliance=0.05 L/cm H2O); the modeling of the patient’s lung as was previously reported 

elsewhere[18]. A 7.5 mm endotracheal tube and a right-angle elbow adapter were inserted 

between the Y-piece and the Test Lung. The humidifier (Fischer and Paykel Healthcare, 

Auckland, New Zealand) functioning at 37ºC and 100% relative humidity was placed between 

the ventilator and the Y-piece or spacer (Figure 1). The ventilator circuit tubing was heated and 

humidified for approximately 15 minutes, until the temperature was stable at 37ºC. During 

nebulization period, the humidifier was turned off. 

  

2.2. Nebulization and configuration 

Nebulization was performed with two vibrating-mesh nebulizers: 1) Aeroneb Solo® [AS] 

(Aerogen Ltd., Galway, Ireland) powered by the Aeroneb Pro Controller; and 2) M-Neb® [MN] 

(Nebutec, Germany). We used vibrating mesh nebulizer because of higher lung deposition, 

negligible residual volumes and faster rate of nebulization than jet nebulizers [8,13,32,33]. AS 

was chosen due to the widespread use in Spanish ICUs for mechanically ventilated patients. MN 

has been chosen as a comparator device used in Germany.   

 Both nebulizers were placed before the Y-piece in the inspiratory limb with a T-adapter 

piece, as described above. In addition, a spacer (Combihaler® Laboratoire Protec'Som SAS, 

France) was placed between the inspiratory circuit and the Y-piece. The MV circuit was tested 

using four different configurations: A) AS with a t-piece; B) AS with the spacer; C) MN with a t-

piece and D) MN with the spacer (Figure 1). 

The nebulizer reservoir was filled with 150 mg of AZLI diluted in 2 mL of 0.17% sodium 

chloride (Gilead Sciences International Ltd., Cambridge, United Kingdom). Droplets were 
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generated continuously during the entire breathing cycle. Nebulization started 60 seconds after 

the onset of MV and stopped when no aerosol was detected on visual inspection. Three 

repetitions were performed for each condition.  

 

2.3. “In vitro” measurement of AZLI  

Data for the validation of Aztreonam measurements and Aztreonam extraction coefficient 

from the filter are shown in appendix 1. An absolute filter (Gelman, Ann Arbor, United States) 

was placed between the end of the endotracheal tube and the lung model to filter the aerosol 

delivery to the lung model. The aerosol was not separate from the condensate and was collected 

by the absolute filter. A second expiratory filter was inserted between the ventilator and the 

expiratory circuit to protect the ventilator volume and pressure traducers from the nebulized 

particles. The nebulizer and ventilator circuit were replaced between each experiment. To test the 

influence of a spacer in the experiments, we performed repetitions with and without the spacer.  

To measure the mass of AZLI deposited after nebulization, filters were desorbed in 30 

mL of diluents (0.17% sodium chloride in water for injection). The AZLI extracted was then 

measured by spectrophotometric analysis at 291 nm using the WPA Lightwave II 

spectrophotometer (Biochrom, England), then, inhalable mass was calculated. Moreover, 

recovery rate % (RR%) was calculate as the ratio between the mass recovered on the filter and 

the mass loaded into the nebulizer.     

 

 

2.4. Particle size determination     

  The MIPAQ® GS-1E cascade impactor functioning at 1.2 L/min was used to measure the 

particle size of the aerosol emitted through the endotracheal tube outlet in each configuration 

(Figure 2). To measure the particle size of aerosolized AZLI emitted at the endotracheal tube 
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outlet, each stage of the cascade impactor was rinsed with 10 mL of 0.17% sodium chloride in 

water.  

  The performance of nebulization was evaluated by: 1) Mass median aerodynamic 

diameter (MMAD); 2) Geometric standard deviation (GSD), 3) Fine particle fraction (FPF) 

defined as the fraction of particles smaller than 5 µm, 4) Inhalable mass, defined as the mass of 

total particles which are administered at the extremity of the ETT, 5) RR defined as the 

percentage of AZLI mass placed in the nebulizer then recovered on the filter, 6) Fine particle 

dose (FPD) calculated as the product of inhalable mass by the FPF and defined as drug particles 

smaller than 5 µm administered at the extremity of the ETT (considered to reach the lung)  

2.5. Statistical analysis 

Discrete variables were expressed as counts (percentages), and continuous variables as 

means and standard deviation (SD). Differences were assessed using the Chi-squared test or 

Fisher’s exact test for categorical variables, and Student’s t-test or the Mann-Whitney U test for 

continuous and ordinal variables, when appropriate. A p-value <0.05 was considered significant. 

 

 

 

 

 

 

 

 

3. RESULTS 

3.1. Aerosol particle size and distribution 
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In vitro aerosol delivery of AZLI during MV showed a good performance with both 

nebulizers tested, with a MMAD between 2.4 and 2.5 µm and 87% of particles smaller than 5 

µm, which are considered to reach the lung. Table 1 presents data comparing the aerosol 

characteristics of AZLI nebulized with the AS and the MN nebulizers. Both devices produced a 

polydispersed aerosol with comparable distribution and particles size.  The performance of the 

two devices, determined by particle distribution (MMAD, GSD, FPD), was not statistically 

different. Additionally, using the spacer did not change any aerosol particle parameters (Table 

1). However, the FPD was higher with spacer use for both devices, but was not statistically 

significant (59.8 which represents an increase of 54% over baseline for the AS device and 52.6 

which represent an increase of 66% over baseline for the MN device). We also identified a minor 

variability in the FPD with the use of the spacer (Figure 3).   

3.2.Mass delivered, output efficiency and nebulization time 

Table 1 presents the performance of the devices with a simulated adult mechanical 

ventilation system.  With a loading dose of 150mg/2mL of AZLI, the inhalable mass and 

recovery rate were slightly higher with the AS compared to the MN nebulizer but this difference 

was not statistically different (Figures 4 A and B). We observed minor variability in both 

inhalable mass and RR with the use of the spacer. Finally, time to dryness was similar for both 

devices (Table 1). 

 

 

 

 

4. DISCUSSION 

The main finding of the study was that both the AS and the MN nebulizers showed an 
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excellent aerosol delivery profile for AZLI using an in vitro adult mechanical ventilation model, 

and accordingly, high antibiotic doses to the lung are to be expected. Another important finding 

was that we observed high aerosol delivery using the spacer in addition to the nebulizers. To our 

knowledge, this is the first study that compares the aerosol delivery performance of AZLI using 

two currently utilized devices for nebulization in patients under mechanical ventilation. 

Ventilator-associated tracheobronchitis (VAT) is a frequent complication in patients 

under mechanical ventilation, approximately 17% [34]. VAT is associated with higher use of 

broad spectrum antibiotics, morbidity and increased health care cost [20,34,35].  Importantly, 

antibiotic treatment for VAT has been discouraged in the new IDSA/ATS guidelines [25]. 

However, in a recent study, researchers identified that more than 90% of patients with VAT 

received empirical broad spectrum antibiotic treatment for more than 8 days [34], which could 

potentially increase the development of antibiotic resistance. Nebulized antibiotics have, in 

theory, a wide variety of advantages when compared to traditional administration mechanisms 

[4,14,36,37]. Some of these are; higher drug concentrations at the infection site, fewer systemic 

side effects [4,14,22,37–39], and probably a reduction of antibiotic resistance[36]. Thus, these 

potential benefits could be used as a stewardship strategy to optimize antimicrobial usage, 

prevent antibiotic resistance, and reduce adverse effects during antibiotic treatments. However, 

there are clinical and technical issues that require solving to make nebulized antibiotics suitable 

and extensively used in patients under mechanical ventilation[9,10].  

An ideal inhaled antibiotic therapy should be a proper formulation for aerosolizing that 

consistently achieves a high antibiotic concentration at the infection site, which in many cases is 

nebulizer-dependent[5,10,37]. Currently, only Colistin [3,21,40], tobramycin [18,21]  and 

aztreonan lysine[15,17,29–31] have a formulation specifically developed for nebulization. One 

of the primary determinants of delivery efficiency and drug deposition is particle size [41]. An 

optimal particle size (i.e., MMAD 1-5 µm) would generate adequate distribution throughout the 
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lower respiratory tract and prevent deposition within the ventilator circuit. Our data suggest that 

both devices tested have the potential to generate and deliver AZLI optimally, with appropriate 

particle size that will ensure adequate deposition throughout the bronchial conducting airways 

and alveoli. Moreover, under our experimental conditions, using an adult MV model, the 

utilization of a spacer had no impact on aerosol particle size and distribution.   

The inhalable mass is defined as the drug mass, in the form of an aerosol, produced by 

the nebulizer that reaches the patient's mouth [41]. It predicts the amount of drug that would 

reach the patient’s airways. Within the vibrating mesh nebulizer category, there are significant 

variations in delivery efficiency [33,37,39]. Our results showed good delivery efficiency with 

both devices tested. Approximately 30% and 25% of nominal drug dose might be delivered to 

the lung using the AS and the MN nebulizers respectively. For the AS, the delivery dose is 

higher than reported by the manufacturer (13%)[37] but similar to what is observed in another 

study[42]. This observed discrepancy could be due to differences in the model (e.g., infant 

animal model) and delivery dose determination used (i.e., quantification of radiolabeled aerosol) 

in the studies that supported this manufacturer’s data[43]. In addition, we found that aerosolized 

AZLI delivery was higher (>50%) when the vibrating mesh nebulizer was used with a spacer, 

instead of the T adapter, which is in concordance with recently published studies [27,44]. This 

increase in nebulization efficiency may be related with aerosol homogenization within the 

spacer. The larger volume of the spacer may limit the deposition of wet aerosol to the wall by 

condensation and may also help to limit deposition by sedimentation due to increased residence 

time during expiration[27].   Heated and humidified inspiratory gas coming from the ventilator 

increases MMAD of particles, increases deposition in the ventilator circuit, and reduces distal 

lung deposition [42].  The effect of humidification on MMAD is variable and seems to be related 

to the type of nebulizer used[44]. Our model was heated (37ºC) and humidified (100% RH) 

because is it a “real” condition in mechanically ventilated patients. Even under these conditions, 
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the particle size and estimated lung dose were optimal with both devices. We can hypothesize, 

that aerosol delivery performance would have been even better without gas humidification, but 

this situation was not tested and is unusual in ventilated critically ill patients. Finally, with a 

loading dose of 2 mL, similar time to dryness was observed for both devices tested (Table 1).   

Our study has some limitations that should be acknowledged. First, results are from an 

artificial adult mechanical ventilation model, with standard ventilator settings and under 

controlled laboratory conditions. Therefore, potential problems with patients’ coordination or 

irregular breathing patterns were not considered. Second, the use of nebulizers requires careful 

attention to the ventilator settings. These adjustments to the ventilator configurations could be 

complex in critically ill patients due to the wide variety of ventilator modes or settings available. 

However, testing in vivo aerosol performance would not be feasible for practical reasons. In this 

context, our model was constructed to determine the particle size and the amount of aerosol at 

the exit of the endotracheal tube as well as the amount of AZLI deposited elsewhere in the 

system, under conditions that mimicked clinical practice. Third, we used a standard ventilator 

setting with an inspiratory flow of 40 L/min. Delivery of aerosol to the end of the endotracheal 

tube decreased with an increasing flow [44]. During mechanical ventilation in critically ill 

patients, inspiratory flow rate varies but often exceeds the setting used in the present in vitro 

study and subsequently, a reduction in the AZLI inhalable mass might be observed. Finally, we 

only tested two specific devices and our findings cannot be generalized to other vibrating mesh 

nebulizers.   

 

 

5. CONCLUSION 

Both the AS and the MN showed an excellent aerosol delivery profile for Aztreonam 

lysine (AZLI) in an in vitro model of mechanical ventilation with short drug-delivery time. 
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Better aerosol delivery performance was obtained using the spacer. Inhalable mass and recovery 

rate observed were high in our study, and might be sufficient to be considered effective for the 

treatment of microorganisms which require high antibiotic concentrations. However, further 

studies are needed to determine the clinical efficacy of AZLI nebulized in adult patients under 

mechanical ventilation.  
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FIGURE LEGENDS 

Figure 1: Schematic drawing of the adult ventilator model under humidified conditions used for 

the experiment. Both the Aeroneb Solo® and the M-Neb® were connected to the Y-piece on the 

inspiratory limb with a t-piece and the spacer (A, B, C and D).     

 

Figure 2: Schematic drawing of the adult ventilator model with the cascade impactor for particle 

size measurement experiments.  

 

Figure 3: Nebulization performance under humidified conditions expressed as fine particle dose 

according to four different configurations used in the experiment. Three cycles were performed 

for each configuration. Data are shown as mean with standard deviation (SD). 

 

Figure 4: Aerosol performance by nebulization under humidified conditions expressed as 

inhalable mass (A) and recovery rate (B) according to four different configurations used in the 

experiment. Three cycles were performed for each configuration. Data are shown as mean with 

standard deviation (SD). 
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ABBREVIATIONS  

AZLI: Aztreonam lysine 

MV: Mechanical ventilation 

ETT: Endotracheal tube 

TT: Tracheostomy tube 

MMAD: Mass median aerodynamic diameter 

GSD: Geometric standard deviation 

FPF: Fine particle fraction 

FPD: Fine particle dose 

RR: Recovery rate 

VAP: Ventilator-associated pneumonia 

VAT: Ventilator-associated tracheobronchitis  
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Table 1: Aerosol characteristics of the AZLI nebulized with Aeroneb Solo® and M-Neb® with and without 
Combihaler® spacer use.  (MMAD: Mass median aerodynamic diameter; GSD: Geometric standard 
deviation; FPD: Fine particle dose)   

 

 

 

 

 

 

  

Variables  Aeroneb Solo®

with a T-piece  

Aeroneb Solo®         

with the Combihaler®    

M-Neb ®          

with a T-piece     

M-Neb ®                

with the Combihaler®    

Aerosol particle  

MMAD (μm) Mean (SD) 2.4 (0.0) 2.5 (0.1) 2.4 (0.1) 2.4 (0.2) 

GSD,   Mean (SD) 1.9 (0.1) 2.1 (0.3) 2.0 (0.1) 1.7 (0.1) 

Mass delivered 

FPD (%<5 μm) Mean (SD)  38.8 (17.8) 59.8 (5.9) 31.7 (14.8) 52.6 (7.9) 
 

Inhalable mass (mg),  Mean (SD) 44.8 (20.2) 68.6 (6.6) 36.1 (17.4) 60.7 (7.5) 

Recovery rate (%)  Mean (SD) 30 (13) 46 (4) 24 (12) 40 (5) 

Time to dryness 

Duration in minutes,  Mean (SD)  4.59 (0.3) 4.57 (0.3) 4.22 (1.0) 4.43 (1.1) 
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