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Summary 
 
Publications from the 1990s reported high variability in the particle size and respirable fraction of aerosol from 
nebulizers. 1,2 In recent years, many innovations in nebulizer design have occurred, intended to reduce treatment 
times, improve respirable doses, and reduce variability. 3-5 In this study, a range of nebulizers with different 
designs were characterized in terms of mass median diameter (MMD) and fine particle fraction (FPF; % of 
particles <5 µm) using laser diffraction. Nine nebulizers were selected for testing: conventional jet nebulizers 
(Salter 8900 Series, Salter Labs, Arvin, CA, USA; SideStream, Respironics Respiratory Drug Delivery (UK) Ltd, 
Chichester, UK); breath-enhanced jet nebulizers (LC Plus, PARI GmbH, Starnberg, Germany; LC Sprint, PARI 
GmbH; SideStream Plus, Respironics Respiratory Drug Delivery (UK) Ltd); a breath-activated jet nebulizer 
(AeroEclipse II, Monaghan Medical Corp., Plattsburgh, NY, USA); non-breath-enhanced vibrating mesh devices 
(eFlow rapid, PARI GmbH; MicroAir U22, OMRON Healthcare, Kyoto, Japan); and a breath-activated and 
monitoring mesh nebulizer (I-neb Adaptive Aerosol Delivery System, Respironics Respiratory Drug Delivery (UK) 
Ltd, Chichester, UK). It was concluded that there remains a high variability in the MMD and FPF of aerosols 
produced from nebulizers, which has not changed significantly since the 1990s, despite new developments. 
Selection of a nebulizer by its performance characteristics, including MMD and FPF, is as important now as in the 
past. Variability in nebulizer performance, in terms of particle size, may have clinical implications. 6 
 
Introduction 
 
In previous studies we addressed the variability in delivered dose from nebulizers. 7,8 Although there are early 
studies, few recent studies exist that have looked at the particle size (measured as MMD) and FPF of aerosol 
produced by nebulizers. In this study, we examine the particle size characteristics of salbutamol sulphate aerosol 
(albuterol sulfate; Salamol Steri-Neb, IVAX Pharmaceuticals, West Yorkshire, UK), delivered from 9 currently 
commercially available nebulizers, and compare the variability to the early studies. 
 
Nebulizer design plays a notable role in contributing to device performance variability. 6,9 Currently, 6 different 
types of nebulizer are commercially available: 1) conventional jet nebulizers, which employ compressed air and a 
baffle arrangement to atomize liquid medication; 2) breath-enhanced nebulizers, which have a vented design that 
entrains additional air through the device, increasing nebulizer output during patient inspiration; 3) breath-
activated jet nebulizers, which only generate aerosol during inspiration; 4) ultrasonic nebulizers, in which a 
piezoelectric element generates a high frequency wave through a reservoir of liquid, producing a plume of 
aerosol for inhalation; 5) vibrating mesh nebulizers, which produce liquid droplets continuously, at a rate 
independent of patient inspiratory effort, using either an actively vibrating mesh/micro pump or a passive mesh 
with vibrating horn arrangement; 6) breath-activated and breath-monitoring mesh nebulizers, which incorporate a 
passive vibrating mesh and breath-sensing technology to adjust aerosol generation, so that pulmonary drug 
delivery is optimized. 
 
Respirable dose, as determined by the mass output of the device and the size of droplets produced, is 
considered the most important characteristic of nebulizer performance for a patient; a significant influence on this 
is MMD and FPF. 
 
Methods 
 
Nine nebulizers, covering a range of different nebulizer types, were characterized for particle size using laser 
diffraction with the Malvern Mastersizer S (Malvern Instruments Ltd, Worcestershire, UK). Three representative 
examples of each nebulizer model were tested in triplicate (n = 9). 
 
 



Table 1. Models and types of nebulizers tested. 

Nebulizer Manufacturer Nebulizer Type 

Salter 8900 Series Salter Labs, Arvin, CA, USA Small-volume conventional jet 

SideStream Respironics Respiratory Drug 
Delivery (UK) Ltd, Chichester, UK 

Small-volume conventional jet 

LC Plus PARI GmbH, Starnberg, Germany Breath-enhanced 

LC Sprint PARI GmbH, Starnberg, Germany Breath-enhanced 

SideStream Plus Respironics Respiratory Drug 
Delivery (UK) Ltd, Chichester, UK 

Breath-enhanced 

AeroEclipse II Monaghan Medical Corp., 
Plattsburgh, NY, USA 

Breath-activated jet 

I-neb Adaptive Aerosol Delivery 
(AAD) System, configured with 
0.5 mL metering chamber, Tidal 
Breathing Mode mouthpiece, and 
power level 10 AAD Disc 

Respironics Respiratory Drug 
Delivery (UK) Ltd, Chichester, UK 

Breath-activated and breath-
monitoring mesh 

eFlow rapid PARI GmbH, Starnberg, Germany Vibrating mesh (non-breath-enhanced) 

MicroAir U22 OMRON Healthcare, Kyoto, Japan Vibrating mesh (non-breath-enhanced) 

 
Each nebulizer under test was charged with 2.5 mL of 5 mg/2.5 mL salbutamol sulphate solution directly from the 
respule. The jet nebulizers were operated using a driving medical air flow of 6 L/min. Extraction air flow through 
the Malvern Mastersizer flow cell was set to 30 L/min, with shroud air flowing at 10 L/min. Each device was 
connected to the flow cell using an elastometric connector (Intersurgical Ltd, Wokingham, UK) and the 
mouthpiece was sealed with Parafilm M (Bemis Packaging, Neenah, WI, USA). An additional air flow of 15 L/min 
was applied to both the I-neb AAD System and the eFlow rapid devices, to encourage aerosol out of the 
mouthpieces. Data was collected for 3 data points, with a 20 second delay between each. A 20 second nebulizer 
priming period was used prior to particle size analysis for each device, except for tests with the I-neb AAD 
System, which used a 15 second priming period, in order to ensure successful capture 3 data points during 
aerosol production. Data for each run were averaged to give mean MMD and mean FPF. 
 
Results 
 
Table 2. Summary table for MMD (µm) and FPF (% <5 µm), including standard deviation (SD), for the 9 
nebulizer brands (n = 9). 

Nebulizer 
MMD (µm) FPF (% <5 µm) 

Mean SD Mean SD 

Salter 8900 Series (SLT) 7.35 0.39 30.1 2.1 

LC Plus (LCP) 3.59 0.30 68.7 4.7 

LC Sprint (LCS) 3.68 0.73 67.6 11.0 

eFlow rapid (EFW) 4.44 0.15 59.9 3.7 

MicroAir U22 (U22) 5.04 0.47 50.2 7.4 

AeroEclipse II (AEII) 3.35 0.24 73.3 4.0 



Nebulizer 
MMD (µm) FPF (% <5 µm) 

Mean SD Mean SD 

SideStream (SSM) 3.72 0.14 71.4 2.3 

SideStream Plus (SSP) 3.27 0.28 73.1 3.4 

I-neb AAD System (INB) 4.46 0.49 59.1 8.1 

 
 

 

 
Figure 1. Mean MMD (µm) for 9 nebulizers (n = 9), measured using the Mastersizer S. Error bars denote 
standard deviation.  
 
 
 

 

 
Figure 2. Mean FPF (% <5 µm) for 9 nebulizers (n = 9). Error bars denote standard deviation. 
 



Discussion 
 
In the past, nebulizers have been shown to deliver highly variable outputs in terms of particle size and FPF. In 
1994, Loffert et al studied 17 commercially available nebulizers of the time and found that volume mean diameter 
ranged from 3.77 µm, with the SideStream nebulizer, to 7.20 µm, with the Dart nebulizer (Professional Medical 
Products, Greenwood, SC, USA), and the percentage of respirable particles ranged from 21.9% (Dart) to 71.9% 
(SideStream). 1 Despite advances in design and innovation over the last decade, the present study has shown 
that inter-device variability remains high, with MMD ranging from 3.27 µm, with the SideStream nebulizer, to 7.35 
µm, with the Salter 8900 Series nebulizer. Respirable fraction ranged from 30.1% with the Salter 8900 Series 
nebulizer, to 73.3% with the AeroEclipse II nebulizer. These results are consistent with smaller studies conducted 
on fewer brands; in 2009, Bauer et al demonstrated marked differences in the volume mean diameter of 
arformoterol aerosols (2.4-6.8 µm), 10 and, in 2007, Terzano et al found high performance variability with 
aerosolized corticosteroids delivered by 4 nebulizers (respirable fractions were between 28% and 99.6%). 11 Like 
the present study, these recent previous studies illustrated how the high performance variability found was 
unlikely to be dependent on formulation, and that high variability in the MMD and FPF of aerosols produced from 
nebulizers remains a factor in contemporary devices. 
 
Conclusions 
 

• The measured particle size characteristics of nebulizers, between brands, were variable (3.27-7.35 µm). 
• Nebulizers of the same design type differed in terms of particle size from each other (for example, the 

differences seen between the 2 conventional jet nebulizers – the Salter 8900 Series nebulizer and the 
SideStream nebulizer). 

• There is a high variability in the MMD and FPF of aerosols produced from nebulizers. Variability 
between brands does not appear to be related to nebulizer type, or to improvements in design. Selection 
of nebulizer by its performance characteristics (MMD and FPF) is as important now as in the past. 
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