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Background: To improve convenience to patients, there have been advances in the operation 

of nebulizers, resulting in fast treatment times and less drug lost to the environment. However, 

limited attention has been paid to the effects of these developments on the delivered dose (DD) 

and respirable delivered dose (RDD). Published pharmacopoeia and ISO testing guidelines for 

adult-use testing utilize a single breathing pattern, which may not be sufficient to enable effec-

tive comparisons between the devices.

Materials and methods: The DD of 5 mg of salbutamol sulfate into adult breathing patterns 

with inhalation:exhalation (I:E) ratios between 1:1 and 1:4 was determined. Droplet size was 

determined by laser diffraction and RDD calculated. Nine different nebulizer brands with dif-

ferent modes of operation (conventional, venturi, breath-enhanced, mesh, and breath-activated) 

were tested.

Results: Between the non-breath-activated nebulizers, a 2.5-fold difference in DD (~750–1,900 

µg salbutamol) was found; with RDD, there was a more than fourfold difference (~210–980 µg). 

With increasing time spent on exhalation, there were progressive reductions in DD and RDD, 

with the RDD at an I:E ratio of 1:4 being as little as 40% of the dose with the 1:1 I:E ratio. The 

DD and RDD from the breath-activated mesh nebulizer were independent of the I:E ratio, and 

for the breath-activated jet nebulizer, there was less than 20% change in RDD between the I:E 

ratios of 1:1 and 1:4.

Conclusion: Comparing nebulizers using the I:E ratio recommended in the guidelines does not 

predict relative performance between the devices at other ratios. There was significant variance in 

DD or RDD between different brands of non-breath-activated nebulizer. In future, consideration 

should be given to revision of the test protocols included in the guidelines, to reflect more accu-

rately the potential therapeutic dose that is delivered to a realistic spectrum of breathing patterns.

Keywords: nebulizer, inhalation:exhalation (I:E) ratio, breathing pattern, delivered dose (DD), 

respirable delivered dose (RDD), testing guidelines

Introduction
The design of nebulizers has been the subject of considerable development activity 

in recent years. This includes both compressor-based jet-nebulizer systems and more 

portable mesh-based device designs. The focus of the development activity has been 

geared toward making the devices more patient/carer-friendly (eg, faster, quieter, and 

less environmental contamination with drug). There have been a number of publications 
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on the variability of nebulizer–compressor combinations 

with respect to delivered dose (DD),1–3 but both the mode 

of operation of the nebulizer itself and the additional vari-

ability that could be introduced by the patient have received 

less attention.

In the four main guidelines for nebulizer testing (Euro-

pean Committee for Standardization [CEN] EN 13544-1,4 

United States Pharmacopoeia [USP] chapter 1601,5 Euro-

pean Pharmacopoeia [EP] chapter 2.9.44,6 and International 

Organization for Standardization [ISO] 27427:2013[E]),7 test 

methods for nebulizers are described in terms of DD, output 

rate, and mass median aerodynamic diameter. It is of note 

that the USP contained such guidance up to USP 37,8 but in 

recent updates all guidance relating to parameters to report 

and how to calculate them has been removed.9

The ISO 27427:2013(E) standard states that its objective 

is “to ensure that the results of the various tests declared by 

the manufacturer are meaningful to the users and buyers of 

nebulizers”.7 The test methods for DD (the total amount of 

drug that leaves the nebulizer and is delivered into inhalation) 

and DD-output rate (the amount of drug delivered into inha-

lation during a minute) use a single standardized breathing 

pattern of 500 mL tidal volume, 1:1 inhalation:exhalation 

(I:E) ratio, and 15 breaths per minute (BPM) frequency. The 

standards represent a good basis for the direct comparison of 

nebulizers under in vitro lab conditions for quality-control 

purposes. They are, however, limited in that the respirable DD 

(RDD; the amount of drug contained in droplets of a size suit-

able for penetration into the lungs,10 ie, in the respirable range 

<5 µm) leaving the nebulizer mouthpiece during inhalation 

is not directly reported. In the ISO 27427:2013(E) standard, 

it is stated that “the percentage of fill volume  emitted is an 

important value to be disclosed to the user, because it can 

influence the decisions of dosage intended for delivery in 

terms related to the expected amount of drug given to the 

patient”.7 This statement shows an attempt to address clini-

cally relevant parameters in the standard, but the omission of 

RDD or use of different patient-relevant breathing patterns 

could lead to incorrect decisions in terms of the expected 

amount of clinically effective drug delivered to the patient 

from a device. The results of the test methods in the standards 

are thus limited in their clinical usefulness.

Within publications and manufacturer literature, a num-

ber of different terms are used to describe the performance 

of nebulizers, but the meanings of the terms can vary from 

publication to publication, eg, in some publications, the term 

“delivered dose” has been used for everything that leaves 

the nebulizer gravimetrically (ie, solution delivered into 

exhalation and into inhalation, as well as the sum of the mass 

of solution from within the reservoir solution that is lost to 

evaporation),11,12 while in other publications it has been used 

to refer to the drug that is delivered to inhalation only.13–15 

The terms used in this article are detailed in Table 1.

The study reported in this article was conducted in three 

parts. The protocols recommended in the guidelines are 

used in Part 1 to assess DD, as well as additional parameters 

significant to nebulizer performance, such as RDD. Outside 

the laboratory, patient breathing patterns vary considerably, 

and the dose delivered to the 1:1 I:E ratio laboratory pattern 

may not reflect the actual dose delivered to the patient. In 

some studies,16,17 a 1:2 I:E ratio has been used, which is more 

representative of a healthy adult breathing ratio.18 It has also 

been reported that patients with obstructive lung function can 

have I:E ratios of in excess of 1:4.19–22 Although other factors 

Table 1 Explication of terms used in the text

Abbreviation Full term and description

DD Delivered dose. The DD (expressed as µg salbutamol) is the amount of drug that is deposited on an inhalation filter and 
determined by high-performance liquid chromatography. The DD represents the dose available to be inhaled by a patient.

RDD Respirable delivered dose. The RDD (expressed as µg salbutamol) is calculated by multiplying the fine-droplet fraction (the 
percentage of the drug in droplets that are below 5 µm in size) by the DD. The RDD represents the amount of drug that can 
potentially reach the lungs.

I:E ratio Inhalation:exhalation ratio. The ratio of the amount of time spent inhaling compared to the amount of time spent exhaling.
ED Emitted dose. The ED (expressed as µg solution) is calculated gravimetrically, and this includes the aerosol that is lost to 

evaporation and the environment. It is calculated by subtracting the weight of the solution remaining in the nebulizer from the 
weight of the solution when the nebulizer was originally filled.

RED Respirable emitted dose. The RED (expressed as µg solution) is the amount of aerosol that is emitted from the nebulizer that 
is in the respirable range. This is calculated by multiplying the fine-droplet fraction by the ED.

RM Residual mass. The residual mass (expressed as g solution) is the mass of solution remaining in the nebulizer at the end of the 
treatment. For jet nebulizers, due to evaporative losses from the reservoir solution, the drug will become concentrated, so 
the residual solution mass will underestimate the amount of drug remaining.

NRDD Nonrespirable delivered dose. The NRDD (expressed as µg salbutamol) is calculated by subtracting the RDD from the DD. 
The NRDD represents the amount of drug that can potentially be deposited in the oral cavity or bronchi and subsequently be 
swallowed.
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may affect real-life device use, eg, peak inspiratory flow and 

tidal volume, to enable an identification of the effects of the 

highly significant I:E ratio without the complication of having 

to resolve effects from the other variables, I:E ratio was as far 

as possible isolated as a single variable. I:E ratios between 1:1 

and 1:4 are used in Part 2 to determine the effect on DD and 

RDD, and the contrast with emitted dose (ED) and respirable 

ED (RED), which are often quoted by manufacturers and in 

publications. Breath-activated nebulizers deliver only into 

inhalation, and thus in theory DD should be independent of 

I:E ratio3 and DD and ED should be equivalent. Therefore, 

the effect of I:E ratio on the performance parameters of 

breath-activated nebulizers that are claimed to be breathing 

pattern-independent is examined in Part 3. 

Although parameters in the breathing pattern besides I:E 

ratio, such as peak inspiratory flow and tidal volume, also 

potentially affect DD and RDD, the scope of this investiga-

tion was limited to change the I:E ratio only, to enable a clear 

separation of the varying effects of this on the nebulizers of 

different modes of operation, without the complication of 

other variables.

Types of nebulizer evaluated
A summary of the modes of operation of nebulizers that are 

currently available for use in aerosol therapy is presented in 

Table 2. It is clear that there are a number of different modes 

of operation, and even within a mode of operation there can 

be subtypes, eg, jet nebulizers can be conventional, venturi, 

or breath-enhanced. The focus of the study reported in this 

article was on jet and mesh nebulizers, to examine the effect 

of the mode of operation and breathing pattern on DD and 

RDD.

It is useful to visualize the effect of the different modes 

of operation of different nebulizer types upon the delivered 

drug. A typical means of doing this is via a tidal breathing 

flow-time graph. The principles of operation of the three 

subtypes of jet nebulizer are illustrated in Figure 1. A conven-

tional nebulizer uses a driving gas flow (typically 6 L/min) to 

generate aerosol. It delivers an approximately equal volume 

of aerosol into inhalation and exhalation when a breathing 

pattern with a 1:1 I:E ratio is employed. The addition of a 

venturi to the nebulizer allows additional air to be entrained, 

and thus the same 6 L/min driving flow is complemented by 

entrained air to give a total output of aerosol-laden air of 

around 16 L/min (Figure 1B). This makes delivery faster, but 

still produces equal delivery into inhalation and exhalation. 

The breath-enhanced design of the nebulizer includes a valve 

that allows the venturi effect to be exploited during inhalation; 

however, the valve closes during exhalation, thus reducing 

aerosol delivery during this part of the breathing cycle. This 

enables more drugs to be delivered to inhalation and reduces 

the amount of drug lost to  exhalation (Figure 1C).

The I-neb Adaptive Aerosol Delivery (AAD) System and 

the AeroEclipse II are breath-activated devices that deliver 

only into inhalation (Figure 1D and E). The I-neb AAD Sys-

tem is a mesh-based nebulizer system that delivers aerosol 

using sensors and electronics, which run a breathing-pattern 

algorithm. The I-neb AAD System nebulizer can be run in two 

different modes of operation – tidal breathing mode (TBM) 

and target inhalation mode – and only TBM is relevant to this 

article. TBM operates when a patient inhales spontaneously 

during tidal breathing, during which the I-neb AAD System 

nebulizer monitors the inspiratory flow rate and length of the 

inhalation. Aerosol is then pulsed during the first 50%–80% 

of the inhalation, depending upon the specific characteris-

tics of the breathing pattern. The duration of each pulse of 

aerosol is determined by the patient’s breathing pattern and 

varies for each subsequent breath, depending on a rolling 

average of the preceding three breaths. These features elimi-

nate waste during exhalation, provide precise dose delivery 

independently of I:E ratio, and give the patient feedback on 

performance.23 The AeroEclipse II is a jet nebulizer with a 

mechanical mechanism that allows the production of aerosol 

only when the inhalation airflow exceeds a certain flow rate. 

Table 2 Modes of operation of nebulizers

Mode of operation Subtypes Examples

Jet Conventional Salter 8900 (Salter Labs, 
Arvin, CA, USA)

Venturi SideStream (Respironics 
Respiratory Drug Delivery 
[UK] Ltd, Chichester, UK) 

Breath-
enhanced

LC Plus (PARI GmbH, 
Starnberg, Germany), 
LC Sprint (PARI GmbH), 
SideStream Plus (Respironics 
Respiratory Drug Delivery 
[UK] Ltd)

Ultrasonic Not 
applicable

Multisonic (Flores Medical 
GmbH, Probstzella, Germany), 
Aerosonic Mobil 3060 (Flores 
Medical GmbH)

Mesh (constant output) eFlow Rapid (PARI GmbH), 
MicroAir U22 (Omron 
Healthcare, Kyoto, Japan)

Breath-activated AeroEclipse II (Monaghan 
Medical Corp, Plattsburgh, NY, 
USA), Akita (Activaero GmbH, 
Gemünden, Germany)

Adaptive aerosol 
delivery (AAD; 
breath-activated and 
monitored)

I-neb AAD System 
(Respironics Respiratory Drug 
Delivery [UK] Ltd)
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This  provides control over the portion of the breath into which 

the aerosol is delivered, but is dependent on the inhalation 

flow of the patient. This can result in aerosol being delivered 

into the last part of the breath. On exhalation, this aerosol 

would be exhaled and wasted into the environment. Nine 

different brands of nebulizers were used in this study, and 

are shown in Table 3.

Materials and methods
Droplet size
Droplet-size distributions of salbutamol sulfate aerosols pro-

duced by the nebulizers were evaluated in terms of volume 

median diameter (VMD) and fine-droplet fraction (FDF) by 

laser diffraction. Laser diffraction was chosen, as salbutamol 

sulfate is a homogeneous solution, and thus the drug is dis-

tributed equally in the droplets; therefore, the reported values 

of droplet size represent the drug distribution and allow a 

greater number of measurements in a reasonable time frame 

compared with the more time-consuming determination of 

mass median aerodynamic diameter using an impactor. Values 

are reported as VMD, but due to the homogeneous distribu-

tion of the drug, this equates to mass median diameter. The 

nebulizers were filled with 2.5 mL salbutamol sulfate solution 

(2 mg/mL, Salamol Steri-Neb; Ivax Pharmaceuticals, Castl-

eford, UK). The aerosols were evaluated using a Mastersizer S 

laser-diffraction particle-size analyzer (Malvern Instruments 

Ltd., Malvern, UK). The Mastersizer S was operated using 

an open flow-cell arrangement used to present aerosol to the 

laser, and included a 10 L/min shroud airflow introduced 

into this cell and a 30 L/min extraction airflow set at the exit 

of this cell. The nebulizers were attached at the entrance to 

the Mastersizer S flow cell and sealed. Droplet-size mea-

surements were made after 20 seconds of priming. Three 

measurements were determined, and there was a 20-second 

delay between each measurement. The nebulizers were then 

stopped after the third determination. For each nebulizer 

brand, three nebulizers were each tested in triplicate. The 

I-neb AAD System nebulizer was run in an engineering test 

mode that allows continuous operation without the need for 

a simulated breathing pattern to be applied.

Part 1: Standard test protocol with 1:1 I:E 
ratio
The methods used to determine the interbrand DD variability 

between the seven non-breath-activated devices were based 

on methodology stated in the CEN EN 13544-1 guideline.4 

Each of the seven nebulizers was weighed, filled with 2.5 

mL of 2 mg/mL salbutamol, reweighed, and connected via 

a filter (Filtrete; 3M, Maplewood, MN, USA) to an ASL 

A Conventional

Inhalation
flow

Exhalation
flow

Inhalation
flow

Exhalation
flow

Inhalation
flow

Exhalation
flow

Inhalation
flow

Exhalation
flow

Inhalation
flow

Exhalation
flow

B

D E

Venturi C Breath-enhanced

Breath-activated (mechanical) Breath-activated (electronic)

Figure 1 Tidal breathing flow-time graph of drug delivery according to nebulizer mode of operation.
Notes: (A) Conventional nebulizer; (B) venturi nebulizer; (C) breath-enhanced nebulizer; (D) breath-activated (mechanical) nebulizer; (E) breath-activated (electronic) 
nebulizer. Blue shading denotes aerosol inhaled by the patient. Red shading denotes aerosol wasted to the local environment.

Table 3 Nebulizers used in the study

Nebulizer Nebulizer type Code

Salter 8900 Conventional jet SLT
SideStream Venturi jet SSM
LC Plus Breath-enhanced jet LCP
SideStream Plus Breath-enhanced jet SSP
LC Sprint Breath-enhanced jet LCS
MicroAir U22 Mesh U22
eFlow Rapid Mesh EFW
AeroEclipse II Breath-activated jet AEII
I-neb AAD System Breath-activated mesh INB
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5000 breathing simulator (IngMar Medical, Pittsburgh, PA, 

USA) set to generate the CEN standard test pattern (tidal 

volume 500 mL, I:E ratio 1:1, BPM 15) (Figure 2). The 

connection between the filter and nebulizer mouthpiece was 

sealed with Parafilm (Alcan Packaging, Neenah, WI, USA). 

The nebulizers were run until 60 seconds after the onset of 

sputter (detected audibly by the operator) for the jet nebu-

lizers, and until the end of aerosol generation for the mesh 

nebulizers. The jet nebulizers were driven by 6 L/min wall 

air. The nebulizers were reweighed at the end of nebulization 

to determine the residual mass and gravimetric ED. The drug 

collected on the filter was eluted for quantification by high-

performance liquid chromatography to give the DD. As with 

the droplet-size tests, three of each brand of nebulizer were 

tested in triplicate and washed in warm soapy water, rinsed, 

and dried in a drying cabinet between the tests.

Part 2: Delivered dose variability between 
non-breath-activated nebulizers when 
tested with different I:E ratios
To determine the DD variability between the seven non-

breath-activated devices with different I:E ratios, the same 

methods were employed as those used to determine the 

interbrand DD variability between the devices, using three 

additional breathing patterns, shown in Table 4 as B, C, and D.

Part 3: Delivered dose variability 
between mechanical electronic breath-
activated nebulizers when tested with 
different I:E ratios
The methods employed to determine the DD variability 

between the breath-activated devices with different I:E ratios 

were the same as those previously described, using the three 

additional breathing patterns shown in Table 4. The I-neb 

AAD System nebulizer was fitted with a 0.5 mL dosing 

chamber to ensure that the DD was within the range of the 

non-breath-activated nebulizers, and filled with the same fill 

volume as the other nebulizers.

Results
Droplet size
There was a considerable range in droplet sizes across the 

different brands of nebulizer, ranging from 3.27 µm to 

7.35 µm (Table 5). This droplet-size variability is reflected 

in the FDF, the amount of drug in the respirable range, 

which across the nebulizers ranged from 30% to 73%. The 

laboratory humidity conditions during droplet-size analysis 

were relatively constant, ranging from 46% to 50% relative 

humidity.

Figure 2 Assessment of emitted dose.

Filter

Nebulizer

ASL 5000

Table 4 Summary of breathing patterns used in the study

Pattern Pattern values

Tidal 
volume (cm3)

I:E 
ratio (1:)

Peak-inhalation 
flow (L/min)a

Breaths 
per minute

A 500 1 23.1 15
B 500 2 23.1 10
C 500 3 21.5 7
D 500 4 23.1 6

Note: aDetermined using a flow meter during pattern verification at the start of 
testing.
Abbreviation: I:E, inhalation:exhalation.

Table 5 Volume median diameter (VMD) and fine-droplet fraction (FDF) results

Nebulizer 
code

VMD (µm) FDF (% <5 µm)

Mean Standard 
deviation

Relative standard 
deviation (%)

Mean Standard  
deviation

Relative standard 
deviation (%)

SLT 7.35 0.39 5.28 30.13 2.13 7.06
SSM 3.72 0.14 3.74 71.44 2.34 3.28
LCP 3.59 0.3 8.43 68.72 4.74 6.89
SSP 3.27 0.28 8.61 73.10 3.37 4.61
LCS 3.67 0.72 19.61 67.57 10.97 16.24
U22 5.04 0.47 9.32 50.25 7.36 14.64
EFW 4.44 0.15 3.48 59.94 3.66 6.11
AEII 3.35 0.24 7.26 73.32 4 5.45
INB 4.46 0.49 10.95 59.09 8.1 13.71

Abbreviations: SLT, Salter 8900; SSM, SideStream; LCP, LC Plus; SSP, SideStream Plus; LCS, LC Sprint; U22, MicroAir U22; EFW, eFlow Rapid; AEII, AeroEclipse 
II; INB, I-neb AAD System.
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Part 1: Standard test protocol with 1:1 I:E 
ratio
The DD between the non-breath-activated nebulizers ranged 

from ~750 µg to ~1,900 µg salbutamol. This is an almost 

threefold difference in the amount of salbutamol delivered. As 

expected, the conventional and venturi nebulizers delivered less 

to inhalation than the breath-enhanced nebulizers, due to greater 

delivery efficiency of aerosol into the inhalation portion of the 

breath by the breath-enhanced nebulizers (Figure 1). The great-

est DD was obtained from the MicroAir U22 mesh nebulizer.

The RDD was calculated by multiplying the DD by the 

FDF. The amount of salbutamol delivered by the different 

non-breath-activated nebulizers varied from ~210 µg to ~980 

µg; this is a more than a fourfold difference. It is also notable 

that although the DD from the Salter 8900 and SideStream 

nebulizers was similar (Figure 3A), the difference in droplet 

size and FDF resulted in a significant difference between 

the two nebulizers when RDD was considered (Figure 3B).

The nonrespirable DD (NRDD) was calculated by subtract-

ing the RDD from the DD. This represents the amount of drug 

delivered through the nebulizer that is potentially too large to 

reach the lung and is deposited in the oral cavity or throat. There 

was a nearly fivefold difference in NRDD between the nebuliz-

ers (Figure 3C), ranging from ~210 µg to 960 µg salbutamol.

The results of residual solution remaining in the nebu-

lizers following nebulization are illustrated in Figure 3D. A 

residual between 1.45 g and 1.84 g solution was observed 

for most of the non-breath-activated nebulizers, regardless 

of whether they were conventional, venturi, breath-enhanced, 

or mesh nebulizers. However, when compared with the other 

non-breath-activated nebulizers, the residual of  the MicroAir 

U22 nebulizer was much lower (0.62 g solution), which would 

account for its considerably higher DD when tested with the 

same fill volume as the other nebulizers.

Part 2: Effect of I:E ratio on dose and 
treatment time for non-breath-activated 
nebulizers
The DD from all the non-breath-activated nebulizers tested 

reduced as the I:E ratio changed from 1:1. The DD varied 

from ~1,900 µg salbutamol with the MicroAir U22 nebulizer 

at a 1:1 I:E ratio down to ~200 µg salbutamol with the Salter 

8900 nebulizer at a 1:4 I:E ratio (Figure 4A). As was found 

with the comparison of nebulizers at a fixed 1:1 I:E ratio, 

Figure 3 Dose variability between the non-breath-activated nebulizers, tested with a CEN standard test pattern (tidal volume 500 mL, I:E ratio 1:1, BPM 15).
Notes: (A) Delivered dose results; (B) respirable delivered dose results; (C) nonrespirable delivered dose results; (D) residual solution remaining in the nebulizer at the 
end of nebulization.
Abbreviations: CEN, European Committee for Standardization; I:E, inhalation:exhalation; BPM, breaths per minute; SLT, Salter 8900; LCP, LC Plus; LCS, LC Sprint; SSP, 
SideStream Plus; SSM, SideStream; EFW, eFlow Rapid; U22, MicroAir U22.
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the expression of the dose as RDD rather than DD resulted 

in wider variability in the dose delivered by the nebulizers. 

The RDD varied from ~1,000 µg with the MicroAir U22 

nebulizer at an I:E ratio of 1:1, to ~100 µg with the Salter 

8900 nebulizer at an I:E ratio of 1:4 (Figure 4B), and thus a 

tenfold difference in RDD was observed.

The ED represents all of the mass of liquid leaving the 

nebulizer into inhalation, exhalation, and due to evaporation. 

Since the nebulizers were run continuously, this would be 

expected to be independent of I:E ratio. This was the case 

for most of the non-breath-activated nebulizers; however, 

the ED results for the eFlow Rapid nebulizer showed some 

breathing-pattern dependence (Figure 4C).

As with ED, RED would also be expected to be inde-

pendent of I:E ratio. As with RDD, the addition of the FDF 

into the calculation resulted in a change in the relative dose 

from each of the brands of non-breath-activated nebulizer 

(Figure 4D). As shown in Figure 4E, treatment times for each 

of the non-breath-activated nebulizers were independent of 

I:E ratio, but between the brands there were considerable 

differences, ranging from ~140 seconds to 500 seconds.

Overall, the variability increased as the output mea-

surement moved from simple ED to other performance 

factors. DD included the variability of the nebulizers in 

the ratio of drug delivered to the mouthpiece and that 

delivered to exhalation, and RDD further included the FDF, 

Figure 4 Effect of changes in I:E ratio on dose and treatment time.
Notes: Salter 8900 ( ), SideStream ( ), LC Plus ( ), SideStream Plus ( ), LC Sprint ( ), MicroAir U22 ( ), and eFlow Rapid ( ) non-breath-
activated nebulizers, tested with four breathing patterns (n=9; pattern A = 1:1 I:E ratio, pattern B = 1:2 I:E ratio, pattern C = 1:3 I:E ratio, and pattern D = 1:4 I:E ratio). 
(A) Average delivered dose to filter; (B) average respirable delivered dose; (C) average emitted dose; (D) average respirable emitted dose; (E) average treatment time.
Abbreviation: I:E, inhalation:exhalation.

A B

D

2,500

2,000

1,500

1,000

500

0
A B

Breathing pattern

C D A B

Breathing pattern

C D

A B
Breathing pattern

C DA B
Breathing pattern

C D

A B

Breathing pattern

C D

2,500

2,000

1,500

1,000

500

0

0

100

200

300

400

500

600

0

200

400

600

800

1,000

1,200
D

el
iv

er
ed

 d
os

e
(µ

g 
sa

lb
ut

am
ol

)

C

0
500

1,000
1,500
2,000
2,500
3,000
3,500
4,000
4,500

E
m

itt
ed

 d
os

e
(µ

g 
sa

lb
ut

am
ol

)

R
es

pi
ra

bl
e 

de
liv

er
ed

 d
os

e
(µ

g 
sa

lb
ut

am
ol

)
R

es
pi

ra
bl

e 
em

itt
ed

 d
os

e
(µ

g 
sa

lb
ut

am
ol

)
E

Tr
ea

tm
en

t t
im

e 
(s

)

www.dovepress.com
www.dovepress.com
www.dovepress.com


Medical Devices: Evidence and Research 2017:10submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

24

Hatley and Byrne

a measure of the quality of the aerosol generated by the 

nebulizer. For all the non-breath-activated nebulizers that 

operate continuously, with the exception of the MicroAir 

U22 nebulizer, EDs (measured gravimetrically) were very 

similar, clustered around 2,500 µg salbutamol (Figure 4C), 

ie, 50% of the dose was retained within the device. When 

DD was considered, significant variability was apparent 

between the brands, as DDs ranged from ~700 µg for the 

conventional and venturi jet nebulizers, ~1,200 µg for 

the breath-enhanced jet nebulizers, and ~1,900 µg for the 

MicroAir U22 mesh nebulizer.

Part 3: Effect of I:E ratio on dose and 
treatment time for mechanical and 
electronic breath-activated nebulizers
The DD from the I-neb AAD System nebulizer was indepen-

dent of I:E ratio, as it delivered ~1,000 µg salbutamol across 

the four breathing patterns. The AeroEclipse II nebulizer 

delivered on average ~1,500 µg salbutamol across the four 

breathing patterns, but showed a small dependence of dose 

on I:E ratio, with less being delivered as the I:E ratio changed 

from 1:1 to 1:4 (Figure 5A).

Figure 5 Effect of changes in I:E ratio on dose and treatment time.
Notes: AeroEclipse II ( ) and I-neb AAD System ( ) breath-activated nebulizers, tested with four breathing patterns (n=9; pattern A = 1:1 I:E ratio, pattern B = 1:2 
I:E ratio, pattern C = 1:3 I:E ratio, and pattern D = 1:4 I:E ratio). (A) Average delivered dose to filter; (B) average respirable delivered dose; (C) average emitted dose; (D) 
average respirable emitted dose; (E) average treatment time.
Abbreviation: I:E, inhalation:exhalation.
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The average RDD from the I-neb AAD System nebulizer 

was ~600 µg, and from the AeroEclipse II nebulizer it was 

~1,100 µg, although as with DD, there was a small change 

in the amount delivered across the four breathing patterns 

(Figure 5B). The RDD from the AeroEclipse II nebulizer 

was approximately twice that from the other jet nebulizers 

at a 1:1 I:E ratio (Figure 4B). This would be expected, as 

the AeroEclipse II nebulizer delivers all of the drug from a 

standard fill into inhalation rather than into both inhalation 

and exhalation, as with the non-breath-activated nebulizers.

The ED and RED from the I-neb AAD System nebulizer 

remained constant throughout the four breathing patterns 

(Figure 5C and D). However, as shown in Figure 5C, there 

appeared to be a decrease in the ED from the AeroEclipse 

II nebulizer as the I:E ratio increased. The reason for this is 

not clear, but it reflects the similar trend found with the DD 

and RDD.

As expected, there was an increase in treatment time 

for both of the breath-activated nebulizers as the I:E ratio 

increased (Figure 5E), reflecting the greater time spent in 

exhalation per breath and thus the greater time during which 

aerosol was not being produced. Due to its improved overall 

efficiency, the I-neb AAD System nebulizer is metered to pro-

vide an equivalent DD to that provided by the jet nebulizers. 

As a consequence of the smaller total amount of drug that 

needs to be nebulized to give an equivalent DD to that from 

a non-breath-activated nebulizer, nebulization is faster with 

the I-neb AAD System nebulizer (200 seconds compared 

with up to 300 seconds with the jet nebulizers). The treatment 

time for the AeroEclipse II nebulizer was 620 seconds, but 

being unmetered it provided a considerably higher DD of 

1,600 µg salbutamol (since the aerosol that would normally 

go to exhalation was delivered).

Discussion
Variability between the nebulizers when 
tested with 1:1 I:E ratio as used in 
standard test protocols
Consistently with the findings of others,1,2 significant dif-

ferences in ED, DD, and RDD between the nebulizers of 

different brands were found in this study. In this study, a 

single nebulizer driving a flow rate of 6 L/min was used for 

all nebulizers, but the results showed almost threefold vari-

ability in DD. Smaldone et al2 reported on a similar study 

in variability of DD, but used different compressors with a 

different flow rate. The variability in their study was sixfold, 

indicating that both the nebulizer and compressor contribute 

to variability in DD.

For the RDD (Figure 3B), the amount of drug that would 

be expected to penetrate into the lungs was taken into account. 

Due to the range of VMDs between the nebulizer brands 

(Table 5), the range of respirable doses delivered expanded 

further; overall, there was a fivefold difference between 

the lowest RDD and highest RDD. Therefore, a low FDF 

resulted in a lowered RDD. An additional consequence of a 

low FDF was that much of the ED was not in the respirable 

range and the NRDD was higher for nebulizers with low 

FDFs compared with those that produced a higher quality 

aerosol with a higher FDF (Figure 3C). This NRDD would 

be deposited in the oral cavity or throat, and would subse-

quently be swallowed.

The regulatory guidelines provide international standards 

that enable a direct comparison of DD between different 

nebulizers. In all three guidelines mentioned earlier in this 

article, the DD pattern used for adult simulation is a single 

breathing pattern with a 1:1 I:E ratio, 500 mL tidal volume, 

and 15 BPM frequency. The data in Figure 3A were obtained 

using this breathing pattern, allowing for a comparison to 

be made. Such a comparison would conclude that the Salter 

8900 and SideStream nebulizers may underdose and that 

the MicroAir U22 nebulizer may overdose. However, as 

discussed, DD includes both the potentially clinically effec-

tive RDD and the wasted NRDD, and thus may not represent 

the best comparison. The comparison of RDD (Figure 3B) 

showed that although the Salter 8900 nebulizer still under-

dosed, the doses delivered by the SideStream and MicroAir 

U22 nebulizers were closer to the nominal delivery of the 

other nebulizers. All four standards also include a measure-

ment of the particle size and FDF, so the data needed to 

calculate the RDD are available, but additional calculation 

is required, as the numbers are reported individually in the 

manufacturer literature. If the intent of the standards is to 

provide data that are meaningful to the users and buyers of 

nebulizers, then quotation of the more clinically relevant 

parameter (RDD) should be required, rather than relying on 

the expert knowledge of users and buyers.

Effect of changing I:E ratio on nebulizer 
performance
With a constant 1:1 I:E ratio, there were considerable differ-

ences in the performances of the non-breath-activated nebu-

lizers. However, a 1:1 I:E ratio is not typical of the ratio in 

either healthy or patient populations. A typical healthy adult 

has an I:E ratio typically closer to 1:2,24 while in such patient 

groups as those with chronic obstructive pulmonary disease, 

this can extend to 1:525 and tends to increase as the condition 
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progresses.26,27 It would be expected that with different I:E 

ratios, as exhibited with some patient groups, differences in 

ED, RED, DD, and RDD could become even greater.4

The ED is the measure of the total mass leaving the nebu-

lizer, and as shown in Figure 4C was independent of I:E ratio 

for all nebulizers except the eFlow Rapid. The variability in 

ED between the nebulizers was due to differences in residual 

rather than any nebulizer aerosol-generation performance 

criteria. The much-higher dose from the MicroAir U22 

nebulizer was a consequence of the very low residual mass, 

which made an additional 1,500 µg of salbutamol available 

for emission from the nebulizer. Although ED was indepen-

dent of I:E ratio, as the ED does not give any information 

about the dose received by the patient, this independence is 

of limited value.

The DD is of more relevance, as it is the total dose avail-

able to the patient and is the quoted figure that clinicians 

would be expected to use to determine an appropriate dose 

to be delivered; however, from examination of Figure 4A, 

it is apparent that the DD was substantially dependent on 

the I:E ratio, with a percentage change of 40%–60% across 

the breathing patterns tested, depending on the nebulizer 

tested. Therefore, the effect of increased I:E ratio upon the 

DD would need to be accounted for in sicker patients. The 

decline in DD with increasing I:E ratio was fairly consistent 

for each nebulizer, so it is possible that the dose calculations 

could be adjusted. However, as there was an appreciable dif-

ference in DD between the nebulizers tested and across the 

breathing patterns (eg, between the MicroAir U22 nebulizer 

and the Salter 8900 nebulizer), nebulizers would need to be 

individually characterized to allow appropriate adjustment.

The RDD also reduced significantly (Figure 4B) as the 

I:E ratio extended and more time was spent on exhalation, 

and as with DD, the decline was fairly consistent for each 

nebulizer. The greatest percentage change was seen with the 

conventional nebulizer, for which with an increasing I:E ratio 

the RDD reduced to 40% of that delivered with a 1:1 I:E ratio 

breathing pattern. In the case of the breath-enhanced nebu-

lizers, a reduction also occurred, as ~55% of the RDD with 

a 1:1 I:E ratio was delivered with a 1:4 I:E ratio breathing 

pattern. The MicroAir U22 nebulizer, which appeared to be 

the best performing of the non-breath-activated nebulizers 

at a 1:1 I:E ratio, delivered a comparable respirable dose to 

the SideStream Plus nebulizer at a 1:4 I:E ratio. With RDD, 

there is the added advantage that the variation in individual 

nebulizer performance due to FDF is already accounted for, 

so a clinician using RDD to make dosing decisions would 

have fewer variables to deal with in setting or adjusting an 

appropriate dose. Given that the patients with the most severe 

disease are the ones most likely to suffer extended I:E ratios 

of 1:4, be prescribed a nebulizer, and be most in need of 

efficient drug delivery, these results have significant implica-

tions for device selection and the standards used to generate 

the data upon which the selection decisions are made. The 

results suggest that breath-enhanced nebulizers will deliver 

proportionally more drug to sicker patients than conventional 

nebulizers. Therefore, the standards should incorporate test 

parameters that cover patients from across the spectrum of 

disease severity to ensure that prescribing decisions are based 

on representative data.

Not surprisingly, the DD results for the breath-activated 

nebulizers did not show the same breathing-pattern depen-

dence that was observed with the non-breath-activated 

nebulizers. The I-neb AAD System nebulizer results showed 

no trend in dose reduction with an increasing I:E ratio, and 

thus the DDs and RDDs were independent of I:E ratio across 

the breathing patterns (Figure 5A and B). However, a slight 

reduction in dose of approximately 10% was observed for the 

AeroEclipse II nebulizer across the breathing patterns, and 

the reason for this is not clear. As these devices are designed 

to be independent of breathing pattern, testing using the 

standard pattern is a reliable indicator of performance across 

the range of breathing patterns.

We have investigated the effect of changes in I:E ratio 

on the performance parameters of non-breath-activated and 

breath-activated nebulizers. The I:E ratio, although a major 

factor, is just one of the parameters of the breathing pattern 

that could affect dose. It would also be beneficial to explore 

the relationship between mode of operation of the nebulizer 

and DD using simulated patient breathing patterns with 

different peak-inhalation flows and tidal volumes to define 

fully the potential variability in dose delivered to patients, 

both within a single nebulizer brand/type and between the 

brands/types. In addition, it may be beneficial to compare 

between nebulizers with particle sizes ≤2 µm, as they may 

be more efficient at reaching small respiratory bronchioles, 

which is of significance for some disease conditions, so a 

topic for further study would be to examine whether the 

range of doses expanded even further for aerosol delivered 

in these very small particles.

Changing nebulizer types, eg, from a compressor-driven 

venturi nebulizer to a breath-enhanced nebulizer or portable 

mesh nebulizer, or vice versa, may need to be carefully con-

sidered; indeed, even changing between different brands of 

nebulizer with the same mode of operation should be care-

fully considered. For drugs with wide therapeutic ranges, 
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this may not be a great concern, but where the drug has a 

narrower therapeutic range, it could be a cause for concern.

In this study, the effect of changes in I:E ratio on vari-

ability in DD from nine nebulizers was examined. To provide 

a more comprehensive understanding of the relationship 

between device mode of operation and DD to patients, 

additional studies with simulated breathing patterns with I:E 

ratios typically found with different disease conditions that 

address the effects of other breathing parameters, such as 

peak inspiratory flow and tidal volume, would be beneficial.

Conclusion
Based on the results of this study, it can be seen that there 

is a variance in performance between different brands of 

nebulizers. Consequently, standards exist to recommend test 

protocols to evaluate performance. The degree of the variance 

depends on the measure used to determine nebulizer output 

performance (ED, DD, or RDD).

The methods for the in vitro determination of DD in 

the four regulatory guidelines examined in this study use 

a 1:1 I:E ratio; however, as shown in this study, DDs with 

I:E ratios that are more representative of patient use were 

much lower than found with the 1:1 I:E ratio. Consideration 

should be given to this when selecting the appropriate 

drug-dosing regimen with individual nebulizer brands, 

particularly as the I:E ratio could change as the disease 

progresses. Results obtained using the 1:1 I:E ratio, 500 mL 

tidal volume, and 15 BPM breathing pattern described in the 

regulatory guidelines may not provide the most appropriate 

selection criteria for nebulizers, as these methods do not 

reflect actual breathing patterns and are limited by measur-

ing ED, rather than the clinically more significant RDD. This 

may lead to inappropriate device selection for the sickest 

patients, if the relative performance of nebulizers with dif-

ferent modes of operation is based solely on measurements 

obtained with a 1:1 I:E ratio standardized adult laboratory 

test pattern, rather than test patterns resembling the actual 

breathing patterns of such patients. In future revisions of 

the guidelines, testing protocols that more accurately reflect 

the potential therapeutic dose delivered to patients should 

be considered.

Potentially, the RDD is the parameter of greatest clini-

cal significance, as this represents the dose that reaches the 

patient’s lung. For the nebulizers that operate continuously, 

as the I:E ratio increased, the RDD decreased. The RDD 

across these nebulizer brands and across the I:E ratios tested 

varied between 100 µg and 1,000 µg salbutamol. With the 

breath-activated nebulizers, there was a much more  consistent 

dose across the I:E ratios. However, due to the nature of 

these nebulizers delivering only into inhalation, the DD and 

RDD from a fill with a standard ampoule can be significantly 

higher than from a continuous nebulizer, unless the breath-

activated nebulizer has a dosimetric function to compensate 

for the extra dose delivered to inhalation. The variability of 

nebulizer performance between different brands, modes of 

operation, and I:E ratios limits their applicability to deliver 

active drugs with narrow therapeutic ranges. For such active 

drugs, the use of such devices as the I-neb AAD System 

nebulizer, which produces a consistent DD irrespective of 

I:E ratio, would be more appropriate.

This study has demonstrated that regulatory guide-

lines for nebulizer-aerosol testing, although providing 

quality-control data, provide little information on the dose 

received by a potential patient. This stems from the differ-

ences between patient breathing patterns, different modes 

of operation of devices, and the way they are affected by 

changes in breathing pattern and the dose measure quoted 

compared with standardized laboratory testing. The original 

CEN 13544-1 standard was developed in the 1990s as an 

approach to standardize comparative laboratory nebulizer 

testing. In this era, most nebulizers were conventional jet 

nebulizers, and thus the testing parameters were suitable for 

the time and scope. The guidelines have developed over the 

years, but the basic aerosol-test methods and reported values 

have not evolved. The information generated using these test 

methods is published in the device instructions for use, and 

this information can be used to compare devices and make 

dosing decisions. As it is often used as part of the sourc-

ing process by health authorities in Europe, it is suggested 

that the nebulizer guidelines are revised to provide greater 

information under patient-relevant conditions, as has been 

proposed for inhalation devices in general.28 This would allow 

informed decisions to be made regarding potential patient 

dosing with the great variety of different nebulizers with 

different modes of operation. Two potential revisions could 

include the use of more realistic patient breathing patterns 

and the inclusion of RDD.
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