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Abstract

The in vitro characterization of device-related parameters such as the rate of aerosol output, total aerosol output,
particle size, and fine particle fraction, is essential when assessing the potential performance of a nebulizer or
making comparisons with other nebulizers as they are indicative of potential clinical performance. This article
reviews a number of in vitro studies designed to characterize the I-neb Adaptive Aerosol Delivery (AAD) System
in terms of drug delivery (particle size, residual, reproducibility, precise dose delivery, dose equivalence), in
terms of drug-related performance (osmolality, surface tension, viscosity), and in terms of nebulizer orientation
during operation. The results of the in vitro tests of drug delivery indicate that the I-neb AAD System is suitable
for delivery of aqueous solutions by nebulization. The evaluation of equivalent doses between the I-neb AAD
System (metered dose) and a conventional jet nebulizer (delivered dose), demonstrates that the amount of drug
required to deliver the same dose is up to five times less with the I-neb AAD System due to the low residual and
controlled drug delivery. The lack of change in osmolality during nebulization might be of importance as it
presents an opportunity for delivery of drugs to patients with hyperreactive airways, or where a specific tonicity
of the formulation is required. The physicochemical characteristics (surface tension, viscosity) of a number of
drugs delivered with the I-neb AAD System highlights some of the demands created by existing and new drug
formulations. Finally, the study of the impact of nebulizer orientation shows how important it is to also consider
how the nebulizer will actually be physically used by the patient rather than solely under standard conditions
used within the laboratory.
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Introduction

Inhaled aerosols are used in the treatment of a variety of
respiratory diseases, including asthma, chronic obstructive

pulmonary disease (COPD), and cystic fibrosis.(1) As many
new drugs for inhalation are initially formulated only as ei-
ther aqueous liquid solutions or suspensions, the use of neb-
ulizers for the delivery of these aerosolized medications is the
only option. Nebulizers also have the potential to deliver a
variety of drug formulations and drug combinations at high
doses in comparison with pressurized metered dose inhalers
(pMDIs) and dry powder inhalers (DPIs).(2,3) The recent de-
velopment of the vibrating mesh technology has made it
possible to design portable nebulizers without the drawbacks
of conventional jet and ultrasonic nebulizers such as size,
noise, and heating of the liquid formulation.(4,5) The combi-

nation of the Adaptive Aerosol Delivery (AAD) technology
and the vibrating mesh technology has created a small, por-
table aerosol delivery device, the I-neb AAD System, that
adapts the delivery of aerosol to the patient’s breathing pat-
tern and delivers aerosol only during inhalation. The I-neb
AAD System delivers aerosol using a breathing pattern al-
gorithm, Tidal Breathing Mode (TBM), where a patient in-
hales spontaneously during tidal breathing while the I-neb
AAD System monitors inspiratory flow rate and the length of
the inhalation. Aerosol is then pulsed during the first 50–80%
of the inhalation. The duration of each pulse of aerosol is
determined by the patient’s breathing pattern and varies for
each subsequent breath depending on the average of the
preceding three breaths. These features eliminate waste dur-
ing exhalation, provide precise dose delivery, and give the
patient feedback on performance.(6) The I-neb AAD System is

Philips Respironics, Respiratory Drug Delivery (UK) Ltd, Chichester, United Kingdom.

JOURNAL OF AEROSOL MEDICINE AND PULMONARY DRUG DELIVERY
Volume 23, Supplement 1, 2010
ª Mary Ann Liebert, Inc.
Pp. S11–S20
DOI: 10.1089=jamp.2009.0792

S-11



approved as a general purpose nebulizer in the European
Union, and for the delivery of drugs that are approved for use
with the I-neb AAD System in the United States.

The I-neb AAD System (Fig. 1) is a small, lightweight, and
almost silent aerosol delivery system.(6) The main parts of the
system are the body, the medication chamber assembly, and
the mouthpiece. The body incorporates an LCD screen, a
pressure sensor, an AAD Disc and disc slot, and a vibrating
horn. The medication chamber assembly includes the meter-
ing chamber with optional volumes ranging from 0.25 to
0.75 mL for different drug applications, the vibrating (passive)
platinum mesh, and the latch, which keeps the mesh posi-
tioned on top of the metering chamber and seals liquid in the
chamber. The medication chamber consists of two parts, the
metering chamber (Fig. 2) and the outer overflow chamber
(Fig. 2). When liquid drug formulation is poured into the
metering chamber, excess liquid flows into the overflow
chamber. There is a nonmetering medication chamber that has
been designed for use when delivered volumes up to 1.7 mL
are required. When using these nonmetering medication
chambers, the dose to be delivered is metered by the patient
when filling the chamber or by using premetered ampoules or
vials. The metering chamber volumes may appear small, but
with minimal waste during delivery and a small residual, the
1.7 mL volume is similar to the volume delivered with a

conventional jet nebulizer filled with *6 mL of drug, as will
be discussed later in this article. The metered dose as such is
defined as the dose emitted ex-mouthpiece, that is, the de-
livered dose. The metered dose therefore depends on the
volume of the metering chamber, the residual, and the small
amount of aerosol lost within the mouthpiece. The mouth-
piece incorporates an exhalation port and flap valve.

An in vitro characterization of technology such as the I-neb
AAD System is of significant importance as it differs quite
substantially from conventional nebulizers. This article
presents a number of in vitro studies that evaluate the I-neb
AAD System, as follows: (1) particle size, (2) precise dose
delivery, (3) residual, (4) reproducibility of metered dose, (5)
dose equivalence, (6) change in osmolality during nebuliza-
tion, (7) surface tension and viscosity, and (8) impact of
nebulizer orientation on aerosol delivery.

Materials and Methods

Particle size

The particle size distributions of albuterol and budesonide
aerosol produced by the I-neb AAD System was evaluated in
terms of mass median aerodynamic diameter (MMAD). The
MMAD was determined using the Next Generation Impactor
(NGI; MSP Corporation, St. Paul, MN, USA). Albuterol so-

FIG. 1. The I-neb Adaptive Aerosol Delivery (AAD) System. The main components of the device are the mouthpiece, the
medication chamber assembly, and the body. The I-neb AAD System has been designed to deliver aerosol with two different
breathing pattern algorithms, the Tidal Breathing Mode (TBM) and the Target Inhalation Mode (TIM). In TIM the inspiratory
flow through the valve in the mouthpiece is limited to *20 L=min.
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lution (3 mL of 2.5 mg=3 mL DEY, L.P., Napa, CA, USA) was
delivered using an I-neb AAD System configured with a
0.25 mL metering chamber and programmed to operate in a
laboratory test mode (continuous mode) to facilitate continu-
ous aerosol production at power level 10. Budesonide sus-
pension (3 mL of 0.5 mg=2 mL, Pulmicort, Astrazeneca,
Pontevedra, Spain) was delivered using the 0.75 mL metering
chamber. The NGI was operated as per EN 13544-1:2007, with
a 15 L=min air flow through the system generated by a Copley
HCP5 vacuum pump (Copley Scientific Ltd, Nottingham,
UK).(7) The airflow was set using a TSI mass flowmeter (TSI
Inc., Shoreview, MN, USA) sealed in line between the I-neb
AAD System, held in a horizontal position, and the USP
throat. The NGI was operated at controlled ambient
(23 8C� 2) conditions. The ambient laboratory environmental
relative humidity ranged from 46 to 58% Relative Humidity
(RH) throughout all particle size analysis.

Particle size distribution data was represented as per EN
13544-1:2007 by log-normal probability plots of cumulative
mass percent of drug on cups versus effective cut-off diam-
eter (ECD). The MMAD was determined by interpolation,
Geometric Standard Deviation (GSD) was determined as the
square root of the ratio of the 84.1 to 15.9 percentile ECD and
fine particle fraction (FPF) was calculated by interpolation as
the percent of total mass collected from cups less than 5mm
aerodynamic diameter.(8,9)

Precise dose delivery

The capability of the I-neb AAD System to deliver accurate
doses of the five different commonly used inhaled formula-
tions by patients with cystic fibrosis was evaluated using three
I-neb AAD System nebulizers with each drug. The drug for-
mulations tested were: tobramycin (300 mg=5 mL TOBI,
Chiron Corporation Ltd, Hounslow, UK), dornase alfa
(2500 U=2.5 mL Pulmozyme, Roche Products Ltd, Welwyn

Garden City, UK), colistimethate sodium (1 MIU=mL Pro-
mixin, Profile Pharma, Chichester, UK), albuterol (2 mg=mL
Salamol, IVAX, London, UK), and hypertonic saline (sodium
chloride, Sigma-Aldrich Inc., St. Louis, MO, USA). Each
I-neb AAD System was connected to a Harvard respirator
(Harvard Apparatus, Harvard College, Holliston, MA, USA)
set to produce the EN 13544-1 CEN adult tidal breathing
pattern (Vt¼ 500 mL, f¼ 15 breaths=min, I:E ratio¼ 1:1).
Aerosol output was collected in triplicate for each nebulizer=
drug combination using a low deadspace filter placed be-
tween the I-neb AAD System and the Harvard respirator. A
pipette was used to fill 1.5 mL of tobramycin inhalation so-
lution (tobramycin) into three nonmetering medication
chambers, whereas a 0.5 mL metering chamber was used for
hypertonic saline. The other drugs: albuterol, colistimethate
sodium, and dornase alfa, were delivered using 0.3 mL me-
tering chambers. The expected (nominal) delivered dose was
calculated as the product of the metered volume and the drug
concentration. Drug delivered to filters was quantified by
High Performance Liquid Chromatography (HPLC) for
tobramycin and dornase alfa, by bioassay for colistimethate
sodium, by a spectrophotometric method for albuterol, and by
ion analysis for hypertonic saline.

Residual

The gravimetric residual mass of liquid drug formulation
remaining in the I-neb AAD System postnebulization was
evaluated during a standard output to filter analysis. Twenty-
five nonmetering chambers were tested in triplicate using a
single I-neb AAD System body. The I-neb AAD System in-
cluding the mouthpiece was weighed using an analytical
balance (ME614S Sartorius AG, Goettingen, Germany), then
filled with 0.4 mL albuterol (2 mg=mL, Salamol) via a pipette,
and weighed again. A Harvard respirator was used to
reproduce an adult tidal breathing pattern as per the EN
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FIG. 2. The medication chamber assemblies of the I-neb Adaptive Aerosol Delivery (AAD) System. The metering chamber
with the dosing segment is shown to the left, and the nonmetering chamber to the right.
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13544-1 CEN guidance and a filter with a low dead space
filter holder was used in line to collect aerosol emitted from
the I-neb AAD System. The I-neb AAD System was weighed
again postnebulization, and the gravimetric residual mass
remaining in the I-neb AAD System was determined as the
weight postnebulization minus the empty nebulizer weight.
The nonmetering chamber is ideal for this test as there is no
overflow chamber incorporated in the design and therefore
any residual liquid remaining in the nonmetering chamber is
not obscured by this.

Reproducibility of metered dose

The reproducibility of the delivered dose of albuterol
(2 mg=mL, Salamol) was assessed using fifty 0.3 mL metering
chambers with a single I-neb AAD System in TBM and a
power level 10 AAD Disc. The 0.3 mL metering chamber is
designed to deliver 300 mL of albuterol (600mg albuterol)
ex-mouthpiece, that is, the fill volume is designed to com-
pensate for any residual in the metering chamber and
mouthpiece to deliver the required metered dose. A Harvard
respirator was configured to reproduce the CEN adult tidal
breathing pattern, and a filter was used in line to collect
aerosol emitted from the I-neb AAD System. On activation of
the Harvard respirator, the I-neb AAD System delivered a
pulse of aerosol into each inspiration after the first three
breaths and continued until the end of treatment. At the end
of treatment, filters were collected and eluted for quantifi-
cation of albuterol by HPLC.

Dose equivalence

The comparison of the delivered doses of drug from the
I-neb AAD System (metered dose) and from a conventional
jet nebulizer (delivered dose) is complicated by the differ-
ences in definitions of dose, and by the differences in dosages
(controlled versus continuous) and by the differences in drug
delivery mechanisms. To predict the metered dose that may
be used in the I-neb AAD System that can be equated to the
delivered dose of a jet nebulizer, a hypothetical in vitro model
was generated and tested for accuracy. Three jet nebulizers
(LC Plus; Pari GmbH, Starnberg, Germany) were each filled
by pipette with 2 mL of albuterol (2 mg=mL, Salamol). Each
nebulizer was connected to a Harvard respirator set to pro-
duce the CEN adult tidal breathing pattern. The jet nebulizers
were driven using 6 L=min compressed medical grade air,
and aerosol output was collected till sputter plus 60 sec using
a filter placed between the nebulizer and the Harvard respi-
rator. Drug was eluted from filters and quantified by HPLC.
The above was repeated for jet nebulizer fill volumes of 2.5, 3,
4, and 5 mL of albuterol. A lung deposition factor for the LC
Plus jet nebulizer was obtained by dividing the lung depo-
sition with the delivered dose (where delivered dose¼ sum of
the upper airways plus whole lung deposition data) reported
in Newman et al.(10) This gave a factor of 0.47. The delivered
doses for the different fill volumes were then used to calculate
a ‘‘predicted lung dose’’ by multiplying the delivered doses
by the lung deposition factor of 0.47.

DDjet · 0:47¼LDpredicted jet

where DDjet is the delivered dose from the jet nebulizer, 0.47
is the lung deposition factor for the jet nebulizer, and
LDpredicted jet is the predicted lung dose for the jet nebulizer.

The predicted lung doses for the different jet nebulizer fill
volumes were then divided by a factor of 0.63, based on lung
deposition data for the I-neb AAD System.(11) The result was
predicted emitted doses ex-mouthpiece for the I-neb AAD
System that would achieve the same predicted lung doses as
with the jet nebulizer.

LDpredicted jet=0:63¼DDpredicted I-neb AAD System

where 0.63 is the lung deposition factor for the I-neb AAD
System and DDpredicted I-neb AAD System is the predicted de-
livered (metered) dose from the I-neb AAD System.

To calculate the I-neb AAD System medication chamber
fill volumes equivalent to each jet nebulizer fill volume,
0.1 mL was added to allow for residual volume.

DDpredicted I-neb AAD Systemþ 0:1 mL¼ FVestimated I-neb AAD System

where 0.1 mL is the I-neb AAD System residual volume,
and FVestimated I-neb AAD System estimated the I-neb AAD
System fill volume to give an equivalent dose to the jet
nebulizer.

To test whether the model hypothesized did indeed pre-
dict similar lung doses of albuterol for both nebulizer brands,
three I-neb AAD System nebulizers configured with non-
metering chambers were filled with the estimated medica-
tion chamber fill volumes using pipettes, and the in vitro test
arrangement used for the jet nebulizer was repeated. Pre-
dicted lung doses for each medication chamber volume fill
were calculated by multiplying the emitted doses from the
I-neb AAD System by the in vivo obtained lung deposition
factor of the I-neb AAD System.

Change in osmolality during nebulization

Due to the design and function of the I-neb AAD System
medication chamber assembly and the vibrating mesh, os-
molality of the liquid drug formulation in the medication
chamber should not change during nebulization. To test this
assumption, one I-neb AAD System and one jet nebulizer
(LC Plus; Pari GmbH) were used to examine any change in
formulation concentration during nebulization. The I-neb
AAD System was configured with a nonmetering chamber
and power level 10, then filled with 1.5 mL of 0.45% saline
and then weighed. The jet nebulizer was filled with 4 mL of
0.45% saline (maximum fill volume for use with 0.5 MIU
colistin), and then weighed. Compressed medical grade air at
6 L=min was used to run the jet nebulizer. Each nebulizer
was connected to a Harvard respirator set with the CEN
adult breathing pattern. Each nebulizer was operated for a
specified period of time, specifically 3 min for the I-neb AAD
System and 1 min for the jet nebulizer. An osmometer sam-
pler was used to remove a 20 mL aliquot of solution re-
maining in the medication chamber or nebulizer cup for
analysis. The nebulizers were then washed and dried. Con-
tinuing testing, the nebulizers were filled and run in the
same way for a further specified period of time, specifically
6 min for the I-neb AAD System and 2 min for the jet nebu-
lizer, after which the nebulizers were stopped and the solu-
tion remaining was sampled for analysis. This method was
repeated in increments of 3 min for the I-neb AAD System
and in increments of 1 min for the jet nebulizer, until the end
of treatment, defined as the end of the treatment buzzer for
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the I-neb AAD System and sputter plus 60 sec for the jet
nebulizer. When approaching the end of the treatment with
the I-neb AAD System, the sample volumes were limited.
Volumes less than 20mL of saline were therefore taken from
the medication chamber, and diluted with a known volume
of deionized water and then analyzed. At end of the treat-
ment, 1.5 mL deionized water was added to the medication
chamber and shaken before sampling. Samples from the jet
nebulizer were not diluted. For each sample taken, osmo-
lality was quantified using an Advanced Micro Osmometer
Model 3300 (Advanced Instruments, Norwood, MA, USA),
which measured solution osmolality by freezing point de-
pression. Each test was performed in triplicate.

Surface tension and viscosity

The physicochemical characteristics of a number of liquid
drug formulations for inhalation currently on the market and
new drug formulations were evaluated in terms of viscosity
and surface tension. The drug formulations examined en-
compassed small molecules, suspensions, proteins, and li-
posomes. Surface tension was quantified using a SITA t60
Science Line handheld tensiometer (SITA Messtechnic
GmbH, Dresden, Germany) which measures the dynamic
surface tension of fluids, in the range 10 to 100 mN=m and
with a 0.1 mN=m resolution, in terms of bubble pressure.
Viscosity was quantified using an AMVn Microviscometer
(Anton Paar GmbH, Graz, Austria) based on a ‘‘rolling ball’’
principle in which the fluid to be measured was filled into a
glass capillary in which a steel sphere rolls at a pre-
determined angle. The viscous properties of the fluid could
be determined by measuring the rolling time of the sphere.
The I-neb AAD System nebulizers used in the tests were
programmed to run in continuous mode at power level 10,
and production of aerosol from the vibrating mesh was de-
termined by visual inspection of the presence of aerosol
without the mouthpiece in place.

Impact of nebulizer orientation on aerosol delivery

Four different examples of vibrating mesh technology
nebulizer were used to investigate the impact of nebulizer
orientation on performance: the I-neb AAD System, the
Aeroneb Go (Aerogen, Inc., Mountain View, CA, USA),
the eFlow rapid (Pari GmbH, Starnberg, Germany), and the
Micro Air NE-U22 (Omron Healthcare Co. Ltd, Kyoto,
Japan). The delivered volume, residual volume, and mass
median diameter (MMD) of each brand was examined in
three orientations; 08 pitch (orientation as per instructions for

use), þ458 pitch (base of nebulizer pointing upward), and
�458 pitch (base of nebulizer pointing downward). Roll and
yaw were not examined in this study. Angle was determined
using a protractor. The delivered volume and residual vol-
ume were determined in triplicate for each brand using a
gravimetric method. The nebulizers were weighed, and filled
with 1 mL of albuterol (2 mg=mL, Salamol) and weighed
again. A 2 mL volume was used for the eFlow rapid as per
the manufacturer’s instructions. The nebulizers were con-
nected to a Harvard respirator set with the CEN adult tidal
breathing pattern, and a filter was used to collect emitted
aerosol. A complete treatment from each nebulizer was de-
livered onto the collection filter, after which the nebulizer
was removed from the test setup and weighed again. The
I-neb AAD System features an ‘‘out of angle’’ sensor, which
provides feedback to the patient during the treatment and
prevents the patient from beginning a treatment if the neb-
ulizer is tilted past 458 pitch. Consequently, during testing it
was necessary to tilt the I-neb AAD System to just within 458
to start the test. A laser diffraction method was used to es-
tablish any change in MMD (% change from 08 pitch) with
each orientation for each nebulizer brand. Each nebu-
lizer was used in continuous mode (I-neb AAD System at
power level 10) and connected to a Malvern Mastersizer S
(Malvern Instruments Ltd, Worchester, UK) laser diffractor
particle size analyzer. Where necessary, additional air was
introduced into the mouthpieces to facilitate entrainment of
aerosol into the measurement cell of the laser diffractor.

Results

Particle size

The particle size distributions of aerosols characterized by
cascade impaction show that the I-neb AAD System consis-
tently produces respirable aerosols with albuterol and bu-
desonide. Specifically, at 15 L=min in controlled ambient
laboratory conditions, albuterol aerosol was characterized as:
MMAD 3.9 mm (Standard Deviation [SD] 0.04); GSD 1.7
(0.03); FPF 67% (1.1), and budesonide aerosol was charac-
terized as: MMAD 5.7 mm (0.1); GSD 1.75 (0.0); FPF 41% (1.5).

Precise dose delivery

The calculated (nominal) metered doses of five commonly
used liquid drug formulations delivered by the I-neb AAD
System are comparable to the measured (actual) doses de-
livered (Table 1). The variability between the gravimetrically
determined and nominal metered drug volumes range from

Table 1. The Nominal Metered Volumes, Drug Concentrations, Gravimetrically Defined Metered Volumes,

Nominal Delivered Doses, and Actual Delivered Doses for Five Drugs Used in the Tests for Precise Dose

Delivery with the I-neb Adaptive Aerosol Delivery (AAD) System

Drug
Nominal

metered volume
Drug

concentration
Gravimetric

metered volume
Nominal

delivered dose
Actual

delivered dose

Tobramycin 1400mL 60 mg=1 mL 1388.4mL 84 mg 75.9 mg
Colistimethate sodium 300mL 1 MIU=1 mL 311.2 mL 300 kIU 324.9 kIU
Dornase alfa 300mL 1 mg=1 mL 318.3 mL 300 mg 283.3 mg
Albuterol 300mL 2 mg=1 mL 317.2 mL 600 mg 605.1 mg
Hypertonic saline 500mL 70 mg=1 mL 551.0 mL 35 mg 35.9 mg
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�0.8 to 10.2%, with the largest variability being for hyper-
tonic saline.

Residual

The mean gravimetrically measured residual mass of al-
buterol remaining in the nonmetering chambers of the I-neb
AAD System after nebulization was 84 mg (SD 13) with a
range of 57 to 142 mg. As the concentration of albuterol was
2 mg=mL, the mean is equivalent to an 84 mL residual vol-
ume.

Reproducibility of the metered dose

The reproducibility of the metered dose of albuterol, when
delivered from fifty 0.3 mL metering chambers with a single
I-neb AAD System, is within �25% of the 600 mg dose (Fig.
3). The mean metered dose of albuterol was 575.4 mg [95%
confidence interval (CI) 563.3–587.5 mg]. This equates to
288 mL albuterol solution (95% CI 282–294 mL) in metered
volume.

Dose equivalence

Table 2 shows the measured metered (delivered) doses
and the predicted lung doses found for the I-neb AAD Sys-
tem and the jet nebulizer (LC Plus; Pari GmbH) for each of
the equivalent nebulizer albuterol fill volumes. Although
delivered doses for the jet nebulizer are higher than the de-
livered doses metered from the I-neb AAD System, the
predicted lung doses are similar for all fill volumes. The re-

lationship between the delivered doses and the metered
doses is linear (R2¼ 0.9972) as shown in Figure 4.

Change in osmolality during nebulization

There is a 10-fold difference in change in osmolality of
liquid drug formulation remaining in the jet nebulizer com-
pared to the I-neb AAD System. Osmolality of saline in the
jet nebulizer increases significantly by 26% during delivery
of aerosol from nebulizers compared to the I-neb AAD Sys-
tem (Fig. 5), whereas saline osmolality in the I-neb AAD
System increases by 2.5% over the course of a treatment.

Surface tension and viscosity

These results show that a number of formulations with a
relatively wide range of surface tensions and viscosities are
successfully aerosolized by the I-neb AAD System. The
measured surface tensions and viscosities of the different
small molecule, suspension, protein, and liposome formula-
tions have been plotted in Figure 6. The range of physico-
chemical properties of formulations delivered by the I-neb
AAD System were: surface tensions of 44.0 to 73.6 mN=m
and viscosities of 0.91 to 2.06 mPa.s. The surface tensions and
dynamic viscosities of some of the marketed drug formula-
tions were: 0.9% saline 72.0 mN=m and 0.91 mPa.s, budeso-
nide (Pulmicort, AstraZeneca AB, Sodertalje, Sweden)
57.3 mN=m and 0.95 mPa.s, colistimethate sodium (Promixin,
Profile Pharma, Chichester, UK) 44.8 to 49.4 mN=m and 1.02–
1.22 mPa.s, and tobramycin (TOBI, Chiron Corporation Ltd,
Hounslow, UK) 70.8 mN=m and 1.26 mPa.s.

Table 2. The Fill Volumes of Albuterol for a Jet Nebulizer and the I-neb Adaptive Aerosol Delivery (AAD)

System Required to Achieve Similar Predicted Lung Doses

Jet nebulizer fill volume 2.0 mL 2.5 mL 3.0 mL 4.0 mL 5.0 mL

Jet nebulizer output to filter 429 mL 732 mL 892mL 1370 mL 1836mL
Predicted lung dose of albuterol from jet nebulizer 404mg 688 mg 838 mg 1288 mg 1726 mg

Equivalent I-neb AAD System fill volume 0.42 mL 0.65 mL 0.77 mL 1.12 mL 1.47 mL

I-neb AAD System output to filter 333 mL 577 mL 691mL 1034 mL 1359mL
Predicted lung dose of albuterol from I-neb AAD System 420mg 728 mg 870 mg 1302 mg 1712 mg
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Impact of nebulizer orientation on aerosol delivery

The volumes of albuterol delivered by the I-neb AAD
System, the Aeroneb Go and the Micro Air NE-U22, are not
significantly affected by orientation angle. However, the
volume of albuterol delivered by the eFlow rapid is severely
affected as shown in Figure 7. Specifically, less than 1% of the
nebulizer fill volume was delivered at �458 pitch, and at
þ458 pitch the delivered volume is approximately 16%
greater than at 08 pitch. For residual volume, the I-neb AAD
System, the Aeroneb Go, and the Micro Air NE-U22 nebu-
lizers are relatively unaffected by orientation angle, but
again, the eFlow rapid shows large residuals at þ458 and
�458 pitch angles. The aerosol particle size (MMD) for all
four nebulizers is consistent at all orientation angles.

Discussion

Methods for in vitro testing of nebulizers have evolved as a
result of development by manufacturers, and have been in-
corporated into guidelines set by different official bod-
ies.(2,5,7,8,9,12) Standardization of the testing methods within
the guidelines ensures that performance data for different

nebulizers can be directly compared and related to their
expected performance in vivo. With the advent of the new
high efficiency nebulizers, such as the I-neb AAD System
characterized here, this ability to equate relative perfor-
mance, through standardized testing of the device related
parameters that influence the drug delivered to the patient, is
even more valuable. These device related parameters include
the rate of aerosol output, total aerosol output, particle size,
and fine particle fraction, all of which are indicative of clin-
ical performance.(12) The data included in this article (particle
size, residual, reproducibility, precise dose delivery, dose
equivalence, osmolality, surface tension, and viscosity) cov-
ers a broad spectrum of performance characteristics of the
I-neb AAD System.

Particle size

The particle size distributions of albuterol and budesonide
characterized by cascade impaction show a difference in both
particle size and FPF between the drugs. The difference in
particle size and FPF between the albuterol solution and the
budesonide suspension is in agreement with recently pub-
lished data.(13) Akapo and colleagues measured an MMAD
of 2.9 mm for a formoterol solution, and an MMAD of 4.9 mm
for the budesonide suspension.(14) The FPFs were 73.6% for
formoterol and 51.0% for budesonide. The results are likely
to reflect a difference between the solution, and the suspen-
sion with a primary particle size of 2.4mm.(14) The present
results with an MMAD of 3.9 mm and FPFs of 67% for
albuterol are in the range that is typically found for nebu-
lizers.(15,16) It is also of note that the in vitro fine particle
fraction reported here is close to the mean 63% lung depo-
sition of radiolabeled saline in healthy subjects when deliv-
ered by the I-neb AAD System.(11)

Precise dose delivery

The I-neb AAD System is a dosimetric drug delivery
system designed to deliver precise metered doses of aero-
sol,(6) in contrast to typical volumetric nebulizers that con-
tinuously generate aerosol with fill volumes determined by
vial volume and doses to patients determined by breathing
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maneuver. This precision in dosing is demonstrated in the
results here where the maximum variability in delivered
dose was within *10% of the expected (metered) dose. This
dosimetric feature broadens the possibilities for inhaled
treatments to include drugs with narrow therapeutic win-
dows. An example is iloprost (Ventavis, Actelion Pharma-
ceuticals, South San Francisco, CA, USA) which has been
approved by the Food and Drug Administration (FDA) for
delivery with the I-neb AAD System in the treatment of
pulmonary arterial hypertension in doses of 2.5 mg and
5.0 mg. Van Dyke et al.(13) tested the ability of the I-neb AAD
System to deliver precise doses of iloprost in vitro using a
breathing simulator and a filter technique to collect emitted
aerosol. The metered doses of aerosolized iloprost tested
were 2.5 and 5.0 mg, and the measured delivered doses were
2.8 and 4.9 mg. The small variability between the metered and
the delivered doses of iloprost were similar to the variability
in our in vitro data on five drugs typically used in the
treatment of patients with cystic fibrosis.

Residual

Data on evaluating I-neb AAD System nonmetering cham-
ber residual with albuterol indicates that a mean of 84mL of
the metered volume remains inside the chamber at the end of
treatment. This residual is extremely low when compared to
conventional nebulizers, which can typically have residuals
up to, if not more than, 1 mL. When the low residual is
combined with the ability of the I-neb AAD System to de-
liver drug only into inhalation, it has the potential to allow
the delivery by nebulization of some of the high cost of man-
ufacture new biotech drugs. Currently conventional nebu-
lizers are not economic for these applications due to high
wastage in residual and delivery into exhalation.

Reproducibility of metered dose

The results show that for the I-neb AAD System, metered
doses can be delivered in vitro with low variability. This low
variability is confirmed in another study where the vari-
ability of twenty-three prototype I-neb AAD System nebu-
lizers was evaluated in vitro during the development of the
I-neb AAD System.(6) The nebulizers in this latter study were
set to deliver a metered volume of 400mL of albuterol during
simulated breathing. The mean gravimetric metered volume
delivered from the I-neb AAD System was 407.1mL, with a

95% CI of 401.2 to 412.8mL. In the present study, metering
chamber variability was examined using fifty 0.3 mL meter-
ing chambers with a single I-neb AAD System to deliver a
metered dose of 600 mg albuterol (metered volume of 300 mL).
The mean metered dose delivered was 575.4 mg albuterol,
with a 95% CI of 563.3 to 587.5 mg, or 288mL equivalent
volume and a 95% CI of 282 to 294mL.

Dose equivalence

Dose equivalence was determined using hypothetical
calculations of the metered dose of the I-neb AAD System
versus the delivered dose of the jet nebulizer to predict an
equivalent dose. The I-neb AAD System can deliver an
equivalent dose to a jet nebulizer using less than a third of
the volume of that required in the jet nebulizer. The subse-
quent in vitro evaluation confirms the hypothetical calcula-
tions to be broadly correct. The linear relationship in Figure 4
between the fill volumes used in the two nebulizer brands
show that for 2 mL fill volume in the jet nebulizer, the
comparable fill volume in the I-neb AAD System is 0.4 mL.
This is a five times reduction in the amount required. For a
5 mL fill volume in the jet nebulizer, the comparable fill
volume in the I-neb AAD System is approximately 1.5 mL,
that is, less than a third of the volume. There was a greater
dose uniformity with the I-neb AAD System (Residual
Standard Deviation [RSD] on dose output 2–4%) compared
to the jet nebulizer (RSD on dose output 5–10%). This dif-
ference in the precision of uniformity of dose may appear
small, but the testing was performed using a single standard
CEN (I:E 1:1) breathing pattern. In use, aerosol delivery
devices are subject to a wide range of different breathing
patterns, and the I-neb AAD System will adapt to these
patterns and thus maintain a similar level of dose uniformity
across the breathing patterns. Conversely, a jet nebulizer that
continually produces aerosol will have minimal adaption
capabilities, and consequently, the dose variability across
breathing patterns will be substantial. This will particularly
be the case where a patient breathes with longer periods of
exhalation resulting in more of the drug being expelled from
the nebulizer in exhalation rather than being inhaled.

Change in osmolality during nebulization

The I-neb AAD System had a minimal effect on the os-
molality of saline solution during nebulization, whereas the
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osmolality of saline in the conventional jet nebulizer in-
creased significantly over the course of one treatment. The
difference in outcome was likely due to the fundamental
differences in the mechanism of nebulization and flow of air
through the two types of nebulizer. In the I-neb AAD System
the medication chamber is isolated from entrained air by the
medication chamber lid, and nebulization only occurs during
inhalation when the liquid passes through the mesh and is
emitted. Conversely, for a conventional jet nebulizer the
liquid drug in the nebulizer cup is constantly exposed to
entrained air, and nebulization occurs throughout the treat-
ment. Larger aerosol droplets created within the nebulizer
impact on inner surfaces and are recycled back in to the
nebulizer cup, whereas smaller droplets are entrained in the
airflow and emitted from the nebulizer. The constant re-
cycling of larger aerosol droplets results in continuous
evaporation and subsequent concentrating of the drug for-
mulation within the reservoir. Increased osmolality has the
potential to cause adverse effects in patients with hyperre-
active airways such as bronchoconstriction.(17)

Surface tension and viscosity

The study to measure surface tensions and viscosities of
different drug formulations aerosolized using the I-neb AAD
System was designed to create a database on typical for-
mulation types that could be nebulized through the I-neb
vibrating mesh and relate these to surface tension and vis-
cosity. The study presented does not measure quantitatively
the impact of surface tension and dynamic viscosity on
particle size, output rate or nebulization time.

Surface tension and viscosity are known to affect the
ability of nebulizer systems to deliver different formulations.
Ghazanfari et al.(18) have studied the effects of these physi-
cochemical properties on nebulizer performance using model
formulations with a range of surface tensions and viscosities
and two vibrating mesh nebulizers, the Omron Micro Air
NE-U22 (Omron Healthcare, UK), and the Aeroneb Pro
(Nektar, San Carlos, CA, USA). Results were reported by
Ghazanfari et al. as cP for viscosity and dyne=cm for surface
tension; however, we have converted them into mPa.s for
viscosity and mN=m for surface tension (viscosity:
1 mPa.s¼ 1 cP, surface tension: 1 mN=m¼ 1 dyne=cm). The
surface tensions tested ranged from 15.6 to 72.80 mN=m, and
the viscosities from 0.49 to 2.45 mPa.s. The commercially
available drug formulations tested in our study had nar-
rower ranges in terms of surface tension (44.0 to 73.6 mN=m),
and viscosity (0.91 to 2.06 mPa.s). Ghazanfari et al. conclude
that the two vibrating mesh nebulizers tested were highly
dependent on formulation characteristics, were unsuitable
for delivery of formulations with viscosities greater than
1.92 mPa.s, and that different surface tensions had no clear
effect on delivery. This is in contrast to jet nebulizers where
surface tension and viscosity (among other parameters) af-
fects the amount of residual in the nebulizer and thus the
delivered dose.(19)

Impact of nebulizer orientation on aerosol delivery

The volume of albuterol delivered by three of the exam-
ples of vibrating mesh nebulizers examined is not influenced
by angle of orientation, whereas the volume delivered by the

eFlow rapid is severely affected. The impact of orientation
angle (horizontal versus vertical) on the performance of a
vibrating mesh nebulizer was first reported by Geidel and
colleagues in 2006.(20) Seven patients with cystic fibrosis used
eFlow rapid nebulizers in either a horizontal or a vertical
operating orientation to administer tobramycin solution
(320 mg=4 mL). Blood was sampled 4 h after nebulization,
and plasma levels of tobramycin were determined by
HPLC. Mean tobramycin plasma levels were found to be
0.75 mg=mL when the eFlow rapid was operated by the pa-
tient in a horizontal orientation and 1.45mg=mL when op-
erated in a vertical orientation. There was no impact of
orientation on particle size. The authors concluded that the
vertical position allowed better utilization of the eFlow rapid
nebulizer. Our results when nebulizing albuterol with the
eFlow rapid show only a 16% increase in the dose from
horizontal (08) to vertical (þ458). The difference in results on
vertical orientation might be due to the lack of specification
of the ‘‘vertical’’ position in the previous study. Interestingly,
the downward position (�458) prevented delivery of any
aerosol from the eFlow rapid. This indicates that it might be
of clinical value to measure orientation angle dependent
aerosol delivery both in vitro and in vivo to minimize unin-
tentional fluctuations in drug delivery.

Conclusions

This article has reported a number of in vitro studies de-
signed to characterize the I-neb AAD System. The particle
size and fine particle fraction of aerosol delivered from the
I-neb AAD System is suitable for delivery to the lung by
nebulization. The measurement of equivalent doses (metered
dose versus delivered dose) between the I-neb AAD System
and a conventional jet nebulizer demonstrates that the
amount of drug required to deliver the same dose is up to five
times less due to the low residual and controlled delivery of
the I-neb AAD System. The lack of change in osmolality dur-
ing nebulization may be of importance, as it presents an op-
portunity for delivery of drugs to patients with hyperreactive
airways, or where a specific formulation osmolality is required.
The physicochemical characteristics (surface tension and
viscosity) of a number of drugs delivered by the I-neb AAD
System highlights some of the demands created by existing
and new drug formulations. The study of the impact of
nebulizer orientation shows how important it is to consider
user related factors in designing appropriate in vitro studies,
in addition to regulatory guidances. The amount of aerosol
delivered to a patient using a nebulizer has been a vague
concept in clinical practice as the prescriber has usually only
defined the amount of drug in the vial. The performance of
the conventional nebulizer, the patient’s breathing pattern,
and the patient’s ability to use the nebulizer have determined
the rather variable amount of aerosol delivered. This is
clearly less than satisfactory, especially when using drugs
with a narrow therapeutic window, or very expensive drugs.

The aerosol characteristics and precise dosing of the I-neb
AAD System combined with its ability to adapt to a patient’s
breathing pattern and to provide a controlled delivery of
aerosol into inhalation allows much of this variability to be
reduced and drugs to be delivered with much greater uni-
formity and precision.
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