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BACKGROUND: Iloprost (Ventavis) inhalation solution is approved in doses of 2.5 ug and 5.0 pug
for treatment of pulmonary arterial hypertension (World Health Organization group I) in patients
with New York Heart Association class III or IV symptoms, delivered with 2 Adaptive Aerosol
Delivery (AAD) systems: Prodose and I-neb. The HaloLite device was the first-generation AAD
system used in the clinical delivery of inhaled iloprost, and I-neb is the third-generation system.
OBJECTIVE: Study the in vitro performance of the HaloLite, Prodose, I-neb, in terms of mass
median aerodynamic diameter (MMAD), fine-particle fraction (FPF, percent of aerosol droplets
< 4.7 pm), and inhaled mass of iloprost. METHODS: To analyze the MMAD and FPF, we collected
the aerosol from each device with a cascade impactor. Because the devices are breath-actuated,
airflow was regulated with flow-control valves to create inhalation and exhalation. To measure the
inhaled mass of iloprost we used a breathing simulator with a filter system between the simulator
and the device, and quantified the captured aerosol with iloprost-specific chromatography. RE-
SULTS: With the HaloLite, Prodose, and I-neb, respectively: the MMADs were 1.4 pm, 1.7 pum,
and 2.1 pm; the FPFs were 91%, 82%, and 82%. The inhaled mass with the 2.5-ug dose ranged
from 2.8 pg to 2.9 pg. The inhaled mass with the 5.0-ug dose ranged from 4.8 pg to 5.2 pg.
CONCLUSION: The HaloLite, Prodose, and I-neb AAD systems have comparable MMADs, FPFs,
and inhaled mass with iloprost. Key words: pulmonary arterial hypertension, inhaled iloprost, Adaptive
Aerosol Delivery, inhaled mass, mass median aerodynamic diameter, fine-particle fraction. [Respir Care
2007;52(2):184-190. © 2007 Daedalus Enterprises]

Introduction

Pulmonary arterial hypertension is an incurable, chronic
disease in which patients experience an increase in pul-
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monary artery pressure, resulting in dyspnea, angina, pal-
pitations, and syncope.! The current goals of therapy are to
relieve symptoms by reducing pulmonary vascular resis-
tance, to increase cardiac output, and to improve oxygen-
ation. Intravenous infusion of prostanoids decreases mean
pulmonary arterial pressure and pulmonary vascular resis-
tance, and increases cardiac output, which increases exer-
cise tolerance and improves survival.! Intravenous prosta-
noids have drawbacks, however, including the requirement
for central venous access, the need for a continuous infu-
sion, and adverse effects related to systemic availability of
the drug.!?

Inhalation therapy with iloprost solution in pulmonary
arterial hypertension aims at preferential pulmonary deliv-
ery to the lung vasculature to reduce systemic adverse
effects. In the pivotal placebo controlled study of inhaled
iloprost in patients with severe pulmonary arterial hyper-
tension, initiated in the late 1990s, the HaloLite Adaptive
Aerosol Delivery (AAD) system (Respironics Respiratory
Drug Delivery, Cedar Grove, New Jersey) was selected to
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Fig. 1. Three Adaptive Aerosol Delivery systems: HaloLite (left), Prodose (center), I-neb (right).

deliver doses of 2.5 ug and 5.0 g, 6-9 times daily.>> In
the United States, inhaled iloprost was approved in De-
cember 2004, in doses of 2.5 wg and 5.0 g, for the
treatment of pulmonary arterial hypertension (World Health
Organization group I) in patients with New York Heart
Association class III or IV symptoms, delivered with the
Prodose AAD system (Respironics Respiratory Drug De-
livery, Cedar Grove, New Jersey). The labeling has since
been extended to include the I-neb AAD system (Respi-
ronics Respiratory Drug Delivery, Cedar Grove, New Jer-
sey), which is the third-generation AAD system from
Respironics.

The AAD technology was developed to reduce the vari-
ability of the delivered dose, reduce the waste of aerosol to
the environment during exhalation, and improve patient
adherence to treatment and use of the device.3- HaloLite,
Prodose, and I-neb analyze the patient’s breathing pattern,
which determines the timing of the aerosol pulse during
inhalation. The systems analyze the pressure changes of
the airflow of the first 3 breaths to ascertain the correct
starting point for aerosol delivery during inhalation. The
monitoring of the preceding 3 breaths continues through-
out the treatment, and the device continually adapts to the
patient’s breathing pattern. The adaptation to the patient’s
breathing pattern eliminates the greatest source of vari-
ability in drug delivery associated with conventional nebu-
lizers, because losses of aerosol during exhalation are re-
duced.> The systems also provide the patient with feedback
on how to effectively use the devices during treatment.
When the preset dose has been delivered, the device
switches off and a buzzer indicates completion of treat-
ment.

Because of the progressive improvement of the AAD
systems, from HaloLite to Prodose to I-neb, it is essential
to determine whether the devices’ aerosol characteristics
and inhaled mass of iloprost are comparable. We designed
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an in vitro study to test whether the delivery of iloprost
was comparable between the 3 AAD systems, in terms of
aerosol characteristics (particle size, fine-particle fraction,
and particle distribution) and inhaled mass.

Methods
Study Design

The study was designed to evaluate in vitro the Halo-
Lite, Prodose, and I-neb devices (Fig. 1), in terms of aero-
sol characteristics and inhaled mass of iloprost. Iloprost
inhalation solution (Ventavis, CoTherix, Brisbane, Cali-
fornia) (10 wg/mL, 2-mL ampule) was used throughout the
study. The entire contents of one ampule were dispensed
into the device’s medication chamber for each delivered
dose (2.5 ug or 5.0 ug). Three of each device (HaloLite,
Prodose and I-neb) were tested for aerosol characteristics
(mass median aerodynamic diameter [MMAD], fine-par-
ticle fraction, and particle-size distribution) and inhaled
mass.

HaloLite

HaloLite was the first-generation AAD system and was
made commercially available in Europe in 1997.3-5 The
HaloLite system was designed based on active venturi jet
nebulizer technology, and the system consists of a hand-
piece, a mouthpiece, a medication chamber, and an elec-
tronic control unit, powered by a battery.*> The compres-
sor is powered from a standard wall outlet. The aerosol
pulse time is set to 50% of each inspiration, based on a
rolling average of the last 3 breaths. The amount of drug
delivered during each pulse is calculated by the software
in the device, and summed over the course of the treat-
ment. Upon attainment of the preset dose, the device gives
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Fig. 2. Inspiratory flow (left) and expiratory flow (right) of air and aerosol through the Adaptive Aerosol Delivery system (HaloLite, Prodose,

or I-neb) and the cascade impactor.

the patient both audible and visual feedback to indicate
successful treatment. Since production of HaloLite has
been discontinued, the HaloLite devices we used in this
study were recalibrated units preset to deliver a dose of
2.5 wg iloprost. This setting was used in the large pivotal
clinical study in which they delivered the 2.5-ug dose or
two sequential 2.5-ug doses for the 5.0-ug dose.?

Prodose

Prodose, the second-generation AAD system, succeeded
the HaloLite. The Prodose has better convenience and flex-
ibility than HaloLite, including a self-powered hand-piece
fitted with a liquid-crystal display,> an improved software
algorithm, and a more rugged compressor (again, powered
from a standard wall outlet). One of the major design
differences in Prodose is that it includes the “AAD Disc,”
which is a plastic disc that contains an antenna and a
microchip that controls the dosage. The 2 AAD Discs
designed for iloprost are programmed to deliver 2.5 ug or

5.0 pg.

I-neb

I-neb is the third-generation AAD system, which suc-
ceeded the Prodose. I-neb is small, battery-powered, light-
weight, virtually silent, substantially reduces the inconve-
nience of conventional nebulizer/compressor therapy, and
delivers a precise, reproducible dose.> The aerosol is cre-
ated through a mesh technology, and the dose is controlled
by the AAD Disc and specific medication chambers, which
have a residual solution volume of about 0.1 mL.> The
medication chamber consists of a central “metered” sec-
tion and an overflow section. Iloprost solution is trans-
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ferred from the ampule into the metered section of the
chamber until it is completely filled, and the remainder of
the ampule contents flows into the overflow section. The
volume in the metered section defines the delivered dose.
The mesh has a variable power range to optimize the aero-
sol output. The AAD Disc in the I-neb uses the same
algorithm used in Prodose. The I-neb devices used in this
study were pre-production units that had 2 separate med-
ication chambers: one for the 2.5-ug dose and one for the
5.0-pg dose.

Aerosol Characterization

The aerosol characteristics (particle size, fine-particle
fraction, and particle distribution) were measured with a
cascade impactor and iloprost-specific high-performance
liquid chromatography. The cascade impactor sample-col-
lection method we used was closely modeled after the
United States Pharmacopoeia (USP) guidelines for parti-
cle-size determination of aerosol from powder inhalers, as
required for regulatory submission.® The effective cut-off
diameters for the cascade impactor stages were: stage 0 =
9.00 pm, stage 1 = 5.80 wm, stage 2 = 4.70 wm, stage 3 =
3.30 pm, stage 4 = 2.10 wm, stage 5 = 1.10 wm, stage 6 =
0.65 wm, stage 7 = 0.43 wm, and the glass fiber filter
captures particles < 0.43 wm. The aerosol passed through
a USP throat before entering the cascade impactor.

The HaloLite, Prodose, and I-neb AAD systems are
breath-actuated, and they sense pressure changes when the
patient inhales through the mouthpiece. Aerosol is gener-
ated only during inhalation. Therefore, we designed a cus-
tomized system to operate the devices with the cascade
impactor (Fig. 2). A T-piece fitting was attached to the
exhalation port of the mouthpiece. One arm of the T-fitting
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Fig. 3. In vitro setup for determining the inhaled mass of iloprost delivered by HaloLite, Prodose, and I-neb, including dose-collection tube,

filter, and Harvard pump.

was connected to a compressed-air source to serve as the
exhalation. A one-way valve was attached to the other arm
of the T-fitting, which allowed ambient air into the device
on inhalation. An air-tight adapter was fitted to the mouth-
piece, which connected the device to the cascade impactor.
The exhaust port at the base of the cascade impactor was
connected to a vacuum pump, set to a flow of 28.3 L/min.
The airflow was regulated with flow-control valves that
provided vacuum flow (negative pressure) for the inspira-
tion and compressed airflow (positive pressure) for the
expiration. The one-way valve opened to allow ambient air
(pulled by the vacuum pump) to flow into the nebulizer
mouthpiece and carry the aerosol into the USP throat and
through the impactor plates. Each inspiration consisted of
approximately 4 L (8-9 s) of air (at ambient relative hu-
midity and controlled room temperature), to allow com-
plete deposition of the aerosol to all the cascade impactor
stages. The one-way valve closed when the airflow was
diverted, to allow compressed air into the mouthpiece,
creating the exhalation. The compressed exhaled air was
vented through holes in the mouthpiece, bypassing the
cascade impactor (see Fig. 2).

Preliminary experiments indicated that a cumulative dose
of 20 pg of iloprost was required to capture a sufficient
amount of iloprost on all the cascade impactor stages and
filter to permit reliable quantitation via chromatography.
This was achieved by collecting 4 consecutive 5.0-ug doses
of iloprost. Between each 5.0-ug dose, the medication
chambers were emptied and rinsed to mimic patient use.
With the HaloLite, this was achieved by collecting 2 se-
quential preset treatments of 2.5 wg for each dose, without
rinsing. With the Prodose, 5.0-ug doses were collected
using the 5.0-ug AAD Disc. With the I-neb, 5.0-ug doses
were obtained from a single delivery from the 5.0-ug med-
ication chamber and using the 5.0-ug AAD Disc. Each
stage and filter from the impactor was extracted with 33%
acetonitrile, and the samples were analyzed with the ilo-
prost-specific chromatography method. Three of each de-
vice (HaloLite, Prodose and I-neb) were tested once each.
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Inhaled Mass

The inhaled mass of iloprost was determined with a
setup that included a Harvard pump (Harvard Apparatus,
South Natick, Massachusetts), a standard USP sample-
collection tube for metered-dose inhalers (USP 601 Ap-
paratus A), filters (Filtrete, 3M, St Paul, Minnesota), and
iloprost-specific chromatography (Fig. 3). The inhaled mass
was defined as the amount of iloprost deposited in the
collection tube and on the filter.” Because the HaloLite,
Prodose, and I-neb are breath-actuated, a Harvard pump
was used to simulate an adult breathing pattern, with a
700 mL tidal volume, a breathing frequency of 20 breaths/
min, and a duty cycle of 0.5.8 The sample-collection tube
contained a 67-mm glass fiber filter, with a 25-mm backup
glass fiber filter (type A/E, Pall, East Hills, New York).
The sample-collection tube was connected to the Harvard
pump and to the aerosol device with an airtight mouth-
piece adapter, such that the mouthpiece orifice exited di-
rectly into the interior of the sample-collection tube. The
contents of one ampule of iloprost inhalation solution (2 mL,
10 g iloprost per mL) were dispensed into the device’s
clean medication chamber prior to each dose-collection
run.

The iloprost on the surfaces of the sample-collection
tube and the filters was extracted with 33% methanol and
analyzed via iloprost-specific chromatography. The tests
were run in triplicate (ie, 3 runs with each nebulizer), so at
least 9 samples were collected for each of the 2 dose
levels.

Statistics

The data on the particle-size distribution represent the
mean of four 5.0-ug doses of iloprost. Iloprost deposition
on the cascade impactor stages with the known effective
cut-off diameters was used to calculate the MMAD and
geometric standard deviation with the percent relative stan-
dard deviation. The data from the inhaled mass experi-
ments are reported as mean * SD.
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Fig. 5. Inhaled mass of iloprost with the HaloLite, Prodose, and I-neb, with preset doses of 2.5 ug and 5.0 ng.

Results

A pre-study validation of the test setup showed that the
extraction efficiency of iloprost from the USP sample-
collection tube with filters ranged from 97.5% to 98.7%. A
mass-balance study of the test setup (emptied ampule, dose-
collection tube, filter, mouthpiece, baffle or mesh, medi-
cation chamber, residual solution) for the inhaled mass
experiments showed recovery of 97-104.4%.

Aerosol Characterization

For the HaloLite, Prodose, and I-neb, respectively: the
MMAD values (with percent relative standard deviation)
were 1.4 um (1.5%), 1.7 um (3.5%), and 2.1 pum (4.8%);
the geometric standard deviations (with percent relative
standard deviation) of the MMADs were 2.1 (4.5%), 2.7
(2.8%), and 2.2 (2.6%); and the fine-particle fractions (per-
cent of aerosol droplets < 4.7 um) (with percent relative
standard deviation) were 91% (5.8%), 82% (3.4%), and
82% (2.5%).
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Figure 4 shows the mean particle-size distribution in the
USP throat, impactor stages, and filter. Most of the parti-
cles were deposited on stages 4, 5, and 6 (effective cut-off
diameters 2.10 wm, 1.10 wm, and 0.65 wm, respectively).
The particle-size distributions for the 3 devices were com-
parable, but with a slightly more monodisperse distribu-
tion for HaloLite and I-neb.

Inhaled Mass

Figure 5 shows the mean inhaled mass of iloprost for
the 2 dose levels with each aerosol device. The inhaled
mass with the 2.5-ug dose ranged from 2.8 pg to 2.9 ug.
The inhaled mass with the 5.0-ug dose ranged from 4.8 ug
to 5.2 pg. The standard deviation was smallest for I-neb
and largest for HaloLite.

The fine-particle dose, as a function of the fine-particle
fraction times the inhaled mass, ranged from 2.3 ug to
2.7 pg with the 2.5-ug dose, and from 3.9 ug to 4.8 ug
with the 5.0-ug dose.
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Discussion

The objective of this study was to test in vitro whether
the HaloLite, Prodose, and I-neb AAD systems deliver a
comparable dose of iloprost, in terms of aerosol charac-
teristics and inhaled mass. These 3 AAD systems have
been or are used in the clinic for delivering inhaled ilo-
prost. These devices are breath-actuated, which means that
a relevant in vitro study had to mimic patient use for both
the aerosol characterization and the measurement of in-
haled mass. The 3 systems performed comparably with
iloprost, in terms of aerosol characteristics and inhaled
mass.

The aerosol characterization was, however, a challenge,
because the devices are breath-actuated and therefore could
not simply be connected to an impactor and run in a con-
tinuous mode. The in vitro test setup was designed to
mimic a patient’s breathing pattern, and this required a
setup that triggered the aerosol device to deliver aerosol
during inspiration. The results of the pre-study validations
of the iloprost-extraction efficiency from the USP sample-
collection tube with filters and the results of the mass-
balance tests indicated that the in vitro test setup gave
reproducible performance. Because there are no USP guide-
lines for in vitro tests of nebulizers, we selected the in vitro
setup described in the USP guidelines for particle-size
determination with powder inhalers (required for regula-
tory approval).°

Are the particle sizes we measured for these 3 systems
with this specific in vitro setup then clinically relevant?
Recent publications highlight the requirement to run im-
pactors with a more clinically relevant 15 L/min continu-
ous flow through the impactor.®-!° Those studies did not,
however, address how to test an AAD system with a
low-flow impactor. In a recent study by Smaldone and
Nikander, the aerosol particle size from the I-neb was
measured in vitro with a low-flow impactor.!! In that study
a breathing simulator was used to mimic an adult breath-
ing pattern, and albuterol aerosol labeled with technetium
sulfur colloid was drawn through the low-flow impactor at
2 L/min, from the tubing connecting the I-neb to the breath-
ing simulator. The MMAD from 3 runs with the prototype
I-neb devices was 1.6 wm, which is reasonably similar to
our result of 2.1 wm. Thus, the similarity of the measured
particle sizes indicates that the high flow through the im-
pactor in our in vitro test setup did not distort the results.

The in vitro inhaled mass test was designed to mimic
patient breathing in an actual clinical situation.” Because
patients’ breathing differs, the HaloLite, Prodose, and I-
neb systems were engineered and tested in vitro to accom-
modate various breathing patterns recorded in both healthy
subjects and patients.>® The inhaled mass tests showed
that all 3 AAD systems accurately deliver doses close to
the preset doses of 2.5 ug and 5.0 ug of iloprost, and that
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82-91% of the aerosol was delivered in the fine-particle
range (< 4.7 um). The fine-particle dose ranged from
2.3 ugto 2.7 wg with the 2.5-ug dose, and from 3.9 ug to
4.8 wg with the 5.0-ug dose. This was achieved with
different aerosol delivery technologies, as HaloLite and
Prodose are based on an active Venturi jet nebulizer tech-
nology, whereas I-neb uses a mesh technology.> The dos-
ing algorithm used in HaloLite and Prodose was based on
a predicted linear drug output, so the preset dose to deliver
was a function of the cumulative inspiratory time (ie, the
sum of the pulses).3-> With the I-neb, the preset dose to be
delivered was a function of the size of the metering section
of the medication chamber.’

Previous results of in vitro tests with simulated breath-
ing showed that the HaloLite, Prodose, and I-neb deliver
preset doses of albuterol with a high degree of accuracy:
with the HaloLite, 92% of the doses were within = 25%
of the preset dose; with the Prodose 98% of the doses were
within £ 25% of the preset dose; and with the I-neb, 100%
of the doses were within =25% of the preset dose.>!? This
level of control cannot be achieved with conventional nebu-
lizers, because with those devices the dose delivered de-
pends on factors such as the patient’s breathing pattern and
the output characteristics of the specific nebulizer.>> As
adverse effects limit the escalation of dosage of drugs that
have a rather narrow therapeutic index, such as inhaled
iloprost, the use of inhalation systems capable of precise
dosing is important.'3

Conclusions

The present study bridged, through in vitro tests, the
performance of 3 generations of AAD systems. HaloLite
was used in the placebo controlled pivotal study of inhaled
iloprost in patients with pulmonary arterial hypertension
and thus was the comparator device for Prodose and I-neb
for delivery of inhaled iloprost.2 The results of the present
in vitro tests indicate that Prodose and I-neb are compa-
rable to HaloLite in terms of particle-size distribution,
fine-particle fraction, and inhaled mass.
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