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Objectives: To evaluate differences between three new-generation nebulizers—Pari LC Star
(Pari Respiratory Equipment; Mississauga, ON, Canada), AeroEclipse (Trudell Medical Interna-
tional, London, ON, Canada), and Halolite (Medic-Aid Limited, West Sussex, UK)—in terms of
rate and amount of expected deposition as well as the consistency of the doses delivered.
Methods: The in vitro performance characteristics were determined and then coupled to the
respiratory pattern of seven patients with cystic fibrosis (age range, 4 to 18 years) in order to
calculate expected deposition. The Pari LC Star and AeroEclipse were characterized while being
driven by the Pari ProNeb Ultra compressor (Pari Respiratory Equipment) for home use, and by
a 50-psi medical air hospital source. The Halolite has its own self-contained compressor.
Algorithms for the rate of output for the inspiratory flow were developed for each device. Patient
flow patterns were divided into 5-ms epochs, and the expected deposition for each epoch was
calculated from the algorithms. Summed over a breath, this allowed the calculation of the
estimated deposition for each patient’s particular pattern of breathing.

Results: The rate of deposition was highest for the Pari LC Star and lowest for the Halolite. Rate
of deposition was independent of respiratory pattern for the Pari LC Star and AeroEclipse, but
proportional to respiratory rate for the Halolite. The differences between the Pari LC Star and
AeroEclipse were less when driven by the 50-psi source. The AeroEclipse had the least amount
of drug wastage. As designed, the Halolite delivered a predetermined amount of drug very
accurately, whereas expected deposition when run to dryness of the other two devices had
significant variations.

Conclusions: To minimize treatment time, the Pari LC Star would be best. To minimize drug
wastage, the AeroEclipse would be best. To accurately deliver a specific drug dose, the Halolite
would be best. (CHEST 2004; 126:1619-1627)
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Abbreviations: CF = cystic fibrosis; CI = confidence index; OT = total drug output; RF = respirable fraction;
UV = ultraviolet; VR = residual volume

et nebulization is one of the mainstays of treat- colytics,2% and is also commonly used to deliver
ment for cystic fibrosis (CF), where it is used to bronchodilators for the emergency department
deliver medications ranging from antibiotics' to mu- treatment of asthma.* From previous studies,>”
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breath-enhanced nebulizers are more efficient than
unvented nebulizers, but not all breath-enhanced
nebulizers have the same efficiency,® with differ-
ences in residual volume (VR) and particle size
resulting in significant differences in expected pul-
monary depomtlon There is a new generation of jet
nebulizers that are breath actuated, producing med-
ication only during inspiration, which makes them
potentially even more efficient than the breath-
enhanced devices. At present, there are little com-
parative data available to help the clinician choose
between devices for specific applications.

All jet nebulizers have a nebulizing chamber con-
taining liquid medication and a high-pressure, high-
velocity jet of gas that creates a partial vacuum at the
exit orifice of the jet, resulting in the medication
being drawn up toward the high-velocity orifice,
where shear forces fragment the liquid into a poly-
disperse aerosol. The aerosol passes around a series
of baffles, where larger particles are removed by
inertial impaction and fall back into the reservoir for
renebulization. Particles that escape the baffles ei-
ther leave the nebulizer, or “rain out” and fall back
into the medication chamber under the influence of
gravity. Simplistically, the major difference between
unvented and breath-enhanced nebulizers is that the
patient’s inspiratory flow is entrained into the device,
and particles that would otherwise rain out are swept
along into the patient during inspiration.>® Hence,
the rate of output of breath-enhanced nebulizers
increases with increasing inspiratory flow and falls
back to baseline during expndhon when no flow is
entrained. Furthermore, since inertial impaction of
droplets on the baffles is in part dependent on
velocity of the particle, increases in entrained flow
increases the likelihood that larger particles will
impact on the baffles. This may give rise to a smaller
particle size distribution during inspiration as the
inspiratory flow increases.® Particles between 1 pum
and 5 pm in diameter are ideal for pulmonary drug
delivery, in that they are small enough so as not to be
removed by inertial impaction at the posterior phar-
ynx, but large enough to carry a significant amount of
drug. Given that particle volume is proportional to
the third power of the radius, particles < 1 pm carry
little drug. The fraction of the volume of the nebu-
lizer output carried in particles with a diameter = 5
pm is defined as the respirable fraction (RF).10-13

In terms of the appropriate choice of device, a
number of factors come into play. Clearly, the ability
to produce a high-density aerosol with a large RF
during the inspiratory phase is the basic principle,
but other factors such as VR at end nebulization are
an issue, especially if the medication is very expen-
sive.!* Since one of the challenges in the treatment
of CF is patient adherence to recommended treat-
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FIGURE 1. A schematic of the breath-enhanced nebulizer Pari
LC Star,

ment 1'egimens, devices that reduce treatment time
would be expected to offer advantages to the already
very time-consuming daily multifaceted treatment
activities of these patients.'>'7 The devices should
therefore be evaluated on the expected pulmonary
deposition of a specific dose, and the delivery time
required. The breath-enhanced nebulizer, the Pari
LC Star (Pari Respiratory Equipment; Mississauga,
ON, Canada) [Fig 1], has been shown to be one of
the more efficient breath-enhanced nebulizers.®
Breath-actuated nebulizers, such as the AeroEclipse
(Trudell Medical International, London, ON, Can-
ada) [Fig 2] and Halolite (Medic-Aid Limited, West
Sussex, UK) [Fig 3] have recently been developed.
The Halolite uses an adaptive aerosol delivery system
that can adapt the drug delivery to each patient’s
breathing pattern. Table 1 provides a functional
comparison of all three devices.

The purpose of this study was to compare the
three devices in terms of in wvitro performance,
expected in vivo rate of deposition, and in vivo
efficiency using the respiratory pattern of patients
with CF breathing through a nebulizer. Significant
end points are considered to be the percentage of
the initial dose that would be delivered to the lungs,
the time required to deliver a “target” dose, and the
ability to deliver a precise pulmonary dose. It is
recognized that the importance of these variables
depends on the expense of the drug being delivered,
the value in terms of possible greater adherence to
recommended therapy from rapid delivery, and the
therapeutic safety profile of the drug in terms of
accurately delivering a specific amount.

METHODS AND MATERIALS

Device Operation

The nebulizers and compressors used in this study were the
Pari LC Star nebulizer driven ])}_-‘ the Pari Proneb Ultra compres-
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FIGURE 2. A schematic of the breath-enhanced, breath-actuated nebulizer (BAN) AeroEclipse.

sar (Pari B(-‘spir:ltur_\' Ecluipm('nt]; the Aor()Eclipse nebulizer,
which was also driven ]))' the Pari COMPressor, as no sp&_‘(*ili(:
compressor was recommended; and the Halolite nebulizer with a
built-in compressor. The Halolite is a microprocessor-controlled
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FIGURE 3. A schematic of the breath-actuated nebulizer Halolite,
which uses al(lal]ixtiv(r aerosol delivery technology. Insert shows
breath tracing; dark areas represent device activation.
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device that activates the COMPressor on each inspimrinn. Three
examples of both the Pari LC Star and the AeroEclipse were
studied, but only a single Halolite device was available. The test
drug was 2.5 mg (0.5 mL) of albuterol (Ventolin Respirator
Solution; GlaxoSmithKline: Mississauga, ON, Canada) diluted
with 3.5 mL of saline solution. This was chosen because it lends
itself to ultraviolet (UV) spectrophotometry for quantification of
output. The Pari LC Star and the AeroEclipse were also
evaluated using compressed dry air (hospital air, 50-psi source) at
§ L/min, which is the same flow recommended by the manufac-
turer for the AeroEclipse. Flow from the compressor was
measured by a flow calibration instrument (Timeter RT200;
Allied Health Care Products, St. Louis, MO), and the flowmeters
on the hospital air line were calibrated to adjust for “back
pressure,”'? so as to deliver the expected t]r’i\’ing nebulizing flow.
When driving either the AeroEclipse or the Pari LC Star, the
output of the ProNeb Ultra compressor was 4.9 L/min.

Particle Size Distribution and Determining Nebulizer Output

Both the Pari LC Star and the AeroEclipse were characterized
in terms of particle size distribution and rate of output during
steady-state conditions. Briefly, the device was mounted to allow
aerosol to pass through the laser beam of a Malvern Mastersizer
X (Malvern Instruments; Worcestershire, UK), and p;u‘tic](r size
was measured using the Mie theory for transparent droplets.
Care was taken to avoid vignetting.'s This method has been
described in detail elsewhere.'® Measurements were made after
2 min of nebulization, which allowed the nebulizer to attain a
steady-state temperature,'? after which particle size distribution
and RF were calculated. In order to mimic entrained flow, air at
40% relative humidity was added at the point of the inspiratory
valve in flow increments of 5 L/min up to a maximum of 35
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Table 1—A Functional Comparison of the Pari LC Star, AeroEclipse, and Halolite

Pari LC Star

AeroEclipse Halolite

Breath enhanced

Inspiratory valve allows air to entrain
into the chamber during inspiration
when the flow of patient is greater
than nebulizing flow

Aerosol is only produced during the
inspiratory phase, making it
potentially very efficient

Expimtor_\' valve on moulllpiece prevents
exhaled gases from entering the
nebulizer

Treatment cumplete when device

sputters sputters

Breath enhanced
Breath actuated

When entrained flow is > 8 L/m, a
unique spring-loaded mechanism
allows the actuator piston to be
pu]l(—.'(l down onto the j(—.'t and
nebulization commences

Expiratory valve on |1l(}|1t]1pi{-.'ce
prevents exhaled gases from
entering the nebulizer

Treatment L'Ullll)l{'.‘l'(‘ when device

Breath actuated

Uses el(lalpti\-'t- aerosol d(—.‘liv(—.'r_v system,
which adapts drug delivery to each
individual patient’s breathing pattern

Device has two operating buttons; each
is designed to deliver the
manufacturer’s preset volume

Aerosolization begins when the patient
pushes the appropriate button
(albuterol for this study) and begins
I)l'eeltllillg

Halolite analyses the first three breaths
of the patient to determine the
breathing pattern

A pulse of drug is delivered every
subsequent breath only during the
first 50% of inspiration

No entrainment of flow on inspiration

Output is constant for each pulse and
independent of the inspiratory flow

Valves divert ventilation around
nebulizing chamber

Treatment is cmnpk.-tt- when the preset
dose has been delivered

L/min, and particle size distributions were measured in each
sitnation. For the AeroEclipse, the first level of entrained flow
was § T/min because the spring-loaded valve only opens when
entrained flow reaches this level. The microprocessor control of
the Halolite makes conventional particle sizing difficult since the
device is not designed to run continuously. This intermittent
operation results in differences in temperature of the aerosol
when nebulized continuously vs pulsed, The increased accuracy
of 2,000 sweeps during data gathering by the Malvern Master-
sizer X for particle size distribution caleulations in “continuous™
mode offsets the limited data achieved from a “pulse,” even with
differences in temperature of the aerosol being particle sized. To
create a continuous mode, the device was dismantled and the
back pressure created by the compressor when driving the
Halolite handset, which contains the nebulizing device and
microprocessor, was measured as 29 to 30 psi. The compressor
uses an elastic reservoir that allows pressure to increase during
expiration, and contributes to the compressor output during the
pulse of aerosol. This resulted in a driving pressure that is
considerably higher than that which would have occur if the
COMPressor were (Iri\-'ing the nebulizer (!(mtinu(:ush-', The micro-
processor within the Halolite handset was dismantled, and the
nebulizer was driven by a dry air gas source at a flow matching
the back pressure previously measured from the Halolite com-
pressor, which resulted in an output flow of 5.4 L/min. The
mouthpiece of the handset was positioned to send a continuous
stream of aerosol across the laser beam. Since there is no
entrained flow, only one measurement condition was necessary.

Prior to the particle size measurements, devices were weighed
empty (for the Halolite, this was only the medication chamber),
filled, and reweighed using an electronic balance (BL150; Sarto-
rius Corporation; Edgewood, NY). After 4 min of steady-state
output, the devices were reweighed. Changes in drug concentra-
tion due to evaporative losses were assessed initially by changes in
UV spectrophotometry and water vapor pressure osmolarity
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(Advanced Micro-Osmometer 3300; Advanced Instruments;
Norwood, MA). Eventually, only osmolarity was used since the
uimp]vl' te Lhnitlue gives identical results to the more (mnp]ox uv
spectrophotometry. The drug output over the nebulization pe-
riod was calculated from the VR and the changes in concentra-
tion, as seen in J\l‘)plﬂl(]lx 1.

For each 4-min run under each condition of entrained flow, the
total rate of output and that in the RF was calculated, and the
mean taken for the three examples of both the Pari LC Star and
the AeroEclipse. Polynomial curve-fitting techniques were used
to create the algorithm for the rate of output—total and within
the RF—over the range of entrained flow. Filla,“}-', both the Pari
LC Star and the AeroEclipse were run to dryness, defined as the
absence of mist for at least 10 5,512 to allow the calculation of the
total output of the device. The details of these techniques have
been described 51920 Output data for the Halolite were collected
by connecting it to a modified Harvard pump (Model 613;
Harvard Apparatus; Holliston, MA) that delivered two half-sine
waves, with an inspiratory time/total time of respiratory cycle
(TyTTOT) 0f 0.4, a tidal volume of 500 mL, and a respiratory rate
of 20 breaths/min. These settings approximate the tidal volumes
and timing of actual patient flow traces (see below). The Harvard
pump was run until the Halolite sensed that the preset volume
had been delivered. The output was calculated from the drug
remaining in the nebulizer cup via gravimetric techniques and
changes in osmolarity, which had complete agreement with UV
spectrophotometry. When the output multiplied by the RF is
divided by the number of breaths, the result is the expected
deposition per breath.

Caleulation of Estimated Pulmonary Deposition
From a previous study?®' digitized breath tracings of seven

patients with CF (age range, 4 to 18 years) breathing through a
nebulizer (Table 2) were used. Patients with FEV, values = 60%

Laboratory and Animal Investigations

Find authenticated court documents without watermarks at docketalarm.com.



https://www.docketalarm.com/

Table 2—Demographic Information on the Seven

Patients Whose Breathing Patterns Were Used To

Calculate Estimated Pulmonary Deposition and In
Vivo Efficiency*

Patient  Age, llvight. \\"eight, FEV,. % Respiratory Rate,
No. vr em kg Predicted Breaths/min
1 11 138 28 84 17.1
2 11 141 34 76 18.7
3 7 122 22 68 31.4
4 18 174 53 113 18.9
5 7 122 23 78 41.6
6 14 142 31 26 40.7
7 4 159 42 55 24.6

#*From Coates et al 2!

predicted had essentially normal patterns of breathing, although
the younger ones tended to be a bit tachypneic w hcn bnatlmlg
on the nebulizer. The child with the worse lung function (FEV,
< 30% predicted) was tachypneic at rest. The respiratory wave-
forms were broken into 5-ms epochs and were used to calculate
the expected deposition. Three breaths were chosen from a
patturu that showed 1‘(-g11|eu‘ l‘(?.‘il)irilti()ll, and the same three
breaths were used to caleulate expected deposition for each
apparatus. Entrained flow was calculated by subtracting the
nebulizer driving flow from the inspiratory flow. When this
resulted in a negative number it was defined as zero, since the
one-way inspiratory valve would be closed. The spring-loaded
valve on the AeroEclipse does not open until the entrained flow
reaches 8§ L/min; output was considered zero until this occurred.
From the algorithms of the total rate of output and that in the RF
for the Pari LC Star and the AeroEclipse, the output in each 5
ms-epoch for the specific entrained flow of the epoch was
calculated and summed over the entire breath. These calculations
are illustrated in Appendix 2. The results are reported as the
mean of three breaths for each patient. This allows the in vivo
efficiency, defined as the output during inspiration in the RF
divided by total output over the entire respiratory cycle,® to be
calculated. For the Halolite, in vivo efficiency was eqlm] to the
output in the RF (llmn;., inspiration since there is no expiratory
drug loss.

Validation of Assumptions

To test the assumption that the output of the Pari LC Star and
the AeroEclipse that was determined under steady-state condi-
tions were valid under dynamic conditions, they were connected
to the Harvard pump with the settings described above and run
for 3 min. Total drug output (OT) was calculated as described
above. The two half waves from the Harvard pump were known
mathematically and were entered as the “patient’s” breathing
pattern. Using the algorithm for rate of drug output, the output
over 3 min was calculated and compared to the measured output.

Device evaluation and comparison included the expected

pulmonary drug deposition per breath and per minute, in vivo
efficiency, overall efficiency in terms of expected deposition in
relation to the initial charge in the nebulizer, and for the Halolite
the accuracy of the device to deliver a preset amount of drug. The
calculated output and expected pulmonary deposition of the Pari
LC Star and AeroEclipse, as well as the length of time to run to
dryness were compared to the Halolite. To have comparable data,
the time to deliver a selected predetermined dose was calculated
for each device. The predetermined dose was defined as the dose
delivered h}-’ the Halolite after four button presses, which was

www.chestjournal.org

DOCKET

_ ARM

found to be essentially equivalent to its point of dryness. The time
difference between the devices for each of the seven patients was
calculated. The results are expressed as means * 95% confidence
limits. Differences in patient size and device performance were
explored by regression analysis.

RESULTS

The steady-state in vitro assessment of both the
total rate of output and that in the RF for the Pari
LC Star and AeroEclipse is shown in Figure 4. With
increasing entrained flow, the Pari LC Star increases
both the OT and that in the RF. The AeroEclipse
begins producing aerosol when the entrained flow
reaches 8 L/min (patient inspiratory flow is 13 L/min
when the compressor driving flow is taken into
consideration), and there is a slight fall off in OT with
increasing entrained flow, but there is an initial small
increase in the RF, indicating a smaller particle size
distribution with increasing flows. Given the design,
the Halolite provides a constant output of 0.0029 mg
per breath when it is activated.

When the mathematically predicted output of the
Pari LC Star and the AeroEclipse for the two half
sinusoidal waveforms for the Harvard ventilator are
cun'lpared to the actual output, there is no difference
between the two (0.0089 £ 0.0001 mg per breath
vs 0.0090 % 0.0000 mg per breath, and 0.0046 +
0.0001 mg per breath vs 0.0045 = 0.0002 mg per
breath for the Pari LC Star and the AeroEclipse,
respectively [mean = 95% confidence index (CI)].
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Ficure 4. Rate of output (total and in RF) in relation to
entrained flow for the Pari LC Star and f\(*m[-",clipst’. while ]wiug
driven by the compressor.
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