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BACKGROUND: The Acapella device produces high-frequency oscillations and positive expiratory
pressureto promote bronchial secretion clearance. Its performance during aer osol delivery has not
been described. We evaluated the effect of nebulizer and Acapella configuration on pulmonary
deposition of radio-tagged aerosol in healthy subjects. METHODS:. Ten healthy male subjects
(mean age 24.4 = 2.2 y) participated in a crossover study that compared pulmonary delivery of
4 mL of technetium-99m-labeled diethylene triamine penta-acetic acid (25 mCi) and 0.9% saline
solution via jet nebulizer. We tested 3 configurations. nebulizer attached to the distal end of the
Acapella; nebulizer placed between the mouthpiece and the Acapella; and nebulizer alone (contral).
With scintigraphy we measured radio-aerosol deposition in 6 lung regions: upper, middle, lower,
central, intermediate, and peripheral. RESULTS: Deposition was similar between theright and left
lungs, with no significant differences between device configurations. Lung deposition was less with
thenebulizer attached to the Acapellathan with nebulizer between the mouthpiece and the Acapella
(P =.001, for both lungs) or without the Acapella (P = .003 and P = .001 for theright and left lungs,
respectively). There was no significant difference between the setup without Acapella and the setup
with the nebulizer between the mouthpiece and the Acapella (P = .001, for both lungs). On the
vertical axis, deposition was lower with the nebulizer attached to the distal end of the Acapella than
with the nebulizer between the mouthpiece and the Acapella (upper region P < .001, middleregion
P = .001, lower region P = .003), and lower with the nebulizer attached to the distal end of the
Acapella than with the setup without Acapella (upper and middle region both P = .001, lower
region P = .002), with up to a 3-fold difference in the middle and lower regions. On the central-
peripheral axis, deposition was lower with the nebulizer attached to the distal end of the Acapella
than with the nebulizer between the mouthpiece and the Acapella (central region P < .001, pe-
ripheral region P < .001), and lower with the nebulizer attached to the distal end of the Acapella
than with the setup without Acapella (central and peripheral regions both P = .002), with differ-
ences of 3—4-fold between the central and peripheral regions. CONCLUSIONS: Placing the neb-
ulizer distal to the Acapella, as recommended by the manufacturer, decreased intrapulmonary
deposition, compared to placing the nebulizer between the Acapella and the patient airway, or
delivering aerosol without the Acapellain the circuit. (Clinical Trials.gov NCT01102166) Key words:
nebulizer; aerosol; pulmonary scintigraphy; aerosol deposition; positive expiratory pressure; oscillatory
PEP. [Respir Care 2014;59(3):328—333. © 2014 Daedalus Enterprises]
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Introduction

The clearance of pulmonary secretions is directly affected
by changes in cross-sectiona area of the airways, the com-
position and production of mucus in the respiratory tract,
ciliary function, and cough reflex.t Inflammatory and infec-
tiousdiseasesor dyskinetic syndromessuch asasthma, chronic
bronchitis, and cystic fibrosis can involve hypersecretion and
blockage of the airways by mucus2 The retention of lung
secretions can result in complete or partial obstruction of the
airways, which resultsin atelectasis, lung hyperinflation, and
increased respiratory muscle load.3

See THE RELATED EDITORIAL ON PAGE 441

Inhalation of medical aerosols promotes hydration and
reduction of secretions viscosity, optimizing mucociliary
clearance.# Thus, inhalation of drugs transported as inhal-
able particles may ater mucus rheology and has become
clinicaly accepted as an adjunct to physiotherapy in the
treatment of chronic lung conditions.5 In addition, inhala-
tion increases mucociliary clearance by influencing ciliary
function, increasing osmotic drive, and altering mucus vis-
coelasticity. Thisresultsin reduction of viscosity and aug-
mentation of sputum clearance.®

Bronchia hygiene therapy involves the use of noninvasive
and invasive techniques to assist the mobilization and clear-
ance of secretions.” The methods of bronchia hygiene re-
ported in the literature include positive expiratory pressure
(PEP) and high-frequency oscillation of the airway. The prin-
ciple of PEP is based on generating positive pressure to splint
open and stabilize airways, preventing bronchia collapse.
PEP is aso thought to improve collateral ventilation to allow
better distribution of gas beyond occluded airways.” Oscilla
tory PEP may have added benefit over the PEP mask alonein
helping to didodge thick secretions from the airway walls
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Current knowledge

Positive expiratory pressure (PEP) and oscillatory PEP
devices are commonly used to aid bronchial secretion
clearance. Delivering aerosol therapy during PEP may
alter the aerosol and the aerosol delivery.

What this paper contributes to our knowledge

Placing the jet nebulizer distal to the PEP device de-
creased pulmonary deposition, compared to placing the
nebulizer between the patient and the PEP device, or
using the nebulizer alone.

and decrease mucus viscod adticity.2° High-frequency oscil-
lation of both the chest wall and airway have been shown to
facilitate secretion clearance.°

The Acapella high-frequency oscillatory PEP device
(Smiths Medical, Watford, United Kingdom) produces os-
cillations during exhalation by intermittently occluding the
air flow with a magnetic, adjustable valve that allows ad-
justment of frequency, oscillation amplitude, and mean
pressure through 5 levels, via a dia on the device. It is
suggested that expectoration can be optimized when the
applied pressurefrequency coincideswith theciliary move-
ment, approximately 13 Hz.19 Acapella can be used in any
position, does not depend on the slope or level of PEP, and
allows concomitant aerosol administration.!?

We hypothesized that the placement of the nebulizer
distal to the Acapella, as recommended by the manufac-
turer, would reduce aerosol lung delivery, compared to
more proximal placement (between deviceand mouthpiece)
or compared to nebulizer alone. The aim of this study was
to evaluate the effect of aerosol generator placement in 2
different positions during use of the Acapella device on de-
livery of radio-labeled aerosol to the lungs of hedthy sub-
jects. Thisis the first study to analyze radio-aerosol deposi-
tion in norma subjects with and without the Acapella.

Methods
This randomized crossover clinical tria received ap-
proval from the ingtitutional ethics and human research
committee at the Universidade Federal de Pernambuco,
and subjects gave written informed consent. The study was
performed at Portugués Hospital, Recife City, Brazil.
Subjects

The inclusion criteria were: no history of asthma or
other lung disease; age 18-30 years; and FVC, FEV,, and
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Fig. 1. Test configurations. A: Nebulizer attached to the distal end of the Acapella. B: Nebulizer attached via T-piece to the proximal end
of the Acapella. C: Control setup: nebulizer and mouthpiece without Acapella.

peak expiratory flow all = 80% of predicted. The exclu-
sion criteria were history of smoking and signs or symp-
toms of illness (fever, tachycardia, and tachypnea) or re-
spiratory disease.

Procedures

A jet nebulizer (ST3, NS, S&o Paulo, Brazil) operated a
7 L/min with compressed air was used in al configurations.
Thenebulizer’ smassmedian aerodynamic diameter (MMAD,
3.6 wm) and geometric standard deviation of (2.2 wm) were
previoudy determined with via cascade impactor, using stan-
dard United States Pharmacopoeia methods.

Device Configurations

The subjects were randomly allocated to receive aerosol
with 3 device configurations (Fig 1):

A: With the nebulizer attached to the distal end of the
Acapella, per the manufacturer’s recommendation (distal)

B: With the nebulizer connected to a T-piece between
the mouthpiece and the Acapella (proximal)

C: With the nebulizer attached to a standard mouth-
piece, without the Acapella in the circuit (control)

A clinical assessment was performed and data measure-
ments included age, weight, height, body mass index, spi-
rometry, and maximal inspiratory pressure. FVC, FEV,,
and peak expiratory flow were measured with a spirometer
(2110, Vitalograph, Buckinghamshire, United Kingdom)
according to the American Thoracic Society standards.'2
Maximal inspiratory pressure was measured with a manom-
eter (MV-150, Ger-Ar Comeércio de Produtos Médicos, Séo
Paulo, Brazil), with the subject seated and with a nose clip,
and ingtructed to perform a maxima inspiration during a
minimum of 1 second.?2® Three measurementswere performed
and the highest value was retained for anaysis.

The scintigraphy procedures were developed in the De-
partment of Nuclear Medicine. The subjects performed
aerosol inhalation based on the randomization schedule,
and then underwent scintigraphy. Four milliliters of 0.9%
physiologic saline solution containing technetium-99m-
labeled diethylene triamine pentaracetic acid (25 mCi) was
nebulized over 9 min. The aerosol was inhaled via mouth-
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Fig. 2. Lung regions of interest. A: Upper third (U), middle third (M),
and lower third (L). B: Central region (C), intermediate (l), and
peripheral region (P).

piece, with the subject seated upright. All the subjects were
previoudly trained for deep breathing and inspiratory pause.4

Immediately after aerosol administration scintigraphy was
performed with agammacamera(ADAC Forte, Philips, Eind-
hoven, The Netherlands), during a period of 300 seconds,
using a matrix of 256 X 256 X 16 in the posterior position.

The lung images were divided into regions of interest ver-
tically (upper, middle, and lower thirds) and on the central-
peripheral axis (centrd, intermediate, and peripherd) (Fig. 2),
and the radiation counts in the regions of interest were cal-
culated.’s With each subject a wash-out period minimum of
7 days was used between radio-labeled agrosol exposure, to
ensure clearance of the inhaled radioactive material.

Statistical Analysis

For statistical analysisthe K olmogorov-Smirnov test was
used to analyze normality, followed by analysis of vari-
ance and the Tukey post hoc test, in statistics software
(SPSS 18.0, SPSS, Chicago, lllinois). The results are ex-
pressed as mean = SD, and we considered differences
statistically significant at P < .05.

Results

Of the 14 healthy males we included, only 10 completed
the protocol: 2 dropped out due to claustrophobia, and 2
retracted consent. The mean values in the 10 subjects who
completed the protocol were: age 24.4 + 2.2 years, body
mass index 22.6 + 2.6 kg/m? peak expiratory flow
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Fig. 8. Radio-aerosol pulmonary deposition in the right versus left
lungs. * P = .001 via analysis of variance and Tukey post hoc test.
The tops of the data bars represent the means. The whisker bars
represent the standard deviations.
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Fig. 4. Radio-aerosol pulmonary deposition in the upper, middle,
and lower thirds of the right lung. The tops of the data bars represent
the means. The whisker bars represent the standard deviations.

583 = 41 L/min, FEV, 43 = 05L,FVC4.7 = 0.6 L, and
maximal inspiratory pressure 110 = 16 cm H,0.

Deposition in the right and left lungs was similar with
al the configurations studied. There was less total depo-
sition with configuration A than with B or C (Fig. 3).
There was no significant difference between configuration B
and C. The differences between the regions of interest were
up 3-fold greater with B and C, compared to A.

All 3 vertical regions (upper, middle, and lower third)
had less aerosol deposition, in both lungs, with A than
with B and C (Fig. 4). The ratio of upper to lower depo-
sition was marginally higher with A (0.70 = 0.21) than
with B or C (0.6 = 0.11 and 0.58 + 0.12, respectively).
Similarly, the central-peripheral axis regions showed less
deposition with configuration A than with B or C (Fig. 5).
The ratio of central to periphera deposition trended lower
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Fig. 5. Radio-aerosol pulmonary deposition in the central, inter-
mediate, and peripheral regions of the right lung. The tops of the
data bars represent the means. The whisker bars represent the
standard deviations.

with configuration A (0.89 + 0.11) than with B or C
(1.05 £ 0.23 and 0.93 = 0.12, respectively).

The distribution of radio-aerosol deposition inside the
Acapella differed with the nebulizer at the inlet of the
Acapella versus at the outlet (Fig. 6).

Discussion

Placing the nebulizer at the distal end of the Acapella
significantly decreased pulmonary deposition of radio-
aerosol, compared to placing the nebulizer at the proximal
end of the Acapella, and compared to nebulizer alone, in
both the right and left lungs. The primary reason for the
lower pulmonary deposition of radio-aerosol with distal
nebulizer placement islikely theinertial impaction of larger
aerosol particles as they pass through the Acapella, which
makes less aerosol available for inhalation. Internal mech-
anisms that create turbulent or transitional flow increase
the deposition of larger particles.’® This is supported by
the report of Berlinski and Hayden,'®¢ who evaluated
changes in aerosol particle size from 2 continuously op-
erated jet nebulizers with several PEP and oscillatory PEP
devices. The MMAD of aerosol produced by the Hudson
nebulizer (4.1 uwm) was reduced to 1.2 uwm with both the
Acapella Choice and Acapella Duet, when used as recom-
mended by the manufacturer (distal and inferior, respec-
tively). Thissupportsour suppositionthat theinternal mech-
anisms of an oscillatory PEP device filter larger aerosol
particles, reducing the total dose of aerosol available for
inhalation (however, this was not reported). Thisreduction
in particle size was associated with an increase of fine-
particle fraction (< 5 um), from 59% to > 87%, which
might be expected to have a greater peripheral deposition
than the aerosol with the larger MMAD produced by the
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Fig. 6. Radio-aerosol distribution inside the Acapella with (A) the
nebulizer attached to the distal end of the Acapella, (B) the neb-
ulizer attached to the proximal end of the Acapella. C: Orientation
of the Acapella in Figures 6A and 6B.

nebulizer alone. Thisis consistently greater peripheral de-
position, or a lower central-to-peripheral deposition ratio.
In testing of the Pari LC Plus nebulizer with its proprietary
PEP valve at settings of 1.5 to 4.5, Berlinski and Hayden6
found no changes in MMAD or geometric standard devi-
ation. The Pari PEP systems did not change the nebulized
albuterol characteristics.
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Wedid not find the hypothesized difference between prox-
imal nebulizer placement (between the Acapella device and
the patient) and the nebulizer alone in the normal subjects
tested. This suggests that placing the nebulizer between the
Acapella and the mouthpiece did not substantially change the
fraction of deposited dose in the lung, versus control.

Laube et al*” compared pulmonary delivery of radio-
labeled aerosol delivery from ajet nebulizer (Pari LC Plus)
with and without PEP in patients with cystic fibrosis. They
reported reduced pulmonary delivery with PEP, and amod-
estly lower central/peripheral ratio, compared to nebulizer
aone. Our findings are consistent to the point that we also
had a modest trend toward lower central/periphera ratio
and reduced pulmonary deposition with Acapellain con-
figuration A, but not with B or C.

In contrast to Berlinski and Hayden,'6 Laube et a7 re-
ported a reduced MMAD of 3.3 wm with PEP and 4.07 um
without PEP, with similar geometric standard deviations
(261 wm and 2.78 um, respectively). This lower MMAD
may account for the difference in both pulmonary deposition
and distribution. Those authors used a controlled breathing
pattern during PEP exhalation, to maintain a target during
exhalation, which may have increased the expiratory time
and reduced the percent of aerosol inhaled from continuous
nebulization, resulting in the reduction versus nebulizer alone.
They did not find the expected distribution difference to the
periphery or upper regions of interest in their population of
patients with severe cystic fibrosis lung disease.

In normal subjects we aso did not find the expected level
of increase in periphera or upper-lobe distribution with Aca
pella, in either configuration. This might be due to the nature
of the norma condition of the airways, so Acapella did not
have “floppy” airways to splint or obstructed airways for
collateral ventilation to impact dista distribution.

We believe that the lower deposition of radio-aerosol
found with the manufacturer-recommended distal position
can be attributed to particle impaction inside the Aca-
pella,t which has several small-diameter internal ducts
that increase the likelihood of impaction.

We found higher deposition in the middle and lower
thirds than in the upper third, with all 3 configurations.
This distribution in normal subjects may be attributed
mainly to the vertical difference in pleural pressure be-
tween the upper and lower lung regions.18

According to Alderson and Line,'® other factors also
influence the distribution of particles into the lungs, such
as minute ventilation, inspiratory pressure, and nebuliza-
tion position during inhalation. Ventilation per unit vol-
ume decreases from the base to the apex of the lung, as a
result of regional differences in intrapleural pressure re-
sulting from gravitational influences.28

In the lung, the gravitational and retractable forcesact in
the same direction, making the subatmospheric intrapleu-
ral pressure more negative in the apex than in the lung
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base, where the gravitational and retractable forces act in
opposite directions. Asaresult, alveoli in the apex become
more expanded and |ess compliant, with a small changein
volume during inspiration. Moreover, aveoli in the base
are less expanded and more compliant and have a greater
change in volume during inspiration.’® In addition, our
findings corroborate a study of radio-aerosol deposition
coupled with bi-level ventilation in normal subjects.14

We found more deposition in the intermediate and pe-
ripheral regions than in the central region with all 3 con-
figurations. The flow favors deposition in the large air-
ways, owing to the inertial impact and possibly the greater
radio-aerosol deposition in those areas is related to the
aerosol particle size.2%-22 Another important consideration
is that the intrapleural pressure change is relatively uni-
form on the central-peripheral axis, so there is no central-
peripheral change in ventilation per unit alveolar volume
in the upright position.18

We used normal subjects to have a homogenous popu-
lation in which to determine the impact of device config-
uration on pulmonary deposition, without having to ac-
count for differences in disease severity. It was beyond the
scope of this study to isolate variables in obstructive pul-
monary diseasesthat might impact aerosol distribution dur-
ing oscillatory PEP. As our objective was to determine
differences in distribution in the lungs and across regions
of interest, we did not perform a mass balance to express
lung deposition as a percentage of nominal dose.

Conclusions

Placing the nebulizer distal to the oscillatory PEP de-
vice decreased intrapulmonary deposition, compared to
proximal placement, and compared to nebulizer alone.
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