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BACKGROUND: Patients with cystic fibrosis perform airway clearance techniques and receive
nebulized medications on a regular basis. Some positive expiratory pressure (PEP) devices allow
concomitant administration of aerosol. | hypothesized that this practice alters the aerosol charac-
teristics and patient dose. | compared the aerosol characteristics and patient dose of nebulized
albuterol from 2 types of nebulizer, alone and when connected to different PEP and vibratory PEP
devicess METHODS: Three units of a continuous-output nebulizer (Up-Draft II Opti-Neb) and 3
units of a breath-enhanced nebulizer (LC Plus) were tested alone and connected to PEP devices
(Acapella Choice, Acapella Duet, and EzPAP for Up-Draft |11 Opti-Neb, and Pari PEP at 2 different
settings, and Pari PEP S system with the LC Plus). Aerosol characteristics were evaluated with a
cooled cascade impaction technique. The nebulizers were loaded with 2.5 mg/3 mL albuterol solu-
tion and operated for 4 min at 6 L/min (wall air). Patient dose was evaluated with simulated
breathing patternsfor a child, small adult, and large adult. Albuterol was assayed via spectropho-
tometry. RESULTS: Connecting the LC Plus to the PEP devices did not change the aerosol char-
acteristics or patient dose. Connecting the Up-Draft || Opti-Neb to the PEP devices significantly
reduced the mass median aerodynamic diameter, from 4.13 pum to 3.72 um with EzPAP (P = .02),
1.24 pm with Acapella Choice (P < .001), and 1.22 um with Acapella Duet (P < .001). The total
amount of albuterol captured by the impactor decreased when connected to either Acapella Choice
(65%) or Acapella Duet (69%), with 17-25% retained in the PEP devices. Patient dose decreased
by 76% and 84% when connected to Acapella Choice and Acapella Duet, respectively. CONCL U-
SIONS: Concomitant use of nebulizer and PEP or vibratory PEP devices that obstruct the aer osol
pathway significantly decrease the aerosol particle size and the patient dose. Key words. PEP;
vibratory PEP; nebulizer; particle size; aerosol characteristics; albuterol. [Respir Care
2014;59(2):216—222. © 2014 Daedalus Enterprises]

Introduction

Cystic fibrosis is the most common genetic lethal dis-
ease in the white population. A defect in the cystic fibrosis
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transmembrane regulator channel leads to a multi-organ
disease that mainly affects the lungs and nutritional sta-
tus.t Currently recommended therapies include severa
aerosols (dornase alfa, 7% hypertonic saline, abuterol,
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antibiotics, and corticosteroids), airway clearance thera
pies, nutritional support, and enzyme and vitamin replace-
ment therapy.23

The addition of new therapies has increased the amount
of time patients with cystic fibrosis devote to their treat-
ments. Aerosol treatments and airway clearance therapies
are combined to try to reduce treatment time. Aerosols are
administered during high-frequency chest compression,
without changing the configuration of the nebulizer. Pos-
itive expiratory pressure (PEP) and vibratory PEP devices
can be adapted to concomitantly administer the aerosol
and perform the airway clearance therapies.

Particle size is an important factor in determining in-
trapulmonary deposition of inhaled aerosols.> Laube et a
reported a decrease in intrapulmonary deposition and a
slightly more peripheral aerosol distribution when a
breath-enhanced nebulizer was coupled to a PEP device.®
Dornelas de Andrade et a reported a decrease in intra-
pulmonary deposition when a vibratory PEP device was
coupled to a nebulizer.” The coupling of nebulizer and
PEP/vibratory PEP could result in intra-device aerosol im-
paction, thus affecting particle size and amount and dis-
tribution of intrapulmonary deposition.

| hypothesized that the concomitant use of PEP/
vibratory PEP devices connected to a nebulizer would
change the aerosol characteristics of nebulized albuterol.
In this in vitro study | compared aerosol characteristics
and patient dose with a continuous-output nebulizer and a
breath-enhanced nebulizer, alone and when connected to
the PEP/vibratory PEP devices.

M ethods

Thisin vitro study was performed at the Pediatric Aero-
sol Research Laboratory at the Arkansas Children’s Hos-
pital Research Institute. The study included 2 parts: deter-
mination of particle size via cascade impaction, and
determination of albuterol output via breathing simulation.

Nebulizers and PEP Devices

Three units of a continuous-output jet nebulizer (Up-
Draft 1l Opti-Neb, Teleflex Medical, Research Triangle
Park, North Carolina) and 3 units of a breath-enhanced
nebulizer (LC Plus, Pari Respiratory Equipment, Midlo-
thian, Virginia) (LC Plus) were tested. Figure 1 shows the
setups. The Up-Draft 11 Opti-Neb was tested with the Aca-
pellaChoice, AcapellaDuet, and EzZPAPPEPdevices(all by
SmithsMedical, Watford, United Kingdom). Withthe Aca-
pella Choice and Acapella Duet the expiratory resistance
setting was 1, and with the EzPAP the pressure was
5 cm H,0.

The Acapella Duet is a transparent reusable vibratory
PEP device that allows concomitant nebulization when
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Current knowledge

Airway-clearance therapy for patients with cystic fibro-
sis commonly includes aerosol and positive expiratory
pressure (PEP) or vibratory PEP devices. Devices that
combine aerosol therapy and PEP have been introduced
to enhance aerosol therapy and reduce airway-clearance
treatment duration.

What this paper contributes to our knowledge

Simultaneous administration of nebulized aerosol with
PEP (or vibratory PEP) devicesthat obstruct the aerosol
pathway significantly reduced the aerosol particle size
and the dose delivered to the patient.

placing the nebulizer at the port located at the bottom of
the device. Corrugated tubing was placed at the end of the
device to act as an aerosol reservoir. The Acapella Duet
has a one-way inspiratory valve. The Acapella Choiceisa
green reusable vibratory PEP device that allows concom-
itant nebulization when connecting the nebulizer at the
distal fitting of the device via T-piece. The EzPAP is a
transparent PEP device that allows concomitant nebuliza-
tion by placing a T-piece with nebulizer between the PEP
device and the mouthpiece.

The LC Plus was tested alone, with the Pari PEP system
(Pari Respiratory Equipment, Midlothian, Virginia, with
resistance settings of 1.5 and 4.5), and with the Pari PEP S
system (with resistance setting of 1.5) (Fig. 2). All con-
nections were made according to manufacturer recom-
mendations. The Pari PEP system replaces the nebulizer
inspiratory valve of the Pari LC Plus, and it is used with a
mouthpiece, without exhalation valve. The Pari PEP S
connects to the Pari LC Plus, replacing the mouthpiece,
and has different resistance settings, providing a pressure
range between 10 and 20 cm H,0.

Aerosol Particle Size Characterization

The nebulizers were weighed on a precision scale when
dry, and after loading a unit dose (2.5 mg/3 mL) of albu-
terol sulfate (Dey, Napa, California). The nebulizers were
operated at 6 L/min with wall air, and the accuracy of the
flow was verified before each test with a mass flow meter
(4043, TSI, Shoreview, Minnesota). The nebulizers were
then connected to a cascade impactor (Next Generation
Impactor, MSP, Shoreview, Minnesota) assembled with
internal and external filters (GC-50, Advantec MFS, Dub-
lin, Cdlifornia) cooled to 4 °C for 90 min. The cascade
impactor was connected to a suction pump (HCP5, Copley
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Fig. 1. Test setups with the Up-Draft I| Opti-Neb nebulizer and 3
positive expiratory pressure (PEP) devices: Acapella Duet, Aca-
pella Choice, and EzPAP. The extension tube length is 15 cm.

Pari PEP S

-

LC Plus

LC Plus LC Plus

Fig. 2. Test setups with the LC Plus nebulizer and 2 positive ex-
piratory pressure (PEP) devices: Pari PEP, and Pari PEP S.
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Fig. 3. Experimental setup to measure aerosol characteristics.

Scientific, Nottingham, United Kingdom) calibrated to
15 L/min with a mass flow meter (4043, TSI, Shoreview,
Minnesota), and used within 5 min of removing it from the
refrigerator.8 The Up-Draft |1 Opti-Neb was adapted to the
impactor’ sinduction port with a T-piece. The LC Pluswas
connected by its mouthpiece with its exhalation port sealed
(Fig. 3). The nebulizers were operated for 4 min, after
which the nebulizers were re-weighed, and the cascade
impactor was disassembled. They were all washed with
ultra-pure water, which was analyzed for albuterol via
spectrophotometry (Biomate 3 UV-Vis, Thermo Fisher
Scientific, Waltham, Massachusetts), at 276 nm. Samples
with a known albuterol concentration were used to create
the calibration curve. The Acapella Choice and Acapella
Duet deviceswere a so washed with ultra-purewater, which
was analyzed for albuterol concentration.
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Fig. 4. Experimental setup to measure patient dose with breathing
simulation.

The nebulizers, either alone or connected to the PEP
devices, were tested in duplicate (n = 6 for each config-
uration).

The following parameters were calculated according to
the United States Pharmacopeia and European Pharma-
copeia recommendations, using CITDAS V3.1 software
(Copley Scientific, Nottingham, United Kingdom): mass
median aerodynamic diameter (MMAD), geometric stan-
dard deviation, percentage of particles < 5 um, percent-
age of particles 1-3 um,#1° and total albuterol mass cap-
tured by the cascadeimpactor. Mass balance was cal cul ated
for each device.

Patient Dose

Patient dose was evaluated with a breathing simulation
technique. Three units of the Up-Draft 1l Opti-Neb and
L C Plus were tested. The nebulizer was weighed dry, and
after 2.5 mg/3 mL of abuterol sulfate was loaded in the
nebulizer. The nebulizers were operated for 5 min at 6 L/
min with wall air, and the accuracy of the flow was ver-
ified before each test with a mass flow meter (4043, TSI,
Shoreview, Minnesota). The nebulizers were then con-
nected to a low-dead-space filter holder containing an in-
halation filter (Pari Respiratory Equipment, Midlothian,
Virginia) and connected in series to a breathing simulator
(Compeass, Pari Respiratory Equipment, Midlothian, Vir-
ginia) (Fig. 4). Three breathing patterns were tested:

e Older child: tidal volume (V+) 200 mL, breathing fre-
quency 20 breaths/min, inspiratory/expiratory ratio 1:2

e Small adult: V+ 500 mL, breathing frequency 15 breaths/
min, inspiratory/expiratory ratio 1:2

e Largeadult: V+ 770 mL, breathing frequency 12 breaths/
min, inspiratory/expiratory ratio 1:2

The accuracy of the delivered V+ was verified with a
mass flow meter (4043, TSI, Shoreview, Minnesota). The
nebulizers were reweighed upon completion of testing.
The filters were washed with ultra-pure water. The filters
and the nebulizer cups were analyzed for albuterol con-
centration via spectrophotometry.

The nebulizers were tested alone and connected to the
PEP devices, using each of the breathing patterns (n = 3
for each configuration).
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Fig. 5. Mass median aerodynamic diameter (MMAD) of aerosols
from the Up-Draft Il Opti-Neb and LC Plus nebulizers, alone
and connected to PEP devices: Acapella Duet, Acapella Choice,
EzPAP, Pari PEP, and Pari PEP S, with the resistance set at 1.5 or
4.5. The data bars represent the means from 6 experiments. The
whisker bars represent the standard deviations. * P = .02 com-
pared to nebulizer alone. T P < .001 compared to nebulizer alone.

Statistical Analysis

Aerosol characteristics (MMAD, geometric standard
deviation, particles < 5 um, particles 1-3 um, and mass
balance), drug remaining in the nebulizer cup, and patient
dose were compared with analysis of variance, followed
by post-hoc analysis with the Dunnet test. Differences
in patient dose among the breathing patterns were com-
pared with analysis of variance, followed by the Tukey
test for multiple comparison analysis. Statistical signifi-
cance was set at .05. Statistics software was used for data
analysis (Kaleidagraph 4.1, Synergy Software, Reading,
Pennsylvania).

Results
Particle Size Analysis

The MMAD for the LC Plus aone was 3.42 um =
0.15 wm, and ranged from 3.42 um to 3.45 um when
connected to the PEP devices (P = .92) (Fig. 5, Table 1).
The geometric standard deviation for the LC Plus alone
was 2.25 = 0.04, and ranged from 2.26 to 2.29 when
connected to the PEP devices (P = .31). The percentage of
particles < 5 um was 66.9% * 2.1% for the LC Plus
alone, and ranged from 66.6% to 66.8% when connected
to the PEP devices (P = .97). The percentage of particles
between 1 wm and 3 um for the LC Plus alone was
35.9% =+ 1.8%, and ranged from 34.5% to 38.4% when
connected to the PEP devices (P = .11). The total albu-
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terol mass captured by the cascade impactor was
1,031 = 57 ug for the LC Plus aone, and ranged from
1,105 pg to 1,122 pg (P = .01). The amount of albuterol
that remained in the nebulizer cup was 1,375 + 30 ug for
the LC Plus aone, and ranged from 1,311 ug to 1,372 ug
when connected to the PEP devices (P = .11). The mass
balance was similar among all devices (P = .06).

The MMAD for the Up-Draft Il Opti-Neb alone was
413 um * 0.4 um, and decreased to 3.72 um = 0.18,
124 = 0.1 wm, and 1.22 = 0.09 wm when connected
to EzPAP (P = .02), Acapella Choice (P < .001), and
Acapella Duet (P < .001), respectively (see Fig. 5). The
geometric standard deviation for the Up-Draft |1 Opti-Neb
aonewas 2.15 * 0.12, and ranged from 1.89 to 3.12 when
connected to the PEP devices (P = .06). The percentage of
particles < 5 um for the Up-Draft |1 Opti-Neb alone was
59.1% =+ 5.3%, and remained unchanged when connected
to EzPAP (63%, P = .56). However, it increased to 86.5%
and 89.1% when connected to Acapella Choice (P < .001)
and Acapella Duet (P < .001), respectively. The per-
centage of particles between 1 um and 3 um for the
Up-Draft Il Opti-Neb alone was 25.1% *+ 2.9%, and re-
mained unchanged when connected to EzPAP (27.4%,
P = .88). However, it increased to 46% and 44.3% when
connected to Acapella Choice (P < .001) and Acapella
Duet (P < .001), respectively (see Table 1). The total
albuterol mass captured by the cascade impactor was
570 = 126 pg for the Up-Draft |11 Opti-Neb alone, re-
mained unchanged with EzPAP (P = .98), and decreased
by 65% and 69% when connected to Acapella Choice
(P < .001) and Acapella Duet (P < .001), respectively.
Both the Acapella Choice and Acapella Duet retained a
substantial amount of albuterol: 640 = 108 wg and
419 + 230 ug, respectively. The amount of albuterol that
remained in the nebulizer cup was 1,953 + 132 ug for the
Up-Draft Il Opti-Neb alone, and ranged from 1,930 ug to
1,957 g when connected to the PEP devices (P = .98).
The mass balance was equal among all devices (P = .25).

Patient Dose

There were no differences in patient dose between the
LC Plus alone and the LC Plus connected to the PEP
devices (P = .05, P = .37, and P = .07 for the older child,
small adult, and large adult breathing patterns, respec-
tively). Patient dose increased (P < .001) with larger V;
(Table 2).

The Up-Draft Il Opti-Neb alone had a patient dose sim-
ilar tothat of theUp-Draft 11 Opti-Nebwith EzZPAP (P = .99,
P = .07, and P = .06 for the older child, small adult, and
large adult breathing patterns, respectively). However, con-
necting the Up-Draft |1 Opti-Neb to either the Acapella
Choice or Acapella Duet decreased the patient dose by
76—84% with al 3 breathing patterns. (P = .003 and
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Table 1. Characterization of Aerosols Generated by Nebulizers Alone and Connected to PEP Devices
Up-Draft 11 Opti-Neb LC Plus
Acapella Duet  Acapella Choice Pari PEP  Pari PEP  Pari PEP S
Alone EzPAP (resistance (resistance Alone (resistance (resistance (resistance
setting 1) setting 1) setting 1.5) setting 4.5) setting 1.5)
Mass median aerodynamic 413+040 372+018 124+010f 1.22=*0.09f 342+ 0.15 342+ 0.20 345+ 0.19 3.44 = 0.17
diameter, um
Geometric standard deviation 215+ 012 234*+020 1.89 + 0.05 312+ 154 225+ 0.04 227 +£0.04 2.29 + 0.11 2.26 = 0.04
Percentage of aerosol particles 59.1 +53 630+ 23 86.5 + 6.2t 89.1 + 8.2t 669+21 66.6+25 668+28 66.8+*26
< 5um
Percentage of aerosol particles 251+29 274+ 26 46.0 = 8.6t 44.3 = 9.4t 359+18 384+29 374+x25 345+28
1-3 um
Total albuterol mass captured, 570 =126 584 + 94 176 = 261 200 + 68t 1,031+ 57 1,1056*+66 1,116 =62 1,122 + 44
2]
Reservoir, ug 1,953 + 131 1,930 =189 1,957 = 162 1,936 = 165 1375+30 1,372+85 1,311 +46 1,357 =64
Device, ng 419 + 230 640 + 108
Mass balance, g 2523 42 2514+ 117 2,555 + 402 2,773 = 254 2,406 + 48 2,478 = 102 2,427 + 38 2,479 = 37
Values are mean + SD.
* P = .02 compared to nebulizer alone.
TP < .001 compared to nebulizer alone.
PEP = positive expiratory pressure
Table 2.  Peatient Dose of Albuterol
Breathing Peattern
Nebulizer PEP Device
Child Small Adult Large Adult
Up-Draft 1l Opti-Neb None 244 + 27 272+ 25 296 = 54
EzPAP 240 + 71 227+ 20 198 * 43
Acapella Duet 58 + O* 51 + 11* 49 + 7*
Acapella Choice 49 + 8* 38 = 5* 34 + 8*
LC Plus None 338 = 6t 455 + 24t 530 + 18t
Pari PEP (resistance setting 1.5) 302 + 13t 478 + 9t 558 + 14t
Pari PEP (resistance setting 4.5) 349 + 18t 493 + 21t 537 = 19t
Pari PEP S (resistance setting 1.5) 318 + 17t 474 + 241 587 + 25t

Values are mean + SD ug.

* P < .001 compared to nebulizer alone.

TP < .001 compared to other breathing patterns.
PEP = positive expiratory pressure

P = .003 for the child pattern, P < .001 and P < .001 for
the small adult pattern, and P < .001 and P < .001 for the
large adult pattern, with Acapella Choice and Acapella
Duet, respectively). There were no significant differences
in patient dose between the different breathing patterns
with any of the configurations.

Discussion

The tested PEP/vibratory PEP devices that obstruct the
aerosol pathway decreased the aerosol particle size and
lowered the patient dose produced by the Up-Draft Il
Opti-Neb. Larger V+ increased patient dose with the
LC Plus, but not with the Up-Draft 11 Opti-Neb.
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The cascade impactor data for the LC Plus alone were
similar to previously published work that used the same
methodology.8 Laube et al compared the LC Plus with and
without a PEP device and found a reduction in MMAD,
from 4.07 um to 3.26 um (based on diethylene triamine
pentaacetic acid [DTPA] measurement) when PEP was
used.® They aso reported that MMAD changed from
3.50 um to 2.82 um when the same experiments were
done with albuterol sulfate. The different findings could
be explained in part by several methodological differ-
ences between the studies. Laube et a used a Marple
Miller impactor at 12 L/min at room temperature, and |
used Next Generation Impactor at 15 L/min, cooled to
4 °C, therefore minimizing evaporation loss. | also used a

RespirATORY CARE ® FEBRUARY 2014 VoL 59 No 2



IN VITRO EvALUATION OF PosITIVE EXPIRATORY PreESSURE DEVICES ATTACHED TO NEBULIZERS

different gas source (wall air vs compressor). In addition,
Laube et al did not describe the PEP device or configura-
tion they used, so it is possible that their model might have
obstructed the aerosol pathway and thus increased impac-
tion loss. In the in vivo part of their study, in which they
used technetium®-DTPA aerosol, Laube et a found de-
creased pulmonary deposition and more peripheral depo-
sition (larger inner/outer ratio) with the PEP device.
However, when expressed as percentage of the loading
dose, the addition of the PEP device decreased deposition
in the inner area: inner deposition 2.7%, outer deposition
2.4% without PEP, versus inner deposition 1.3%, outer
deposition 1.5% with PEP. Unfortunately, Laube et al® did
not report other parameters, such as the percentages of
particles < 5 um and 1-3 um. Those data could have
helped to understand whether the changes in aerosol char-
acteristics (especialy on the smaller size fraction parti-
cles) wasresponsible for these findings. Other studies have
shown significant differences in distribution of deposition
between aerosols with MMAD of 1.01 um versus
3.68 um.1t

When the LC Plus was tested under breathing ssimula-
tion conditions | found that larger V+ produced larger
patient dose. These data are in agreement with Barry et al,
who, using similar technology, found that pediatric type
breathing patterns (V+ 150 mL) had lower patient dose
than adult type breathing patterns (V+ 600 mL).12

The type of PEP device used determined the changes
that the aerosols experienced when connected to the
Up-Draft 1l Opti-Neb. The changes in MMAD with the
AcapellaChoiceand AcapellaDuet (4.32 umto ~ 1.23 um)
are likely to alter the site of intrapulmonary deposition.s11
In addition, there was a significant reduction in the dose
captured by the cascade impactor (from 65% to 69%).
Impaction loss within the PEP device is the most likely
mechanism for that decrease: this was confirmed by the
analysis of the washings from the PEP devices. The amount
of aerosol that remained in the nebulizer was similar to
nebulizer alone, so a decrease in aerosol generation was
not responsible for the decrease in drug captured by the
cascade impactor. The size selection resulting from the
use of the Acapella with the Up-Draft Il Opti-Neb is also
evidenced by the increase in the percentages of particles
< 5 uwm and particles 1-3 um. My findings are in agree-
ment with Dornelas de Andrade, who found that the po-
sition of the nebulizer affected intrapulmonary deposition
of a radio-labeled aerosol.” They compared a nebulizer
alone and placed before and after the Acapella device, and
reported that placing the nebulizer after the Acapella sig-
nificantly reduced lung deposition. More recently, Mitchell
et al reported decreased albuterol mass (70%) and MMAD
when they coupled a breath-actuated nebulizer to the back
of the Acapella device.’® They also reported that a propri-
etary PEP device that was coupled to the nebulizer without
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interrupting the aerosol pathway did not decrease either
albuterol mass or MMAD. The EzPAP, which has the
nebulizer placed between the PEP device and the mouth-
piece, caused only a minor decrease in MMAD, which is
unlikely to be clinically important. Moreover, the percent-
ages of particles < 5 um and particles 1-3 um were
unchanged after adding the EzPAP.

My finding of a decrease in patient dose (by 76% and
84%) when the nebulizer was connected to the Acapella
device is in agreement with Mitchell et al,3 who also
found that, similar to EzPAP, PEP devices that do not
obstruct the aerosol pathway do not alter patient dose. The
lack of increase in patient dose with larger V+ seen with
Acapella could be due to the inefficiency of aerosol de-
livery resulting from increased impaction. However, | have
no clear explanation of why there were no changes with
the nebulizer alone versus when connected to the EzPAP.

The ideal size of aerosol particles for patients with cys-
tic fibrosis has been suggested by some authors to be
between 2 and 3 um, 4 but clinical trials have not provided
conclusive evidence.** The ideal size depends on where
the aerosol istargeted and the inhalation technique. Drugs
that target receptors in the large airways would benefit
from larger particles.’> Laube et a reported a significant
increase in intrapulmonary deposition in small and me-
dium size aerosols when a slow inhalation maneuver was
used.1t

The limitations of this study are related to its in vitro
nature and the methodol ogy. The breathing simulation tech-
nigue overestimates patient dose because it does not allow
exhalation of particles, which occurs in human subjects.
Also, although the use of idealized breathing patterns is
widely accepted in aerosol research, it might not represent
actual patient dose in vivo.

The clinical implications of these findings are impor-
tant. The simultaneous use of nebulizer and PEP devices
that obstruct the aerosol pathway may cause under-dosing,
and waste drug. This might not be important with albu-
terol, but it is crucia for dornase afa In addition, the
change of aerosol particle size could affect the deposition
location and therefore increase systemic absorption and
decrease the therapeutic response.’>

Conclusions

In conclusion, simultaneous use of nebulizer and PEP
devices that obstruct the aerosol pathway significantly de-
crease aerosol particle size and patient dose.
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