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BACKGROUND: Recent technological advances in nebulization permit researchersto target spe-
cific parts of the lungs by modifying delivery method. The aim of this study was to compare the
central and peripheral targeted modalities of administration. METHODS: Lung and regional de-
position of inhaled technetium-99m diethylene triamine penta-acetic was measur ed by scintigraphy
after peripheral and central targeted modalities of administration with an Akita devicein 6 healthy
subjects. RESULTS: Drug targeting nebulization delivered a large amount of drug into the pe-
ripheral part of the lung independent of the modality (outer-to-inner deposition ratio of 1.24 = 0.21
vs 1.22 + 0.14 for central and peripheral modalities, respectively), but there was no difference in
lung deposition (whole-body deposition, 83.3 + 6.5% vs 82.8 = 7.3%, P = .86) or regional depo-
sition (P = .77) between both modalities. The extrathoracic deposition was < 20% of the whole-
body deposition, without a difference between modalities (P = .86). CONCLUSIONS: This study
showsfor thefirst timethat choosing 2 different specific drug targeting nebulization modes does not
influence the amount of drug delivered into the lung in healthy male subjects. M oreover, the modes
do not modify the site of deposition under the conditions of our study. Key words: nebulizer;
deposition; imagery; breathing pattern. [Respir Care 2014;59(10):1501-1507. © 2014 Daedalus Enter-

prises|

Introduction

Nebulizations are regularly prescribed for patients who
suffer from respiratory disease. When indicated, a high
efficiency is required. Efficacy of specific drugs unavail-
able by administration methods other than nebulization
was demonstrated. Moreover, some drugs such as antibi-
otics may have narrow windows of efficacy, which means
that they need to be delivered efficiently and reproduc-
ibly.* Repeated courses of high doses of inhaled antibiot-
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ics have been increasingly applied in cystic fibrosis.2 Neb-
ulized tobramycin was demonstrated to be effective by
improving lung function3 and by reducing sputum Pseu-
domonas aeruginosa density,3 number of hospitalizations,*
and frequency of antibiotics administration.> Classically,
the efficacy of aninhaled antibiotic isrelated to the amount
delivered to the target site. In particular, alveolar deposi-
tion takes advantage of the greater absorptive surface, the
absence of mucociliary clearance, and the thin barrier to
systemic absorption related to this region compared with a
more proximal deposition. Targeting aerosol distribution
according to receptor distribution within the airways and
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DruG TARGETING NEBULIZATION AND LUNG DEPOSITION

therefore the site of action of the drug is, of course, at-
tractive.®

A consensus on inhalation in patients with cystic fibro-
sis highlighted the differences in lung administration de-
pending on the chosen device and the importance of the
quality of the nebulizer.” The first generations of nebuliz-
ers deposited variable drug amounts®® (between 51° and
30%?1 of the nominal dose) and often mainly in the central
airways,*2 depending on the devices, lung function, and
age of the subjects. More efficient modalities of adminis-
tration are required for patients presenting with lung im-
pairment, infection, or small airway obstruction. Two main
categories of parameters can be modified to improve drug
administration into the lungs. First, parameters related to
the patients can be optimized. Indeed, lung deposition has
been previously demonstrated to be related to the pattern
of breathing.1316 Second, the modality of administration
and the device play arole in the efficiency of administra-
tion.16.17

New devices and technologies regularly appear on the
market.18 Recently, dosimetric and adaptivedeliveriescom-
pleted the available devices. These modalities are designed
to select timing of administration. Indeed, the drug is de-
livered during inspiration or even during only a specific
period of the inspiration, depending on the nebulized drug
(drug targeting nebulization). The new Akita devices (Ac-
tivaero, Gemuinden, Germany) include the control of a
specific inhalation pattern, similar to adaptive nebulizers.
They improve lung deposition. Indeed, they may deposit
> 60% the nominal dose into the lungs.1® Moreover, they
are able to target the peripheral parts of the lungs by mod-
ifying the delivery method.20.21 The aim of this study was
to quantify total and peripheral lung deposition by drug
targeting nebulization and to compare the peripheral and
central targeted modalities of administration.

Methods
Subjects

Six healthy nonsmoking male volunteers were recruited
for the study. Only males were chosen to avoid different
anterior and posterior chest wall attenuation related to the
breast tissue.22 They signed a written informed consent
form in accordance with the Declaration of Helsinki and
with current guidelines for Clinical Good Practice. The
study was previously approved by the institutional medical
ethics committee. Exclusion criteria included a history or
evidence of cardiovascular or pulmonary disease and an
abnormal pulmonary function test.

Each subject was in good health (eg, physical examina-
tion, vital signs, medical history) at the time of the study.
They performed spirometry according to the American
Thoracic Society/European Respiratory Society guide-
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QUICK LOOK

Current knowledge

Advances in nebulization allow targeting either central
or peripheral drug deposition based on the drug and
desired site of activity. This scheme requires different
nebulization devices and aerosol characteristics.

What this paper contributes to our knowledge

In healthy male subjects, targeting nebulization modes
does not influence the amount of drug delivered into the
lung. The selected modes do not modify the site of
deposition.

lines.22 The subjects had not received any aerosolized drug
during the month preceding the experiments.

Design

The study was conducted in 5 steps for each volunteer:
(1) selection visit, spirometry, and medical examination;
(2) demonstration of nebulizer functioning and training to
inhale slowly; (3) scintigraphic study with inhaled krypton
gas (B™MKr); (4) nebulization of adiethylenetriamine penta-
acetic (DTPA) solution (**™Tc-DTPA); and (5) scinti-
graphic study. Each subject repeated this procedure using
a randomized crossover setting for both modalities of ad-
ministration with a 96-h washout period between the 2
procedures. The 2 procedures were randomized (Fig. 1) by
a computer-generated random number list. The subjects
were blinded, and they knew only the number of inhala-
tions.

Nebulization Modalities

An Akita device, which is a computer-controlled jet
nebulizer allowing individualized and controlled inhala-
tion, was used. The jet nebulizer (based on the LC Sprint
nebulizer, Pari GmbH, Starnberg, Germany) is triggered
by the device, and a compressor is integrated into the
Akita to deliver the driving pressure. The inhalation flow,
the inhaled volume, and the number of inhalations can be
precisely predetermined with a controlled regulation of
aerosolized drugs during the inspiration depending on the
targeted site of deposition. The 2 settings provided by the
manufacturer are targeting central and peripheral deposi-
tion. This is done by varying the sequence of air or drug
administration during inspiration (Fig. 2). In this study, an
inspiration of 4 swas preset for both modalities. Based on
previous in vitro experiments, the number of inspirations
was fixed to 62 and 93 for peripheral and central deposi-
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Fig. 2. lllustration of central and peripheral targeting nebulization
modalities during 1 inspiratory cycle.

tion, respectively. This corresponds to a tidal volume of
0.8 L. These modalitiesassumed the same delivered amount
at the end of the program. During the nebulization, the
subjects were comfortably seated and breathed through the
mouthpiece, wearing a nose clip. The nebulizations were
performed randomly at the same time of the day, in the
same room, and at ambient temperature (22°C).

Nebulization Procedure

First, 81K r gas (8*Rb-82"K r generator, Covidien, Petten,
The Netherlands) wasinhaled by the subjects. The gaswas
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administered continuously during tidal breathing with a
face mask to delineate the lung volume.

Second, the nebulizer was loaded with a 4-mL solution
of ®™Tc-DTPA (TechneScan DTPA, Mallinckrodit, Petten,
The Netherlands). Theinitial activity was measured with a
CRC-12 radioisotope calibrator (Capintec, Pittsburgh,
Pennsylvania) and was 2.06 = 0.11 mCi. A filter (Hy-
grovent, Medisize, Hillegom, The Netherlands) was con-
nected with a one-way valve to the nebulizer systems to
avoid ambient aerosol contamination and to measure the
total activity recovered during the expiration. No ambient
or surface contamination was detected after the proce-
dures. The same procedure was repeated for both modal-
ities. The subjects followed the instructions for inhalation
provide with the device. The stop time was determined by
the settings of the program.

Image Acquisition

The assessor did not know which nebulization the sub-
ject had performed. During the 8¥™Kr inhalation and be-
fore the nebulization, each subject was seated close to the
acquisition field of the gamma camera to record a poste-
rior view of the thorax to delineate the lung volume. Image
acquisition was performed for 2 min with a planar single-
detector gamma camera (Starport 400 AC/T, GE Health-
care, Horsholm, Denmark) equipped with a 390-mm low-
energy, high-resolution collimator. The camera was
calibrated monthly for uniformity (useful field of view of
370 mm and central field of view of 278 mm).

Imaging was performed based on the recent standard-
ization of planar imaging for aerosol deposition.24 Images
were acquired using a128 X 128 matrix for 1 or 2 min for
the device (including the nebulizer and filter) and airways,
respectively. The spatial resolution of thissystemis5.3mm
at 10 cm.

Immediately after the nebulization, the subjects were
seated in front of the head of the gamma camera, and 4
images were recorded: (1) a posterior and (2) an anterior
view of the thorax to image aerosol deposition in the stom-
ach and lungs, (3) a lateral view of the oropharyngeal
region, and (4) the residual activity in the nebulizer and
filter.

Image Analysis

Gammacameraimageswereanalyzed (Odyssey LR 7.0—
1.7, PhilipsHealthcare, Best, The Netherlands) by ablinded
trained technologist. The whole-body deposition was cal-
culated by adding the activity of the right and left lungs,
stomach, esophagus, mouth, and oropharynx, taking into
account gamma camera attenuation, background, and ra-
dioactive decay.
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Fig. 3. Regions of interest determined by the 2-compartment model.
| = inner region; O = outer region.

First, the lung activity was calculated. The regions of
interest of the lungs were defined from the lung outline by
81MK r ventilation images. Second, they were applied to the
images obtained by ®™Tc images. A whole-lung rectangle
was drawn around the lung at the boundaries of the ven-
tilation scan to measure the intrapulmonary deposition.
Intrapulmonary deposition was expressed as a percentage
of the whole-body deposition. The regional deposition was
assessed for the right lung. Inner (1) and outer (O) regions
of interest were determined by the 2-compartment model
(Fig. 3).2# An | region with dimensions equal to half of the
width of the whole-lung rectangle and half of its height
was positioned on the interior boundary of the lung, cen-
tered by height. The | region is then 25% of the area of the
whole-lung rectangle. The O region is the area lying be-
tween the inner and whole-lung rectangles and has an area
of 75% of the whole-lung rectangle. The geometric mean
of anterior and posterior countswas cal cul ated by the square
root of the multiplication of these counts. From there, the
ratio of outer lung deposition to inner lung deposition
(Of1) was calculated. This ratio was normalized by divid-
ing by the corresponding ratio for the radioactive gas scan,
and it is referred to as the penetration index.

The extrathoracic deposition was calculated by adding
the activity measured in the oropharyngeal regions, esoph-
agus, trachea, and stomach with the assumption that ac-
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Tablel.  Anthropometric and Spirometric Data of 6 Healthy Male
Subjects

Mean = SD
Age y 303+ 16.4
Height, cm 1756 £ 1.9
Weight, kg 81.4 + 11.3
BMI, kg/m? 26.4 = 3.6
FVC, % of predicted 95.7 + 3.3
FEV,, % of predicted 96.8 + 6.0
FEV,/FVC 1.01 = 0.06

BMI = body mass index

tivity in the stomach resulted from nasal clearance and
pharyngeal deposition during inhalation. Results were ex-
pressed as a percentage of the whole-body deposition. The
residual activity was measured in the nebulizer at the end
of the nebulization.

For quality assurance, the mass balance was calculated
by the ratio between the acquired counts from the lungs,
extrathoracic regions, residual dose, and exhalation filter
and the total expected radioactivity. The mean mass bal-
ance was checked to be within 100 = 10%.24

Statistics

The sample size needed for detecting a 10% difference
in peripheral deposition at a 5% significance level for a
2-sided test with 90% power was determined based on
previousdata(n = 5). Resultsare expressed asmean = SD.
Statistical tests were performed using SPSS Statistics 20.0
(IBM, Bethesda, Maryland). A paired Student t test was
used for means comparisons of parameters related to de-
position between the 2 modalities. The residua radioac-
tivity of the collectors was compared using an unpaired
Student t test.

Results

The anthropometric and lung function parameters of the
6 subjects are presented in Table 1. The results of total and
regional lung deposition and extrathoracic deposition are
presented in Table 2. Central deposition was lower than
peripheral deposition under both conditions, with an O/I
ratio > 1 even if the superiority of a mode varies between
subjects(Fig. 4). A low extrapulmonary activity wasfound.
Nomina and residual radioactivity were similar in both
groups (P = .99 and P = .55, respectively), with a coef-
ficient of variation of < 6% for the 2 measurements. The
residual activity was 77.5 = 5.8 and 79.1 + 1.9% of the
initial activity for peripheral and central deposition, re-
spectively. The mean mass balance was 0.94 and 0.95 for
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Table 2.  Radioactivity Deposition Parameters for Central and Peripheral Drug Targeting Nebulization
IPD (% WBD) EXD (% WBD) Oll Ratio Pl
Parameter
C P C P C P C P
Mean = SD 833+t65 828*73 16765 172*+x73 124+021 122+014 956=*+135 928=*16.1
Coefficient of variation (%) 8 9 39 42 17 12 14 17
P .86 .79 a7

IPD = intrapulmonary deposition

WBD = whole-body radioactivity

ExD = extrathoracic deposition

O/l ratio = outer-to-inner deposition ratio
Pl = penetration index

C = central targeting nebulization

P = periphera targeting nebulization

1.8

O Peripheral mode
M Central mode

1.4

1.2

0.8

O/l deposition

0.6

0.4

0.2

1 2 3 4 5 6
Subjects

Fig. 4. Ratio of outer lung deposition to inner lung deposition for
the 6 subjects and both nebulization modalities (peripheral and
central targeting modes). O = outer lung; | = inner lung.

both modalities. The duration of the nebulization was dif-
ferent depending on the number of inhalations (445 += 41 s
vs 681 + 71s for peripheral and central deposition, re-
spectively; P = .002).

Discussion

In arandomized double-blind controlled trial, we com-
pared the peripheral and central lung deposition by drug
targeting nebulization in healthy male volunteers. We have
shown that the Akita device delivered a large amount of
drug into the peripheral part of the lung independent of the
modality but without any difference in lung or regional
deposition between both modalities.

Independent of the targeted site of deposition, we mea-
sured a high efficiency for the Akita. Indeed, the propor-
tion of the dose reaching the lungs was high compared
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with the classical nondrug targeting nebulizers.2526 |t is
consistent with a previous study with 6 subjects with «1-
penetration index deficiency.2” This improved efficiency
is probably related to the electronically guided inspira-
tion2s and to the low breathing frequency> generated by
the Akita, which are known to be beneficial for lung de-
position and to target the peripheral lung as a region of
interest.28 A controlled inhalation aso helps patients to
improve their inhalation technique, resulting in a better
clinical efficacy, as previously shown in children with
stable cystic fibrosis.2®

The extrathoracic deposition related to this high effi-
ciency was low and even lower than in a previous study.28
Slow and deep inhaation (as in our protocol) helps to
reduce the extrathoracic deposition in comparison with
tidal inhalation.?® The Akita was demonstrated to deliver
~70% of the nominal dose to the lung independent of lung
disease or severity,28 which is much higher than the lung
deposition obtained with all other forms of nebulization.
However, in our study, this percentage was lower. This
reduction is explained by the settings of our program,
which stopped the administration after a preset number of
inhalations, resulting in ahigh but similar residual solution
in the nebulizer for both modalities. This feature was con-
firmed by the residual radioactivity measured in the neb-
ulizer. Moreover, lower lung deposition in healthy sub-
jects compared with patients is well known.3t

This is the first attempt to compare the lung deposition
between 2 modalities of drug targeting nebulization (cen-
tral and peripheral) proposed by the Akita device manu-
facturer. The peripheral deposition was higher than the
central deposition in all experiments and all subjects. This
higher peripheral deposition related to the Akita was dem-
onstrated previously,28 but theratio of deposition was never
observed in relationship to the specific settings of drug
targeting. This piece of information seems important be-
cause a better clinical efficacy related to a higher periph-
eral deposition was previously noted with dornase afain

1505



DruG TARGETING NEBULIZATION AND LUNG DEPOSITION

patients with cystic fibrosis.?° Classically, scintigraphy un-
derestimates the peripheral deposition due to the alveolar
spaces included in the inner region due to how regions of
interest are defined.32 The choice of regions of interest was
discussed in a recent recommendation.24 Our results con-
firm that the Akita device offers a better method for drug
administration to the peripheral lung compared with other
modalities of nebulization, but they suggest that it is the
device itself rather than the settings that are supposed to
target differentially central or peripheral airways. Indeed,
the bolus of air after drug delivery did not improve the
deposition in this region, similar to the centra targeted
nebulization. We postulate that the slow inspiration
(200 mL/s) guided by the Akita is the key factor promot-
ing the peripheral deposition of adrug. A slow inspiratory
flow was previously related to a better peripheral deposi-
tion after a single breath of an inert aerosol.2* Even if the
O/l ratio was > 1 independent of the mode, the highest O/I
ratio was not related to one of the 2 modalities. It could be
explained by the variability of airway geometry between
subjects.

Inspiratory period highly influences lung deposition and
determines its variability.3® In our study, the duration of
inspiration was similar for both modalities. The difference
in total time of nebulization between the modalities was
not related to inspiration but to the number of inhalations.
This difference could be clinically important due to the
relationship between along delivery time and poor accep-
tance of nebulization.34

The variahility of lung and peripheral deposition can be
4 times higher for spontaneous breathing than for con-
trolled breathing.2” The low variability (expressed by the
coefficient of variation) we found for intrapulmonary de-
position with the Akita confirms the results of previous
studies.27.28

The penetration index approached 100%. This means
that the deposition was uniform throughout the lungs and
indirectly confirms the healthy respiratory status of the
subjects. The accuracy and precision of the measurements
were verified. Indeed, the mean mass balance was close to
100%, as recommended.2 This validates the method of
attenuation correction.

Some methodological aspects of the study compared
with availabl e published data should be addressed. To com-
pare both modalities of nebulization, healthy subjects were
recruited per usua practice for evaluating devices.9:35.36
Even if the lung deposition in healthy subjects cannot be
extrapolated to patients with respiratory disease, it was
demonstrated that lung and peripheral deposition was not
different using the Akita between healthy subjects and
patients with cystic fibrosis.28 Moreover, the subjects were
their own controls to reduce anatomical, anthropometrical,
and respiratory well known influences on lung deposition.
For a methodological consideration, only men were re-
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cruited, even if gender can influence the deposition of
inhaled particles. Indeed, even if total lung deposition is
comparable between both sexes37:38 (except for very small
particles, in which deposition is slightly higher for women
than for mens9), regional deposition is different depending
on gender.4© As mentioned previously, electronically
guided inhalation eliminates the influence of the breathing
pattern. Although a small but statistically sufficient num-
ber of subjects were investigated, the group was homoge-
neous in terms of lung function, probably the main influ-
encing parameter on lung deposition in healthy subjects.

Conclusions

In conclusion, this study shows for the first time that
choosing 2 different specific drug targeting nebulization
modes does not influence the amount of drug delivered
into the lung in healthy male subjects. Moreover, the se-
lected modes do not modify the site of deposition under
the conditions of our study.
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