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SUMMARY

Objectives: Topical delivery of drugs to the sinuses is challenging and requires also particu-
lar administration manoeuvres from the patient. This study was conducted to.investigate 1)
the delivery efficiency of a pulsating aerosol ( Vibrent prototype device) to the sinuses and
the nose, 2) the aerosol fraction that will deposit in the lungs and 3) potential differences
regarding sinus and nasal deposition ratio when comparing aerosol administration during
two different administration routes. Methods: An open label deposition study in healthy
volunteers was conducted using 99mTc-DTPA radiolabeled pulsating aerosols in compari-
son to nasal pump sprays. Deposition and retention of pulsating aerosols was assessed by
gamma camera imaging during spontaneous nasal .breathing and during closed soft palate
administration. Results: Aerosol administration during nasal breathing vs. application
with closed soft plate results in significant lung, nasal and sinus deposition. No significant
differences were observed for nasal clearance. In comparison, drug delivery using nasal
pump sprays resulted in non-significant sinus, 100 % nasal and non-significant lung deposi-
tion. The clearance kinetics after nasal pump spray delivery was significantly accelerated.
Discussion: The standard application mode of pulsation aerosols with closed soft palate
results in negligible lung deposition and therefore limits drug delivery to the nasal cavity
only, minimizing unwanted side effects. Administration during spontaneous nasal breathing
shows only 10% lung deposition, which is tolerable during drug administration. Relevant
paranasal sinus deposition is noted during both application modes and clearance kinetics
remains essentially unchanged. In contrast, nasal pump sprays do not show sinus drug deliv-
ery and nasal drug residence time is shortened. Conclusion: Pulsating aerosols offer advan-
tageous topical nasal and sinus drug delivery options.
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INTRODUCTION

Chronic rhinosinusitis (CRS) is a common chronic disease of
the upper airways affecting approximately 10-15% of the US
and European population . The etiology of CRS is unclear
but it is assumed that one or more factors, such as anatomi-
cal obstruction, bacterial or fungal colonization of the sinuses
or allergies trigger a chronic inflammation of the nasal and
paranasal mucosa. The high number of surgical interventions
in patients suffering from CRS @ indicates that medical treat-
ment by oral, systemic or topical drug administration is unsat-
isfactory.

Drug delivery to the sinuses via aerosols appears to be an inter-
esting but also challenging alternative, since the paranasal cav-
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ities are virtually non-vented, poorly perfused, hollow organs
protected by the efficient particle filtration function of the
nose. In general, research on inhaled topical aerosol treatment
of upper airway diseases is desirable but has been ‘significantly
neglected” ® compared to pulmonary drug investigations.

The only scientifically comprehensible approach of aerosol
transport to the sinuses is via pressure differences using so-
called ‘vibrating,” ‘sonic’ or ‘pulsating’ aerosols. The first paper
on vibrating aerosols was published in 1959 ® and suggests
that pressure fluctuations enhance the transport of aerosol
particles and allows them to penetrate into non-vented areas.
Another early publication © identified flow induction to the
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sinuses by a pressure gradient to be the most important trans-
port mechanism for aerosols. A more recent study compared
the amounts of exhaled nitric oxide (NO) after administration
of aerosolized NO synthase inhibitor with and without vibra-
tion (humming) in six healthy volunteers © and demonstrated
significant reduction of NO after administering the aerosol
with pulsations. Moller et al. successfully demonstrated the
ventilation of the sinuses via pressure pulsations using radio-
active *"Kr gas @ and sinus deposition of “"Tc-DTPA radi-
olabeled aerosol in healthy volunteers ®. The PARI SINUS,
PART’s first pulsating aerosol device, is based on a modified
PARI LC SPRINT jet nebulizer and is currently used to
investigate in clinical trials the therapeutic effect of mucolytics
and antibiotics in cystic fibrosis (CF) patients ©. Encouraging
results from a double-blind placebo controlled trial in 23 CF
patients using the PARI SINUS with Dornase alpha were pub-
lished recently ®'9. Pari’s second generation pulsating aerosol
device, the PARI Vibrent generates a pulsating dense aerosol
with low velocity via a perforated vibrating membrane. The
Vibrent is designed to improve delivery efficiency and handling
of the device (V.

Successful drug delivery to the sinuses requires small aer-
osol droplets with a mass median aerodynamic diameter
(MMAD) of less than 5 um, as larger droplets are filtered by
the nose and are not able to reach the posterior regions of the
nose. Additionally, only small particles are able to follow the
induced airflow to the sinuses while larger droplets.cannot
penetrate into these cavities due to inertia. For this reason, the
SINUS and Vibrent devices generate droplets with a MMAD
of about 3 um, while conventional nasal pump sprays produce
50 um particles. Droplets with a MMAD below 5 pm are gen-
erally regarded to be respirable and are able to penetrate into
the lungs. For optimal pressure transduction and avoidance of
lung deposition, the pulsating aerosol should be administered
when the soft palate is closed. The principle is/similar to a
nasal lavage via a ‘neti pot’ flushing the liquid into one nostril
and exiting via the other nostril. However, if a patient is una-
ble to close the soft palate during aerosol administration, lung
deposition can occur-and this may be associated with a decline
in sinus deposition.

The objective of this study was to investigate in healthy vol-
unteers with normal nasal anatomy the deposition efficiency
of the Vibrent device using radiolabeled aerosols upon admin-
istration of the pulsating aerosols when the soft palate was
closed in comparison to administration during nasal inhala-
tion. As benchmark, inhalation of a radiolabeled aerosol
via nasal pump spray was included. In all studies, retention
kinetics was measured over a 24-hour period. Pulsating aero-
sols showed sinus deposition when applied during closed soft
palate or during spontaneous breathing, while nasal sprays
do not reach into the sinuses. Interestingly, nasal clearance is
drastically prolonged for pulsating aerosols.

Moller et al.

MATERIALS AND METHODS

Human volunteers

Eleven healthy, non-smoking volunteers participated in this
study with mean age of 48 £ 14 years. The subjects had normal
lung function and no history of allergic diseases. Normal nasal
anatomy was confirmed prior to the study by MRT imaging
of the head and fiber optic rhinoscopy. The study protocol
was approved by the Ethical Committee of the Medical School
of the Ludwig Maximilian University (Munich, Germany).
Informed consent was obtained from each subject. 1mKr-gas
ventilation was studied with and without pulsation in each
subject. Radiolabeled aerosols were applied three times on dif-
ferent occasions, once via Vibrent (PARI Pharma, Starnberg,
Germany) at closed soft palate, once with Vibrent during nasal
breathing and one application was by a nasal spray pump
(Kr—gas data not shown).

Pulsating aerosol delivery system

A pulsating aerosol'was.produced using the PARI Vibrent
nebulizer prototype (PARI Pharma GmbH) generating a fine
aerosol mist of an aqueous liquid via a perforated vibrating
membrane (Pari eFlow).-The basic aerosol generation prin-
ciple is derived from the eFlow electronic nebulizer, which is
approved for pulmonary drug administration, such as Colistin
12 In the Vibrent, a pressure wave of 25 Hz frequency was
superimposed to a low velocity aerosol stream. The mass medi-
an aerodynamic diameter (MMAD) of the aerosol generated
by the Vibrent nebulizer was 3.0 pm with a geometric standard
deviation of 1.6. The droplet size distribution of the nebulizer
was measured using the Laser Diffraction Technique and there
was no significant difference in droplet size between saline and
the *™Tc-DTPA solutions used in our study. The rate of mass
output was 0.3 ml/min. For aerosol delivery to the nose, the
nebulizer nosepiece was inserted into the right nostril and the
left nostril was connected via a flow resistor to output filter to
collect the expelled aerosol. Subjects were instructed to either
close their soft palate during administration of the aerosol into
one nostril or to breathe in and out through the other nostril,
while the mouth was closed.

Nasal pump sprays

The nasal pump spray aerosol was generated using a standard
100 pl nasal spray pump from a major manufacturer, produc-
ing an aerosol spray of a mean droplet diameter (MMAD) of
about 50 pm. Four milliliters of DTPA solution containing
about 100 MBq of *™Tc-activity was added to the bottle. One
100 pl puff was delivered into the right and left nostril, respec-
tively.

Aerosol administration studies

The aerosol was generated using a solution composed of *"Tc-
DTPA (Pentacis, Schering, Germany). The volunteers did not
receive any treatment before application, for example decon-
gesting nasal spray, though the nasal cycle was not eliminated.
Prior to aerosol delivery the output rate of the nebulizer was
measured by collecting all particles on a PALL BBS50 filter.



Inhaled aerosol deposition

From the nebulizer output rate and the activity deposited on
the output filter, the total nasal deposition rate was assessed.

For nasal aerosol delivery at closed soft palate, the nosepiece
of the nebulizer was inserted into the right nostril, while a fil-
ter including a flow resistor was connected to the left nostril
(PALL BB50 filter, Pall Corporation, New York, NY, USA).
The aerosol was delivered for 20 seconds, while the subject
closed the soft palate. Nebulizer and output filter were then
interchanged between left and right nostril and the aerosol was
delivered for an additional 20 seconds.

For aerosol administration during nasal breathing, the device
was inserted into one nostril, while the other nostril was con-
nected to a low resistance PARI filter pad (PARI GmbH) to
collect the exhaled aerosol. The volunteer closed his mouth and
inhaled and exhaled through the filter during aerosol applica-
tion of 20 seconds. Then, the device and exhalation filter were
exchanged and the 20 second application was repeated.

Nasal and lung deposition, retention and clearance were meas-
ured using planar gamma camera imaging (SCINTRON, MiE
GmbH, Seth, Germany) in combination with a low energy
collimator. Anterior and lateral gamma camera images were
recorded directly after inhalation as well as 0.5 h, 1 h, 2 h, 4
h, 6 h and 24 h post inhalation. The subjects sat in front of
the gamma camera head, which was positioned in the upright
format, allowing a simultaneous imaging of the nese and
the upper lung. Anterior and lateral images were recorded
with and without a nasal lead shield (Figure 1). Masking the
centrally deposited activity allowed clear visualization of the
deposited activity in the maxillary and ethmoid sinuses without
detecting activity from the central nose. Count rates in selected
regions of interest (ROI’s) were analyzed using the Image]
software package. ROI’s generated from previous ®'"Kr venti-
lation images were used and included the nasal airways and the
sinuses . Count rates were corrected for background activity
and for radioactive decay.. The results were not corrected for
gamma ray attenuation, which may lead to an underestima-
tion of sinonasal deposition rates. Data were evaluated with
Statgraphics Centurion XV software, using a significance level
of p <.0:05:

RESULTS

Aerosol deposition with nasal spray

100 % of the radioactivity delivered by the pump spray depos-
ited in the nose and no deposition was observed in the lungs.
The deposition in the maxillary sinuses was < 1% and the small
fraction detected in the sinus ROIs was probably caused by
gamma ray scattering. In the lateral gamma camera images, no
activity was found in the ethmoid and sphenoid sinuses in most
of the volunteers (Figure 2).

Pulsating aerosol deposition when the soft palate was closed
The first image recorded immediately after aerosol delivery
did not show any aerosol deposition in the chest or abdomen

Table 1. Nasal clearance of the administered activity after different
modes of application.

Administration route  Time to 50 % clear-  Time to 75 % clear-
ance from nose, ance from nose,

hours hours
Nasal pump spray 0.41 + 0.48** 1.24 + 1.31**
(100ul per nostril)
Pulsating aerosol at 0.92 + 0.59 4.40 £ 3.36
closed soft palate
Pulsating aerosol 1.00 £ 0.56 5.48 + 264

during nasal breathing

Data represent mean +/- standard deviation, **; p < 0.01 compared to
vibrating aerosol administration with closed soft palate.

(stomach) region confirming the tight closure of the soft palate
during aerosol delivery. The anterior image with and without
nasal shield demonstrated clear deposition of radioactivity in
the maxillary sinuses in all volunteers. The lateral view showed
deposition in the nasal roof, the sphenoid and ethmoid sinuses,
whereas no significant deposition was seen in the frontal
sinuses (Figure 3). 69.7 £ 15.6 % of the radioactivity delivered
as pulsating aerosol deposited in the nose, while 30.3 £ 15.7%
were found on the exit filter. The mean activity in the ethmoid
and maxillary sinuses was 7.0 = 1.4 % of the nasally deposited
activity.

Pulsating aerosol deposition during nasal breathing application
When the pulsating aerosol was applied during nasal breath-
ing, 10.0 £ 4.2% of the emitted radioactivity was detected in
the lungs (Figure 4), 62.6 £ 12.7% in the nose including the
sinuses and 26.8 + 12.7% were exhaled (collected on exit filter).
4.5 £ 1.1 of the nasally deposited activity was found in the
sinuses. Again, deposition in the maxillary, ethmoid and sphe-
noid sinuses could be demonstrated (Figure 5).

DTPA clearance from the nasal cavity

The nasal ®™Tc-DTPA retention until 50% and 75% clear-
ance was reached is shown in Table 1 and Figure 6. Clearance
from the nasal cavity is significantly prolonged when pulsating
aerosols were administered compared to nasal pump spray
(p < 0.05). No significant difference regarding clearance was
found when pulsating aerosol administrations were conducted
with closed soft palate or during nasal breathing (p > 0.36).
Figure 4 also shows high activity accumulation in the stomach
confirming mucociliary clearance from the nasal cavity into
the throat followed by swallowing of the activity.

DISCUSSION

As expected, nasal pump sprays did not deliver significant
amounts of aerosol into the posterior part of the nose includ-
ing sinuses, as the coarse aerosol of 50 um diameter droplets
deposits predominantly at the nasal valve and inferior tur-
binate as already described previously (213,
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Figure 1. Nasal lead shield (A), volunteer with nasal lead shield (B), and volunteer during anterior gamma camera imaging with nasal shield (C).

'u

Figure 2. Gamma camera image of “™Tc-DTPA activity distribution Figure 3. Gamma camera image of *Tc-DTPA activity distribution

of nasal pump spray, superimposed to MRI image in lateral (A) and of pulsating aerosol at closed soft palate aerosol administration in

anterior view without a nasal shield (B) and with a nasal shield (C): lateral (left) and anterior view without a nasal shield (middle) and with
amasal shield (right).

Figure 5. Comparison of different administration routes of the pulsat-

ing aerosol: upper series (A-C) during nasal breathing; lower series
(D-F) at closed soft palate. Graphs show lateral images (A, D) and
anterior images without lead shield (B, E) and with nasal shield (C, F).

Figure 4. Gamma camera image of *™Tc-DTPA activity distribution

of pulsating aerosol administration during nasal breathing, showing
activity in the nose, lungs and stomach.



Inhaled aerosol deposition
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Vibrent
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Figure 6. Box plot of duration of 75 % clearance of the administered
PmTc-DTPA after using nasal pump sprays and during pulsating
aerosol delivery at closed soft palate and during nasal breathing. Star

denotes mean values.

Aerosol deposition distribution

Using the masking technique with a nasal lead shield, deposi-
tion of pulsating aerosols in the maxillary sinuses, as well as
in the ethmoid and sphenoid sinuses could be clearly veri-
fied. While qualitative proof of (maxillary) sinus deposition
is straight forward, the quantitative determination is not as
evident. The deposited activity is attenuated by the surround-
ing bone and tissue making recovery calculations impossi-
ble. The overall attenuation factor in these experiments was
around 1.5 to 2, whereas the attenuation of more posteriorly
deposited activity is most likely higher than for activity in the
central and anterior part of the nose. Attenuation factors for
different regions of the nose could be calculated upon the
Hounsfield numbers of CT scans, but these were not available
for the healthy volunteers. Hence, we decided not to correct
the gamma camera counts for the attenuation factors at all,
leading possibly to an underestimation of'the peripherally
deposited activity and an overestimation of the activity in the
anterior nasal regions. However, total nasal aerosol deposition
was evaluated based on output and filter measurements, which
do not depend on attenuation, and therefore represent reliable
values. Nevertheless; the methodology of evaluating activity
counts in different ROIs defined upon ventilation experiments
as described by Moller "® is reproducible, objective and allows
the comparison of devieces.and application routes.

Influence of nasal breathing on nasal and lung deposition

According to these investigations a closed soft palate is favo-
rable for the delivery of aerosolized drugs to the paranasal
cavities while inserting the nose piece of the Vibrent in one
nostril and allowing the aerosol to expell via the other one,
which is in addition equipped with a flow resistor. This route
offers two major advantages: it prevents lung deposition and
the additional flow resistor enhances the pressure pulsations
in the sinuses enhancing sinus ventilation. The device deliv-
ers an aerosol at pulsating flow rates, which produce pressure
fluctuations in the presence of a flow resistor. It should be

kept in mind, that the nose itself, including the nasal valve,
exhibits flow resistances, but adding an additional (external)
restriction ascertains an enhanced pressure drop in the nose
including enhanced gas exchange with the sinuses. However,
if subjects are unable to close their soft plate, the flow resist-
ance of the nose might still apply. Especially during exhalation
through the nose a ‘natural’ pressure drop is generated, which
may enable aerosol transport to the sinuses. This hypothesis
could be confirmed in our experiments, since we found 7%
sinus deposition when the soft palate was closed and 4.5% dur-
ing nasal breathing (p < 0.01). These findings.indicate that a
higher pressure drop results in higher sinus/deposition and the
nasal flow resistance is enabling increased sinus drug delivery.
On the other hand, nasal inhalation-yields a lung deposition
of about 10% of the emitted radioactivity, compared to 33%
to 58% lung deposition after nasal inhalation of conventional,
non pulsating aerosols ¥, Nevertheless, lung deposition must
be considered particularly with respect to antibiotics and
potential resistance aspects.

Radiotracer clearance from the nose

Our clearance data for the nasal pump sprays are in good
agreement with previously. published studies *19. The domi-
nant clearance mechanism from the nose is mucociliary clear-
ance into the throat, which is then swallowed, resulting in
activity accumulation in the stomach, which is visible from
Figure 4. Suman ¥ reported clearance of 25% - 40% of nasally
administered DTPA aerosols within 30 minutes when deliv-
ered from a nasal pump spray or nasal nebulizer, respectively.
Surprisingly, clearance of the radiotracer from the nose is
about 5-fold slower for pulsating aerosols compared to nasal
pump sprays. So far, we don’t have a convincing explanation
for the slower clearance of pulsating aerosols, but this finding
is reproducible and was also observed for the PARI SINUS @,
In summary, this retarded clearance kinetics of pulsating aero-
sols was now observed in over 20 subjects warranting further
experiments to better understand this mechanism.

However, the data of this study were obtained in healthy vol-
unteers with normal nasal anatomy and the results may not
directly be applicable to patients with CRS, having most often
obstructed or clogged nasal pathways or ostia, which may
prevent gas and aerosol penetration to the sinuses. Currently,
we are running a clinical study to investigate pulsating aerosol
deposition in CRS patients, pre and post sinus surgery.
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