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INTRODUCTION
Chronic sinusitis is one of the most commonly diagnosed
chronic illnesses, and approximately 10-15% of the European
and US population suffer from chronic rhinosinusitis (1-3). It is
thought that inflammation of the nasal mucosa (i.e. rhinitis),
due to bacterial, fungal or viral infections, allergies, or expo-
sure to inhaled irritants, leads to acute sinusitis and chronic
rhinosinusitis (CRS) (3,4). Chronic inflammation of the nasal
mucosa results in mucosal swelling, increased mucus secre-
tion, loss of cilia, airway obstruction and blocked sinus
drainage. Under these conditions, bacteria and viruses that are
normally removed from the nasal cavity and sinuses by
drainage of secretions may proliferate. This blockage of mucus
drainage from the sinuses and reduced ventilation creates an
environment for chronic rhinosinusitis (3,5,6). In addition it was
reported that impaired mucociliary clearance in patients with
primary ciliary dyskinesia also causes chronic sinusitis (7-9).

Genetic disposition may also play a role in the development of
chronic rhinosinusitis (10).

The paranasal sinuses are air-filled cavities in the bones of the
skull surrounding the nose, ranging in volume between 5 ml
and 30 ml (11). They communicate with the nose via narrow
ducts – the ostia – of about 1-3 mm diameter and about 10-15
mm length (11,12). Despite the fact that the sinuses are poorly
ventilated hollow organs, in vivo and in vitro studies have
shown that nebulized drugs can be deposited into the
paranasal sinuses, although at very low efficiencies (13-18).
Therefore the primary option of treatment of chronic rhinosi-
nusitis is surgery, often in combination with topical and sys-
temic medical treatment (3,19). An efficient topical therapy may
allow treating upper respiratory diseases more effectively, pre-
vent sinus surgery or at least extend the time span for sinus
surgery. This hypothesis is supported by clinical data upon
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nasal administration of Dornase alpha (Pulmozyme) via pulsat-
ing aerosol delivery (PARI SINUS) in cystic fibrosis patients (20).

Two physical mechanisms affect the transport of gas and
aerosols into non-actively ventilated areas: diffusion and flow
induction by pressure difference (17,21,22). Flow induction by a
pressure gradient has been found to be the most important
mechanism for carrying particles into non-ventilated areas.
Pulsating air flows or humming can be used to generate such
pressure gradients. In spite of the widespread use of aerosols in
respiratory diseases, only a few studies have been performed to
assess ventilation and aerosol deposition into the paranasal
sinuses (14,17). In a previous study we could show the efficiency
of Kr-gas ventilation to the paranasal sinuses and aerosolized
drug delivery in a nasal cast using pulsating airflows (23,24).

The objective of this study was to investigate sinus ventilation
in three healthy human volunteers with normal nasal anatomy
using dynamic 81mKr-gas imaging in combination with pulsat-
ing airflows. Furthermore the deposition efficiency of radiola-
beled DTPA aerosol (diethylene triamine pentaacetic acid) was
assessed. Besides retention during 24 hours the fraction of
DTPA translocating to circulation was investigated with and
without pulsation.

MATERIALS AND METHODS
Human volunteers
Three male healthy non-smoking volunteers with mean age 46
± 12 years participated in the study. The subjects had normal
lung function and no history of allergic diseases. Normal nasal
anatomy was confirmed by MRT imaging and fiber optic
rhinoscopy prior to the study. Nasal resistance was measured
before and after application of a nasal decongestant containing
0.05% oxymetazoline using the Masterscreen Rhino (Jaeger
GmbH, Hoechberg, Germany). In the three subjects baseline
nasal resistance was 0.24 ± 0.21 kPa/(l/s) (mean ± standard
deviation, pressure 150 Pa) and it decreased by a factor of two,
10 min after the application of the nasal decongestant. The
study protocol was approved by the Ethical Committee of the
Medical School of the Ludwig Maximilian University (Munich,
Germany), and informed consent was obtained from each sub-
ject. Prior to gas/aerosol delivery, 2 puffs of a nasal deconges-
tant pump spray containing 0.05% oxymetazoline were applied
to the nose to enlarge the nasal airways. 81mKr-gas ventilation
and aerosol delivery were studied without and with pulsation
on separate occasions in each subject.

Pulsating aerosol delivery system
A pulsating aerosol was generated using the PARI SINUS sys-
tem (Pari GmbH, Starnberg, Germany). It is based on a PARI
BOY N aerosol drug delivery device (22,23). The compressor has
an integrated pressure wave generator driven by the same
motor. The pressure wave had a 45 Hz frequency with ampli-
tude of 25 mbar (measured with a pressure transducer inside

the model). It was attached via a tubing connector to the vent
opening of a PARI LC SPRINT Junior jet nebulizer in order to
superimpose the pressure wave on the aerosol flow. The mass
median aerodynamic diameter (MMAD) of the aerosol gener-
ated by the PARI LC SPRINT Junior jet nebulizer was 3.2 µm
with a geometric standard deviation of 2.6. The rate of mass
output was 0.2 ml/min, and there was no significant difference
in output rate with or without pulsation. For gas/aerosol deliv-
ery to the nose the nebulizer was coupled to the right nostril
and the left nostril was coupled via a flow resistor to output
tubing. During delivery the subject closed his soft palate,
which directed the aerosol to the output nostril and prevented
gas/aerosol penetration to the lung. 

Kr-gas ventilation studies
Kr-gas was continuously ventilated through the nasal airways
in front of a single-head gamma camera (DIACAM, Siemens,
Erlangen, Germany), using the PARI SINUS pulsating drug
delivery system. The air supply of the PARI SINUS was direct-
ly taken from the 81mKr-gas generator output channel. The
head of the gamma camera was equipped with a medium-ener-
gy collimator. Kr-gas ventilation imaging was performed with
and without pulsation. Serial images (2 frames per second)
were recorded from the anterior view. This allowed dynamic
studies of filling and emptying of the nose including the sinus-
es. The gamma camera images were analyzed using the ImageJ
1.30 software package (http://rsb.info.nih.gov/ij/). For analysis
of the distribution of the 81mKr-gas to the different compart-
ments all serial images were superimposed (Figure 1). Regions
of interest (ROI) of the nasal airways and the sinuses were
defined as shown in Figures 1A and 1C, and the activity was
obtained in these ROI’s. For background activity correction
serial images were recorded without Kr-gas delivery. In a nasal
cast study we could show that interchange of the nebulizer
between right/left nostrils had no influence on 81mKr-gas sinus
ventilation efficiencies (23).

Aerosol inhalation studies
An aerosol was generated using a solution composed of 99mTc-
DTPA (Pentacis, Schering, Germany). DTPA (diethylene tri-
amine pentaacetic acid) is a nanocolloid of 500 Dalton size. In
nuclear medicine DTPA aerosols are used for ventilation imag-
ing and the measurement of the alveolar transmembrane per-
meability (25). 99mTc-DTPA clears out of the lungs into circula-
tion by passive diffusion through the intercellular junctions of
the alveolar-capillary barrier with a half time of about 90 min.
Four milliliters of DTPA solution containing about 600 MBq
of 99mTc-activity were added to the nebulizer. For nasal aerosol
delivery the nebulizer was coupled to the right nostril, while a
PALL output filter including a flow resistor (PALL BB50 filter,
Pall Corporation, New York, NY, USA) was coupled to the left
nostril, and the aerosol was delivered for 20 sec, while the sub-
ject closed his soft palate. Nebulizer and output filter were
then interchanged between left and right nostril and the
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aerosol was delivered for another 20 sec. Prior to aerosol deliv-
ery the output rate of the nebulizer was measured by collecting
all particles on a PALL BB50 filter. From the nebulizer output
rate and the activity deposited on the output filter the total
nasal deposition rate was assessed. 

Nasal deposition, retention and clearance were measured dur-
ing 24 hours post DTPA delivery using planar gamma camera
imaging (Diacam, Siemens, Erlangen, Germany) in combina-
tion with a low energy collimator. Anterior and lateral gamma

camera images were recorded directly after inhalation as well
as 1.5 h, 3 h, 6 h and 24 h post inhalation. Subjects spent the
night at their homes and returned to the site the next morning
for recording the 24 h image. Urine was collected during 24
hours and the fraction of DTPA translocated to the blood was
assessed by activity analysis in urine. The subjects sat in front
of the gamma camera head, which was positioned in the
upright format, allowing a simultaneous imaging of the nose
and the upper lung. Count rates in selected regions of interest
(ROI’s) were analyzed using the ImageJ software package.

Figure 1. Nasal 81mKr-gas imaging without (w/o, A) and with (w, B and C) pulsating airflow in front of the gamma camera. The nebu-
lizer coupled to the right nostril and the exhaust tubing coupled to the left nostril is shown. Regions of interest of the nasal cavity (A)
and of the right and left maxillary and frontal sinuses (MR, FR, FL and ML) are shown (C).

Figure 2. A) and B) superposition of anterior gamma camera images of 81mKr-gas ventilation w/o and w pulsating airflow with a coro-
nal MRT slice in one subject. C) Superposition of gamma camera image of aerosol inhalation w pulsating airflow with MRT head
image in one subject. D) – F) similar superposition of lateral gamma camera images with a sagital MRT slice.
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ROI’s generated from previous 81mKr ventilation images were
used and included the nasal airways and the sinuses. Count
rates were corrected for background activity and for radioactive
decay in both the deposition and retention images and the
urine activity analysis. Group differences between delivery w/o
and w pulsation were calculated by a two-sided t-Test (Winstat
software package for Microsoft Excel, Version 2005.1,
www.winstat.com), using a significance level of p < 0.05. 

RESULTS
Kr-gas ventilation
Kr-gas ventilation images obtained with (w) and without (w/o)
pulsation are shown in Figure 1. Figures 1A represents Kr-gas
ventilation w/o pulsation. Only the central nasal cavity appears
on the image and the distribution was used to define the nasal
cavity (nasal-AW) region of interest (ROI). In addition the
delivery system is shown with the nebulizer coupled to the
right nostril, as well as the exhaust tubing coupled to the left
nostril. The sinuses do not appear on this image, suggesting
that there is little Kr-gas penetration to the paranasal sinuses.
Figure 2A shows the superposition of the Kr-gas activity distri-
bution w/o pulsation with the MRT-image of one subject,
which shows negligible Kr-gas activity in the maxillary sinuses.
Figures 1B and 1C illustrate the Kr-gas activity distribution w
pulsation, where in contrast to Figure 1A, the maxillary sinus-
es clearly display as activity areas left and right to the nasal air-
ways. The superposition of Kr-gas activity with a MRT-image
in Figure 2B and 2E shows the penetration of Kr-gas into the
maxillary sinuses with pulsating airflow. Figure 1B was used to
analyze the horizontal and the axial activity distribution, as
shown in Figure 3 and to define ROI’s of the four sinus cavi-
ties, as illustrated in Figure 1C (MR and ML – maxillary right
and left sinuses, FR and FL – frontal right and left sinuses; the
frontal sinuses include ethmoid and sphenoid sinuses). The
horizontal activity distribution shown in Figure 3A demon-
strates the activity appearance lateral (left and right) to the
nasal airways with pulsating airflow. This additional activity
represents Kr-gas penetration to the right and left maxillary
sinuses (MR and ML). Figure 3B represents the activity distrib-

ution obtained from a lateral image (Figure 2D and 2E) along a
vertical axis (axial), covering the frontal sinuses, the nasal cavi-
ty and the maxillary sinuses. Without pulsation there is only
Kr-gas penetration to the nasal airways, while with pulsation
Kr-gas penetration to the frontal sinuses adds activity above
the nasal airways and Kr-gas penetration to the maxillary
sinuses adds activity to the central nasal cavity region and
below. Based on the ROI’s defined from Figures 1A and 1C
the mean Kr-gas activity in the central nasal cavity and the
frontal and maxillary sinuses is shown in Figure 4 for the three
volunteers involved in the study. After normalization of the
activity to the nebulizer activity there is no difference in activi-
ty in the central nasal cavity-ROI due to pulsating airflow.
However, there is more than a fivefold increase of activity in
the four sinuses with pulsating airflow.

Figure 5 shows the wash-out characteristics with pulsation
after switching off the Kr-gas delivery. The drop in activity for
the nebulizer was much faster compared to that in the nasal
airways or in the sinuses. In addition there was a delay in Kr-
gas wash-out from the sinuses compared to the nasal airways. 

Aerosol deposition in the nasal airways and in the nasal sinuses
The first image recorded immediately after aerosol delivery did
not show aerosol deposition in the chest region, which con-
firms tight closure of the soft palate during aerosol delivery.
Total aerosol deposition (% of nebulized dose) in the nasal
cavity of the three subjects was 25 ± 16% without pulsation
and 58 ± 17% with pulsation (p < 0.01). With pulsation 4.2 ±
0.3% of activity deposited in the nose penetrated to the sinuses
while it was below 1% without pulsation.

Figure 3. Lateral (A) and axial (B) 81mKr-gas activity distribution above
the nasal cavity without (w/o) and with (w) pulsating airflow. Activity
accumulation in maxillary (MR and ML) and frontal (FR and FL)
sinuses is highlighted.

Figure 4. 81mKr-gas activity accumulation in the central nasal region
and in the maxillary and frontal sinuses (MR, FR, FL, ML) without
(w/o) and with (w) pulsating airflow, normalized to activity in the neb-
ulizer (mean  ± standard deviation of three volunteers, significance of
difference between w/o and w pulsation: *: p < 0.05, **: p < 0.01).
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DTPA clearance from the nasal cavity
Figure 6A shows the mean retention of nasally deposited
DTPA with and without pulsation in the three volunteers.
Both, for delivery without and with pulsation, about 30% of the
deposited aerosol are cleared with a half-time of 1 hour. The
remaining fraction was cleared with half-times of 6.9 and 7.9
hours without and with pulsating aerosol delivery, respectively.
After 24 hours 5.4 ± 1.8% and 8.6 ± 1.3% of initially deposited
activity were retained in the nasal cavity without and with pul-
sation, respectively. Figure 6B shows the clearance of activity
deposited in the total nose and in the sinuses in one volunteer:
4.2 ± 0.3% of activity deposited in the nose penetrated to the
sinuses and the parallel decay of activity with time shows simi-
lar clearance behavior of the DTPA aerosol from the sinuses,
as was recorded from the whole nasal cavity.

DTPA translocation to circulation
Of the activity deposited in the nose, 17.7 ± 2.0% and 5.6 ±
0.4% with and without pulsation, respectively (p < 0.01), were
excreted into the urine within 24 hours. The higher fraction of
DTPA penetrating to the blood with pulsating airflow corre-
lates with a higher total deposition. 

DISCUSSION 
The inefficiency of ventilation of the paranasal sinuses using
standard inhalation devices has been demonstrated by the 133-
Xenon washout technique (26,27). Typical gas exchange half-
times are 10 to 30 min in healthy subjects, and further
increased in patients with sinus diseases. This is not sufficient
to transport significant amounts of drugs into the paranasal
sinuses in order to perform a topical therapy. This efficiency
can be significantly enhanced using pulsating airflow.

Kr-gas sinus ventilation
The efficiency of pulsating airflow for proper sinus ventilation
is evident from Figures 1 to 3. Without pulsation, less than

10% of the total Kr-gas activity within the nasal cavity penetrat-
ed the sinuses. This rate increased to about 48% with pulsa-
tion. This demonstrates that generation of significant pressure
differences at the ostium openings leads to increased gas trans-
port into the sinuses. Similar results could be confirmed in a
previous study in a nasal cast (23). In the cast study various con-
figurations of sinus volumes and ostium diameters were tested.
There were optimal combinations of ostium diameter and
sinus volume for maximal sinus ventilation with pulsation.
The worst configuration was that of large (5 mm) ostium diam-
eters, while ostium diameters of two and three millimeters
were most efficient for sinus ventilation in conjunction with
pulsating airflow. These optimum conditions of ventilation of
the sinuses may reflect a resonance behaviour, since an ostium
including a sinus cavity can be considered as a Helmholtz-res-
onator-like configuration. However, experimental and simula-
tion investigations show resonance conditions for similar con-
figurations of ostium diameter and sinus volume at higher pul-
sation frequencies of above 100 Hz, while our device operates
at 45 Hz (11,17). 

Pulsating airflow caused a sustained release of 81mKr-gas activi-
ty from the nasal airways and the sinuses after switching off
the radioactive gas delivery. As can be seen from Figure 5 the
activity drop was much slower in the nasal airways compared
to that in the nebulizer, and was further slowed in the sinus
cavities. This indicates a delay in gas exchange between sinus-
es and nasal airways. This delay can cause an increased resi-
dence time of an aerosol drug in the sinuses and this can fur-
ther enhance the aerosol deposition fraction, both in the nasal
airways and in the sinuses. Paranasal sinus wash-out without
pulsation is much slower than with pulsation, as has been
shown using 133-Xenon scintigraphy (26).

Nasal aerosol deposition
Access and deposition of significant amounts of aerosol into
the sinuses could not be detected without pulsation, and with
pulsation only about 4.5% of activity deposited in the nasal
cavity was detected in the sinus ROI’s. This rate is low com-

Figure 5. Wash-out characteristics of the activity from the nebulizer,
the nasal airways and the right maxillary sinus after switching off the
81mKr-gas delivery at T = 20 s.

Figure 6. A) Clearance of 99mTc-DTPA aerosol from the nasal cavity
without (w/o) and with (w) pulsating airflow. B) Clearance of 99mTc-
DTPA aerosol from the nasal cavity and the sinuses with pulsating air-
flow in one subject.



410 Möller et al.

pared to Kr-gas ventilation efficiency and may result from high
aerosol deposition at the nasal entrance site (nasal valve, see
Figure 2F). Experimental and computational predictions of
particle deposition in the human nasal cast model and anatom-
ical replicas support the assumption that there is an efficient
nasal filtration effect with high deposition at the nasal
vestibule, nasal valve and anterior turbinates (18,28). Increasing
aerosol deposition efficiency may be achieved by further
reduction of the particle size of the aerosol. This rate is in the
range of results obtained in our previous in vitro study using a
nasal cast, where up to 8% of the nebulized dose could be
deposited in the paranasal sinuses (23). Nevertheless, 4.5%
deposited dose in the sinuses may provide sufficient amount of
drug for a first step topical aerosol therapy. Using the PARI
SINUS device a one-minute delivery would deposit about 5
mg of nebulized solution in the sinuses.

Besides aerosol transport to the sinuses, pulsation enhanced
aerosol deposition in the nasal cavity more than twofold.
Increased intranasal aerosol deposition by pulsating airflow
was shown before (13). This enhanced aerosol deposition in the
nasal airways may be advantageous for the treatment of nasal
diseases other than sinusitis, such as bacterial or fungal infec-
tions or chronic inflammation of the nasal airways, and would
offer alternative treatment options with less side effects com-
pared to those described for the treatment of fungal sinusitis
and complications of rhinosinusitis (4).

DTPA clearance from the nasal airways
In addition to higher aerosol deposition efficiencies, drug
delivery with pulsation is associated with slower clearance of
the radiotracer from the nose, suggesting penetration into the
nose to sites with retarded mucociliary clearance, as for exam-
ple the anterior nasal cavity, olfactory bulb or the paranasal
sinuses. Suman reported between 25% and 40% clearance of
nasally administered DTPA aerosol within 30 min from a nasal
spray pump and nasal nebulizer, respectively (29). This faster
clearance may result from higher deposition characteristics in
the ciliated regions of the nose due to larger particles, originat-
ing from the nebulizer and spray pump devices. In addition,
the nasal decongestant administered in our study may influ-
ence ciliary activity. But in vitro and in vivo studies suggest a
minor influence of the doses of oxymetazoline used in our
study on ciliary beat frequency and mucociliary transport rate
(30,31). Both, with and without pulsation, there was retained
activity in the nose after 24 hours, where the delivery with pul-
sation was associated with a higher fraction. Assuming that
mucociliary clearance removes all particles within 24 hours,
this data suggests a fraction of particles was retained in the
nose longer than 24 hours. A similar phenomenon has been
observed in the human airways (32), and the physiological
mechanisms of this long-term retention are not clear.
Mechanisms discussed include areas of retarded mucus trans-
port or particle deposition between cilia. The clearance kinetics

in the range of hours can provide longer residence times for a
drug administered as an aerosol to the nose and it prevents
rapid removal by circulation, therefore allowing formulations
with sustained release profiles and possibly once daily applica-
tion even when their half time values are shorter. 

DTPA translocation to circulation
Pulsating aerosol delivery enhanced the fraction of activity
deposited in the nose being excreted into urine within 24
hours. DTPA deposited onto the alveolar lung epithelium pen-
etrates into the circulation and is excreted into urine within 24
hours (33). In contrast DTPA deposited onto mucus is primarily
cleared by mucociliary transport because of the high affinity of
DTPA to mucus (34,35). Therefore the fraction of DTPA excret-
ed into urine may reflect aerosol deposited onto nasal mucosa,
which is not covered by mucus at the period of delivery. Such
areas are also known from small airways in the lung (36). In
small airways mucus does not appear as a continuous layer,
rather it is transported as plugs. In larger airways and in the tra-
chea these plugs merge to a continuous mucus layer.
Therefore, there are transiently areas in small airways and in
the nasal cavity, which are free of a mucus layer. With respect
to DTPA transport these areas may behave similarly as the
alveolar epithelium and maintain uptake into blood circulation.
The higher fraction of DTPA penetrating to blood with pulsat-
ing airflow correlates with a higher total deposition. This may
result from a deeper penetration of the aerosol into the nasal
cavity and deposition onto the nasal mucosa, which is, to a
lower extent covered by mucus, thus potentially allowing for
absorption. 

Durand et al. (37) used a more realistic plastinated nasal cast of
a human cadaver and measured aerosol deposition by gamma
camera imaging, with and without sounding airflow. Using
sounding airflow they could confirm activity penetration into
the sinuses, but only just above the gamma camera back-
ground activity. They did not give any estimation on absolute
deposition efficiencies in their study. Maniscalco et al. (17) could
also show that sounding airflow (humming) causes an increase
in sinus drug deposition in human volunteers, enhancing the
delivery of a nitric oxide-synthase inhibitor to the nasal sinuses
and thereby reducing the release of nasal NO during hum-
ming. Drug delivery without sounding airflow had no effect on
nasal NO release. 

Opportunities for the aerosol treatment of nasal disorders
The data presented in this study are limited to subject with
normal nasal anatomy and the nasal airways were decongested,
therefore the results may not directly be applicable to patients
with chronic rhinosinusitis. Nasal obstructions in patients with
rhinosinusitis and complete closure of ostia may prevent gas
and aerosol penetration to the sinuses. In addition the complex
structure of the nasal airways causes high particle deposition at
the nasal valve and the nasal turbinates, especially of larger
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particles (38). This makes the nose an efficient filter for inhaled
pollutants. However, it also significantly reduces the amount of
aerosol penetrating to areas where there is access to the sinus
cavities. This is a limiting factor in most of the studies pub-
lished in relation to aerosolized nasal or sinus drug delivery.
Although 4.5% aerosol deposition in the nasal sinuses appears
low, it may provide sufficient drug delivery for a topical inhala-
tive aerosol therapy, but the efficiency of the system in patients
suffering from chronic sinusitis has to be shown in future clini-
cal trials.

Nevertheless patients with nasal airway obstructions caused
either by nasal polyps or by the inflamed mucosa, such as
patients with chronic sinusitis, may benefit from aerosolized
drug delivery using pulsating airflows (39). However, a principal
limitation of aerosol drug delivery to the sinuses is that ventila-
tion has to be possible. Obstructed sinuses did not show
enhanced NO release after humming, as was shown by
Lundberg et al. (40). Nevertheless these patients may benefit
from pulsating aerosol delivery by an increased aerosol deposi-
tion in the nasal cavity with subsequent redistribution of the
drug due to extended retention of the drug in the nasal cavity.
This is supported by preliminary clinical data in CF patients
after nasal administration of Dornase alpha (Pulmozyme)
using pulsating airflow (20). 
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