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Abstract

Aim: Intranasal aerosol administration of drugsvidely used by ENT specialists. Although
clinical evidence is still lacking, intranasal nébation appears to be a promising therapeutic
option for local drug delivery, targeting anatonsites beyond the nasal valve. The sonic
nebulizer NL11SN associates a 100 Hertz (Hz) sotndhe aerosolization to improve
deposition in the nasal/paranasal sinuses. Theohitime present study was 1) to evaluate in
vivo the influence of associating a 100Hz soundions ventilation and nasal and pulmonary
aerosol deposition in normal volunteers, and 2yuantify in vitro aerosol deposition in the
maxillary sinuses in a plastinated head model.

Material and methods: Scintigraphic analysiss8Kr gas ventilation and of sonic aerosol
(*°"Tc-DTPA) deposition using the NL11SN was perforniedivo in 7 healthy volunteers.
In parallel, NL11SN gentamicin nebulization was fpened, with or without associated
100Hz sound, in a plastinated human head modelgribes amount of gentamicin delivered
to the paranasal sinuses was determined by fluemesqolarization immunoassay.

Results: Associating the 100Hz sound®tBKr gas ensured paranasal sinus ventilation in
healthy volunteers®™c-DTPA particles nebulized with the NL11SN werepdsited
predominantly in the nasal cavities (2/3, vs. I3he lungs). In vitro, the use of NL11SN in
sonic mode increased gentamicin deposition thrdefol the plastinated model sinuses
(p<0.002); the resulting antibiotic deposit would sufficient to induce a local therapeutic
effect.

Conclusion: The NL11SN nebulizer ensured prefeaémasal cavity aerosol deposition and

successfully targeted the maxillary sinuses.

Keywords: sonic aerosol; 100 Hertz; scintigraphsalthy volunteers; plastinated head model;

nasal; sinus; rhinosinusitis.



1. Introduction

Although the efficacy of nebulizing pulmonary ambifics and corticosteroids has been
demonstrated in many studies [1,2], nebulizatioramtibiotics with a nasal target remains
controversial [3,4]. The French health productetyafgency AFSSAPS does not recognize
an indication for local antibiotics in rhinosinusatpology [5]. In theory, however,
nebulization has the advantage over classic adiratian routes of delivering the drug
directly to the target organ, thereby avoiding syst side-effects while increasing the local
dose. Consequently, despite a relative lack ofiadinevidence and the small number of
published studies, nasal nebulization is in fagtjfliently used in ENT and by family doctors
[6,7]. Nasal aerosol therapy is used in most aarnd chronic nasal cavity and sinus
pathologies, enabling direct application to thendsinusal mucosa, with a rapid clinical
response and minimal side-effects. It is partidulased in failure of reference per os or spray
treatment [6,8]. Nebulization may indeed be an redeng treatment option in nasal
antibiotherapy [9,10].

There are currently no nasal antibiotic spraysaggr moreover, fail to target potentially
infected anatomic sites such as the maxillary siatremoid cells or middle turbinate [11,12].
As nebulizers produce finer particles than spraysr( vs. 30um), they can target anatomic
areas beyond the nasal valve, but still fail tahethe maxillary sinuses. Associating a 100Hz
acoustic wave, however, enhances ventilation [13] aerosol deposition [14] in the
sinonasal cavities. Nasal sonic nebulizers woulds teeem to generate the best adapted

aerosols for local treatment of rhinosinusitis.

The present study sought to quantify respiratotyway and maxillary sinus deposition of
the aerosol produced by a nasal sonic nebulized 1SN (DTF, Saint Etienne, France)

designed to optimize nasal cavity and maxillaryusimleposition by associating a 100 Hz



sound to the aerosol [15]. Results with the systm reported (i) in vivo in healthy
volunteers, using a radioactive tracer, and (iiyitno with gentamicin in a plastinated human

head model.

2. Material and Methods

2.1. Nasal sonic nebulizer

Nebulization used an ATOMISOR NL11SN (NL11SN) nasahnic nebulizer with an
ATOMISOR AOHBOX® compressor (DTF Médical, Saint&tine, France). The aerosol

was administered via flexible C28E nasal plugs (IMésdical, Saint-Etienne, France).

2.2. Healthy volunteer scintigraphy study.

2.2.1. Study population
This single-center study included 7 healthy malen-amoking volunteers aged 21 to 36
years, with a mean height of 1813 cm and mean weight £710 kg.
The study design was approved by the ethics comendt the Saint Luc University Clinics of
the Catholic University of Leuven (UCL, Belgium)here the study was performed. In line
with the Declaration of Helsinki and good clinigabctice guidelines, the healthy volunteers
signed their written informed consent before fimalusion.
The subjects were judged healthy at the first sieleconsultation after a complete medical
check-up comprising physical examination, vitalnsigassessment, medical and surgical

history and inclusion/exclusion criteria: the pulmoy scintigraphy examination required



subjects to be equivalent in sex, age, height agsdhw so as to limit and harmonize thoracic
tissue attenuation within the study population.

The main grounds for exclusion were history of cardscular pathology, allergy, asthma or
other pulmonary pathology or any ENT, and espeaciddinosinusal, pathology (polyposis or
any type of rhinosinusitis) or ENT or head and ngaigery (whether repair or functional).

The clinical examination was completed by nasaitgahinoscopy; subject 3 showed right
nasal deviation and subject 5 a right septal sput,these were considered to be anatomic

variants not entailing exclusion.

2.2.2. Scintigraphic ventilation study of the admition of a 100 Hz sound

Krypton 81m #"Kr) ventilation was performed to study the effeet maxillary sinus
penetration of associating a 100 Hz sound and termne the anatomic upper airway and
lung regions. ®"Kr gas {'RbP'™Kr generator, Covidien, Petten, Netherlands) was
continuously administered via nasal plugs to aahigyper and lower airway ventilation.
The following 2-min scintigraphic acquisitions weperformed using a STARPORT 400
AC/T gamma camera (General Electric, Horsholm, Deehin

* Gas-1: nasal cavities on right lateral head view;

» Gas-2: nasal cavities on AP head view on ventilatiorhaitt sound;

* Gas-3: nasal cavities on AP head view on ventilatiortwili0oO Hz sound;

* Gas-4: lungs on posterior thorax view.

2.2.3. Sonic°™Tc-DTPA aerosol deposition study
The NL11SN nebulizer was loaded with a 3 ml soluttontaining 25mg DTPA (Diethylene-
Triamine Penta-Acetic Acid) with 74 MBq Technetiud®m ¢°™Tc) tracer (TechneScan

DTPA, Mallinckrodt Medical, Petten, Netherlands).



Ahead of the aerosol session, subjects were traimedhale the aerosol by the nose and
breathe out by the mouth. An absolute filter sys{BB50TE, Pall Medical, France) protected
the ambient air and quantified exhaled aerosoliggtiNebulization was associated to a 100
Hz sound for 10 minutes.
Immediately after inhalation, the subject sat fexcthe camera for 3 acquisitions:

* Aerosol-1: nasal cavities on right lateral head view;

» Aerosol-2: thorax on posterior view;

» Aerosol-3: residual nebulizer and accessory activity.

2.2.4 Image processing

Total deposited airway activity was calculated ba activity-balance method, consisting in
subtracting non-deposited activity from the acgivinbitially introduced in the nebulizer.
Results were corrected for background noise andaative decay.

Regions were traced around the anatomic areast&est (nasal cavities, lungs, stomach)
from the ventilation images and applied to eachodejn image. Percentage aerosol
deposition per region of interest was calculatexinfthe total deposited activity. Deposited
DTPA mass (ug) was also determined for each refiom the DTPA mass initially

introduced in the nebulizer.

2.3. In vitro gentamicin sonic aerosol depositiardyg
Intrasinus concentrations of an antibiotic, gentaminebulized with and without associated
100 Hz sound, were compared in a plastinated heati@ic model.

2.3.1. Plastinated head anatomic model



The human head plastination technique developedaaiagted for ENT modeling in the
anatomy laboratory of the Saint-Etienne Medicald®tli{fFrance) was used to create several
plastinated specimens, three of which were dedictiegfunctional sinonasal cavity studies
[16,17].

The plastinated anatomic specimens were obtainddwiog the usual stages of this
technique: specimen preparation (3 days), formaidieliixation (3 months), dehydration and
degreasing with acetone (1-2 months), silicone egpation (10-20 days), and
polymerization (2-3 months). The polymerization wasimized to avoid tissue retraction
[17]. The plastinated heads were validated as akbmsposition models after anatomic,
geometric and aerodynamic analysis, using classdical techniques: rhinoscopy,
endoscopy, CT, rhinomanometry and acoustic rhingmet

The models' maxillary sinuses were opened usingggtal cut involving the lateral sinus
wall. Two movable plexiglass plates were used twselthe sinuses hermetically during

nebulization (Figure 1). This gave access to thassantrum to collect the deposited aerosol.

2.3.2. Gentamicin nebulization
Gentamicin (Gentalliy, Schering-Plough SAS, Courbevoie, France), an agicoside
active on Gram-negative bacteria and staphyloceath, recognized efficacy on the bacteria
implicated in rhinosinusitis [18,19], was chosen raarker for its solidity and specific

deposition on routine methods. Two concentratioasewased: 40 and 80 mg/ml.

The NL11SN nebulizer was loaded with 4 ml gentamamd connected to the model nostrils
via nasal plugs (Figure 1).
Nebulization lasted 10 minutes. The plexiglassgslatere then withdrawn and the maxillary

sinuses were given 4 rinses of 1 ml physiologiedihe by syringe to collect the gentamicin



deposited on the sinus walls. The rinse liquid weyst at -20°C for subsequent measurement
of the collected gentamicin.
After each nebulization, the specimen was liberaihghed and dried in free air for at least 48

hours.

Nebulization (n= 112) was performed either in samiede (with 100 Hz sound) or classical
mode (without sound). Physiological saline nebtita(n=34) was used to check wash-out:

i.e., that no gentamicin remained in the sinuses.

2.3.3. Gentamicin assay
Gentamicin was assayed on 291 sinus rinse liquwbks by immuno-enzymatic analysis
(fluorescence polarization immunoassay) on a TDX®Ldevice (Abbott Diagnostics,
Rungis, France). Assays were performed in tripicasing Gentamicin® reagents (Abbott

Laboratories, Diagnostic Division, EU) with senatty of 0.27mg/L.

2.4. Statistical analysis
The impact of a 100 Hz sound on gentamicin sinyssi@ion in the plastinated head model

was assessed by t test (XLSTATS®). The significahoeshold was set at p<0.05.

3. Results

The in vivo inhalation session&'Kr ventilation and®™ c-DTPA nebulization) were well
tolerated by all subjects, and there were no advexents. The upper and lower airways
could be visualized with th€"K gas in all cases. The recorded images testitieal positive
impact on maxillary sinus penetration of assocgtime 100 Hz sound to ventilation (Figure

2, Gas-2 and Gas-3).



The images also enabled anatomic regions to baetein the upper airways and lungs, so as
to quantify sonic aerosol deposition of nasallyaile ™ TcDTPA (Figure 1, Aerosol-1).

In terms of’°"Tc-DTPA mass, respiratory pathway aerosol distiitmuwvas 2,40& 475 g in
the upper airways (nasal cavities and rhinopharyaxgl 925+ 425 ug in the lungs,
demonstrating effective targeting of the nasal ttesi(two-thirds of the activity) as compared
to the lungs. These upper airway calculations @matount of swallowing and nasal clearance
(Table 1).

The images, however, showed only a small amourateodsol in the maxillary sinuses, far
less than the krypton seen to penetrate them uwelgtilation scintigraphy. Valid image
processing to quantify maxillary region aerosol aspon precisely was not feasible due to
the difficulty of situating the regions anatomigall

Little radioactive DTPA (Gt 25 pg) was found in the stomach, indicating titde laerosol

was swallowed during the nebulization session.

In vitro, the 112 gentamicin nebulizations andatese rinsing did not affect the plastinated

head anatomy. Absence of gentamicin in the sinuwses checked by assaying the sinusal
liquid collected after physiological saline (ressit0.27mg/l).

The results detailed in Table 2 show an up to 8-fomicrease (p<0.05) in gentamicin

concentration in the maxillary sinuses when the H2Gound was associated to nebulization,
for both types of concentration tested. Depositi@s significantly greater in the left than the

right sinus, with or without associated sound (P50.

4. Discussion
The interest of associating a 100 Hz sound to redainistration was studied first directly in

healthy volunteers by in vivl™Kr ventilation scintigraphy. The gas was delivenegally by



an NL11SN nebulizer, and nasal cavity ventilatiomswecorded laterally before and during
the addition of sound. The images (Figure 2, Gam# Gas-3) display the impact of
associated 100 Hz sound on maxillary sinus pematratnhancing ventilation with increased
gas exchange between nasal cavities and maxillauges.

A drug aerosol, however, may show different aeradyic behavior from a gas, with
consequently varying impact of 100 Hz acoustic ations. The airway distribution of the
nasally inhaled sonic aerosol was therefore studsdg*™c-DTPA as radioactive tracer.
The mass of®"Tc-DTPA deposited in the upper airways and lungs walculated for
anatomic regions defined on the ventilation imageso-thirds of the soni¢®™Tc-DTPA
aerosol was distributed in the upper airways, ane-tbird in the lungs. Within the nasal
cavities, aerosol deposition stretched from thealnasstibule to the pharynx (Figure 2,
Aerosol-1), rather than being restricted to thetfaentimeters of the nasal fossae as usually
described in the literature [11], which impliesttitapassed through the middle and inferior
nasal meati.

This in vivo study, however, involved limitationsne methodological and the other related to
the use of healthy subjects. The methodology pemidnly overall quantification of upper
airway deposition, without detailed differentiatiaf deposition in therapeutic target sites
such as the maxillary sinuses. The proximity of thaxillary sinuses to the nasal fossae
makes precise localization within the upper airwagsa whole difficult [17,20], especially
due to the Compton Effect. This means that the rétmo treatment efficacy of target
deposition cannot be assessed. Moreover, the heattinteers themselves represented a
limitation to the study of the targeting of aredsh@rapeutic interest, as their maxillary ostia
were open (as seen 8Kr ventilation) unlike in the general case of patiewith rhinologic
pathology: patients likely to be concerned by nasdibiotherapy for chronic rhinosinusitis

will generally have a closed ostium [21].
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The second, in vitro, study examined the effecssociating a 100 Hz sound to a gentamicin
aerosol in a plastinated human head model. Plastm@rovided a model conserving the
mucosa, anatomy and aerodynamics of the nasaliesaahd sinuses. Moreover, the active
substances nebulized and deposited in the maxglanses could be assayed in situ.

The results demonstrated that the gentamicin nedailby the NL11SN penetrated and was
deposited in the model's maxillary sinuses. Thennfactor affecting sinusal deposition was
the 100 Hz sound, in presence of which the geniandoncentration collected from the
sinuses was significantly increased, by a factot.6fto 3 (Table 2). For a given gentamicin
dose, the increase in sinus deposition was equivalethe 2 sinuses, although the absolute
amount of deposit was significantly different beéwethe two (p<0.05), probably due to
geometrical differences between the left and riglaixillary sinus ostia. Rhinomanometric
measurements taken on the same model showed gregtierthan left ostium resistance
[17,22]. The gain in maxillary gentamicin depogitiprovided by the associated sound was
independent of ostium geometry.

Although the model enabled sinus deposits to bledeld, it involved certain limitations. The
gentamicin assay results were highly variable, thuéhe technical difficulty of rinsing the
sinuses with physiological saline to collect thentgenicin. However well controlled the
technique, sinus antrum anatomy and the unevers@aedeposition over the cavities meant
that collection was neither exhaustive nor stricflgroducible from one trial to another.
Moreover, sinus rinsing was suboptimal, as it ideldi neither the lateral wall of the maxillary
sinus nor any possible physical gentamicin absompliy the plastinated sinus mucosa; the
real quantity of deposited gentamicin in the sisus@as therefore once again inevitably

underestimated.
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There was further a technical limitation inasmushttee plastinated head specimen was not
ventilated and thus was "passive" under aerosolrasiration. Inhalation and exhalation of

the aerosolized particles was not reproduced, wimai have affected the deposition kinetics
as compared to a ventilated model. This lack adpmation” might reduce or on the contrary

increase sinus penetration: the former, as airflmough the nasal cavities under inspiration
(acceleration) and expiration (vortex) maintainsusi aeration, enabling gas exchange with
the nasal cavities (sinus respiration) [21,22,]thar latter, due to aerosol accumulation in the

nasal fossae, increasing penetration into the taaxisinuses via the ostia.

Nasal antibiotic nebulization is especially contrmsial due to a lack of data as to the quantity
of active molecules actually deposited, their po&nclinical efficacy and the expected
therapeutic doses.

The present in vivo results in healthy subjects enditro results in the plastinated model
showed the NL11SN sonic nebulizer to be suitabtedgeting the upper airways, including
the sinus cavities.

The plastinated head model could be useful forainiissessment of the theoretic efficacy of
an antibiotic deposit in the maxillary sinuses adow to the quantities of active substance
collected. In the present study, a mean 1.35 mgld.2a33 mg/L were measured in the rinse
liquid from the right and left sinuses respectivadgrresponding to a mean mass of 3.31 ug
collected from the sinuses.

In terms of deposition efficacy, it is possibledstimate whether the quantity of deposited
gentamicin was sufficient to ensure a local thewipeeffect. Sinus gentamicin deposition can
be compared to the recognized effective pulmonapodition of a reference aminoglycoside
by normalizing deposition per unit tissue area. Agiohe aminosides used in nebulization,

tobramycin (TOBI®) shows recognized efficacy Hseudomonas aeruginosa pulmonary

12



infection in mucoviscidosis patients. In vivo steslireported about 45 mg tobramycin
deposited in the lungs using the reference pneamabulizer [1].

From these data, the tobramycin deposition ratéhé lungs can be estimated at 0.0346
ng/ent (for a maximum deposition area of 136)m

If the maxillary sinus is assimilated to a spheratmut 17 cri (mean = 15 to 20 chin the
literature) [23,24,25], the potential aerosol défims area in a sinus will be 31.93 &m
Gentamicin deposition in the plastinated head siswgas estimated at 0.05183 pdicm
According to these new data, the quantity of gertendeposition in the in vitro model
sinuses can be estimated as being 1.5 fold gréa@$183 pg/crivs. 0.0346 pg/cA) than
the reference aminoside deposition in the lungsisThn this initial approach, the quantity of
gentamicin collected from the maxillary sinuses ldaeem to be sufficient to induce a local
anti-infection effect. These results should be coréd in a clinical assessment of the

therapeutic efficacy of antibiotic deposition bysabsonic aerosol.

5. Conclusions

The present study showed that sonic nebulizatian, (hebulization coupled to a 100 Hz

sound), as implemented using the NL11SN nebuliaptimized aerosol deposition in the

nasal cavities (two-thirds of activity) and effeetlly targeted anatomic regions of interest
such as the maxillary sinuses. Maxillary sinus peien proves passage through the middle
meatus, the center of sinus pathology. Thus thal sasic aerosols produced by the NL11SN
can treat certain rhinosinus pathologies.

By comparison with the results for pulmonary deposinormalized per unit of tissue area,

the amount of sinus drug deposition seems suffidennduce a local anti-infection effect.

The plastinated human head seems to be a usefulfmdtherapeutic assessment of the

13



theoretic efficacy of sinus deposition of drugsd ai antibiotics in particular. The results
show that rhinologic antibiotic nebulization mayuseful, avoiding acquisition of resistance.
Clinical studies will be required to validate tlreatment efficacy of nebulized deposition of
antibiotics or other molecules using the NL11SN isomebulizer in various rhinosinus

pathologies (infectious and/or inflammatory), saadetermine clinical applications.
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Figures

Movable plexiglas plate] AOHBOX®

compressor

Plastinated head
model

MNL11SN nebulizer
with nasal plugs

R Lo 3

Sound tube
Pressure tube

Figure 1: Nebulization of gentamicin in a plasteththead model, using the ATOMISOR
NL11SN nasal sonic nebulizer connected to an ATABRSAOHBOX® compressor.

The pressure input tube ensured continuous congatess inflow and the sound input tube
ensured conduction of the 100 Hz sound producethéycompressor. The sonic nebulizer
was connected to the plastinated head nostrilmagal plugs. The two movable plexiglass

plates on either side of the model hermeticallgetbexternal access to the maxillary sinuses.
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Aerosol-1(+sound)

Gas-2 (without sound)

Gas-3 (+ sound)

Figure 2: Scintigraphy images in healthy volunteesng the NL11SN sonic nebulizer and
ATOMISOR AOHBOX® compressor:

Aerosol-1: ®™Tc-DTPA aerosol deposition with associated 100 bins (right lateral nasal
cavity view);

Gas-2: 3™Kr ventilation without associated sound (anteridesf the nasal cavities);

Gas-3: #"Kr ventilation with associated 100 Hz sound (awieside of the nasal cavities).
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Table 1:*™c-DTPA aerosol deposit (tg) from NL11SN nebuli2A@HBOX® compressor,

in 7 healthy subjects (mean + SD).

Upper airway$ 2,400 + 475
Lungs 925 + 425
Stomach 0x25

& Upper airways taking account of nasal cavitieyapharynx and stomach.
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Table 2: Mean gentamicin concentration (mg/l) cte from the left and right maxillary
sinuses of the plastinated head model after clagbalization (without associated sound) and
sonic nebulization (with associated 100 Hz soumd)2f antibiotic formulae (40mg/ml and
80mg/ml), using the NL11SN nebulizer/AOHBOX® congser.

Loaded gentamicin  Type of Gentamicin concentration collected in
concentration nebulization maxillary sinuses (mg/l)
(mg/ml) Right sinus Left sinus
40 classic <0.27 <0.27 p=0.679 **
40 sonic 0.64 £0.22 0.73+£0.32 p =0.242 **
p =0.002 * p =0.005 *
80 classic 0.63 £ 0.52 1.19+1.03 p = 0.005 **
80 sonic 1.35+0.91 2.33+1.49 p =0.019 **
p <0.0001 * p <0.0001*

@ mean concentration below assay kit sensitivitgghold (0.27mg/L)
* t test, classic vs. sonic nebulization
** t test, right vs. left sinus
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