Chapter 1 - CONCERNS ON NEBULIZATIONS

A. Introduction

The use of nebulizations for delivery of topicadlgtive drugs is becoming increasingly
frequent as the first line treatment of acute apoit lung diseases. Moreover, it is also
an attractive way to deliver systemic drugs dutheolarge surface area of the alveolar
epithelium and small airways. This large surfacdititision allows absorption of some
drugs into the blood circulation. This modality administration has both clinical and

diagnostic indications.

To maximize efficacy of nebulization, it is mandatas a first step to provide to
patients devices of quality. Various techniques dadices are available and must be
selected to ensure patient compliance. Since 2@0itlelines to a better control on
quality and efficiency of existing devices have hhetaborated by an European norm
(EN-FR13544-1) Obtaining therapeutic effect requires optimal ditians of
nebulization. These conditions are influenced byias’ characteristics and technical
(driving gas, flow or individual variables. The latter are related to respiratory pattern,
lung disease, anatomy, age and cognitive abilitgulifjects to use the selected device

as well as laboratory data available.

Severalin vitro andin vivo methods for evaluating nebulizers are now avalasll of
these methods may provide helpful indications &rdpists to make the appropriate
choice of device depending on the target and abgsct Understanding the needs to
improve clinical practicdor the use of nebulized therapy, the European iRespy
Society (ERS) has published, after reviewing relateientific and clinical principles,

users’ guidelines of nebulized treatménts

The aims of this thesis concerns 1) evaluation néa modality of nebulization : the
intrapulmonary percussive ventilatiband 2) comparisons of this modality with a
classical well-studied jet nebulizer in various vitro and in vivo conditions.
Aerodynamic properties and deposition obtained btyrapulmonary percussive
ventilation will be measured. These measurementsallow a comparison to a well-

studied device. Cascade impaction and laser diftraavill be used to obtaim vitro



parameters and lung deposition will be analysisirogging and pharmacokinetic
techniques.

B. Historical aspects of nebulization

Nebulizations were used before the first writtecords of medicine. In the Ayurvedic
medicine whose origins date back 4,000 years, ditivaal place was given to
inhalation therapy by smoking preparations frombKemDioscorides (first century), the
Greek physician called “the Father of Pharmacytoremended inhaled sulphur
vapours. Patients were also encouraged by Galidmweathe sulphuric vapours from
the Vesuviud Until the 19" century, vapours were known to be the only means f
inhalation therapy. Medications were added to bgilwater to allow inhalation and

asthma cigarettes were documented as “fuming astémedies®.

The principle of liquid nebulization is to conveatsolution into a suspension of a
particle size that can be inhaled into the lowespi@tory tract The first apparatus
producing liquid nebulization was constructed in298and the word “nebulizer”
appeared in the Oxford Dictionary in 187Before the appearance of the word
“aerosol”, other words were used (fog, micro mist.In)the middle of the Tcentury,
inhaling thermal waters were in fashion (Figur®lgfore falling out of use due to the
potential risk of the substances associated tetheders. During the First World War,
nebulizations made a comeback with the discoverthefvalue of inhaled adrenaline

and ephedrine and they have never disappearedtfirmmedical aréa

Jet nebulization is the oldest of the currentlydukand of aerosol delivery and first
appeared before the Second World Wa&he first real precursor to the modern T-piece
plastic hand-held pneumatic nebulizer was the 195right nebulizer using a
combination of gas flow, precise venturi orificesd baffles. This pioneer apparatus
was able to produce aerosol particles in the fine nge of 1-5 microfisUltrasonic
nebulizers, introduced in the 68'propagate high-frequency sound waves by a quartz
and aerosolize a liquid by cavitation. Devices egdlover the last decades (Figure 1)
to meet the patients’ needs even if none of thestesis meets all the requirements but

rather they reach compromises between all the sapesriterid.
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Figure 1: lllustrations of historical and recentthwals of inhalation. Top : at the left, inhalatéDo

Renault, and at the right, asthma cigarettédiddle : at the left, Inhaler of infusion (Cousteof Mark

Sanders, Inhalatorium.com.), and at the right,raathigarette’s Bottom : at the left, Inhalator thermal

of water, and at the right, a modern nebulizer.




The use of nebulized drugs for the treatment ofmopulary diseases has advantages
over oral, subcutaneous, intramuscular and intrewenroutes of delivery. This
modality allows selective treatment of the lungs diyectly delivering high drug
concentrations in the airways while reducing systeadverse effects comparatively
with oral route of administration. The onset ofi@actis quicker with nebulized route of
administration than with oral delivery and somegdrare only available for nebulized

use.

Conversly there are also some identified disadpstaassociated with aerosol drug
therapy. An optimal technique of inhalation is resaey to increase drug delivery and
potentially maximize efficacy. The proliferation ofarious devices may produce
confusion for clinicians and patients. Nebulizatiare less convenient than oral drug
administration insofar as the time required forgdagdministration may be longer and
some patients may find the device less portablés [Hst point is particularly true for

conventional jet nebulizers.

Each type of aerosol device has its own advantages disadvantages, and the
clinician must have a good knowledge of all primtigevices to provide optimal care
for individual patients. Even though there are feerapeutic indications of

nebulization, it is mandatory to provide the mggprapriate device, that meets clinical
and user requirements. Ease of use, nebulizatrae, tdrug output, particles size,
amount of drug delivered and the portability arseesial elements to determine the

quality of a device.

C. Jet nebulizers and their design principles

Different manufacturers provide distinct devices. @mparison between two different
devices — a classical well-studied jet nebulizea et nebulizer using intrapulmonary
percussive ventilation — is a major objective dstivork, it is important to make a

detailed description of general properties of kagiparatus.
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A pressurized gas supply is required as drivingddor liquid nebulization. The basic
principle of this kind of nebulization is basedtbe Bernouilli’'s principle, which states
that within a tube, as the speed of a moving finicteases, the pressure within the
fluid decreases. A compressed gas directed thraugh or more narrow orifices

entrains the solution. Bernouilli's equations state

Yo m.\f + P = constant

where the first term of the sum represents kinetiergy and the second one,

pressure.

A decrease of lateral pressure occurs when gasitieiacreases. Then an increase in
kinetic energy is coupled to a decrease in presdar@ractice, the fall in pressure
where the power source enters in the nebulizeramstrthe fluid contained in the
collector (Figure 2). This meeting between gas landd produces primary generation
of droplets with typical sizes between 40 andué® A baffle impacts these particles
and a second generation of droplets is produceelir Bize is ranged between 1 and 5
um for the majority of particles. As it will explaad further (SeeAerodynamic
propertiesin Assessing nebulizer performapcine particles diameters must be optimal
for effective pulmonary drug delivery. The sizetloé particles allows the transport of a
significant amount of drug without impacting thesperior pharyngeal wall. The
aerosol is delivered into the inspiratory gas siredthe patient. Larger particles return

I.lO

to the liquid reservoir. Smyet al.~ have shown that more than 99% of the particles

may be returned to the liquid reservoir.
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Figure 2: Classical design of a jet nebulizer

Nebulizer designs are of two types (Figure 3): ititernal mixing design where gas
flow interacts with the solution before leaving iy exit port, and the external mixing
design where gas and solution interact after |lgptie nozzle. There is no superiority

of one approach over the other.
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internal mixing external mixing

Figure 3 : The two kinds of nebulizers design

In a constant-output nebulizer, particles are pceduand released constantly during
the entire respiratory pattern, so aerosol can ds in the environment during
exhalation. Constant-output nebulizers have beeticized as unreliable and
inefficient, because only a low percentage of thbutized dose reaches the pafiént

To limit exhaled loss due to traditional jet nebal design, a new generation of
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nebulizers have been developed. These have bded tahlved open-vent design” or
“breath-enhanced” and incorporate a mainstreamgdesbmbined sometimes to
additionnal valves. During inspiration, nebulizeutmut is increased by adding the
inspiratory flow to the compressed air flow. Duriegpiratory phase, a one-way valve
— when existing — directs patient’s flow away frahe nebulizer chamber and the
particles, although continuously generated, renrathe collector (Figure 4). The drug
output delivered by breath-enhanced nebulizersighen than that delivered by

constant-output nebulizér

In vitro assessment of the rate of drug delivery and ofith@led mass is more
complex with these nebulizéfsrequiring a simulation of the human breathingepats
(peak inspiratory flow rates, tidal volumes, reafory frequency and inspiratory duty
cycles (Ti/Ttot)). Considering this limitation, \Wwita filter placed at the inhalation port
of the nebulizer, both the rate of delivery and ihigaled mass can be estimaiad
vitro'®. In a breath-enhanced nebulizer, the rate of eelivs dependent upon the
pattern of breathing. When air entrainment ocdines inspiratory flow rate exceeds the
compressor flow rate and the rate of delivery isnhgaa function of the duty cycle
(ratio of inspiratory time to total tim&)

Exhalation Exhalation

Figure 4. Representation of air entrainment fartitmous (left) and breath-enhanced nebulizersiyig

during a respiratory cycle

Several studies have evaluated the effects ofrtiudification and reported a higher
pulmonary deposition with this design than with @nwentional nebulizét*®*’
Increase in inspiratory flow with an open-vent niedmr design improves nebulizer

output and then decreases nebulization time whicinally related to compliant®
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Some properties of nebulizers such as shape aedoitibe and baffle, as well as
some characteristics of solution such as densuyvéstosity, and driving gas influence
aerosol droplets size, which is an essential faéwouring lung deposition and

therapeutic effect.

1. Sidestream

The Sidestream model (Medic-Aid®, Brussels, Belgiusma well-known nebulizer,
operating as an open-vent jet nebulizer (Figurelrfgpiratory flow is added to the

driving pressure flow to generate aerosol. Aerodyioaand other physical properties

§9-21

of the Sidestream model have been described byaestadie and they will allow

to check and confirm our results.
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Figure 5: Scheme of Sidestream model

2. Intrapulmonary percussive ventilation

The intrapulmonary percussive ventilation has belaborated by FM Bird in 1979

This mode of ventilation is based on delivery afnaall air volume (smaller than tidal
volume) by percussions at high frequency. It isaalaptation of a pneumatic high
frequency ventilatory mode in which a high flowgss is delivered to the airways. Its

theoretical interest is to combine ventilation alrdinage with a nebulizer. Potential
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effects claimed by the manufacturer are increase mafcociliary clearance,
improvement of gas exchange and lung mechanidsijizédion of airway patency and

humidification of airway.

Percussionaire (Percussionaire, Brussels, Belgismodmposed of two pieces: aerosol
generator and phasitron. The first component islainto that found in a classic jet
nebulizer and the second, a dynamic venturi. Ailun@ under tidal volume is

administrated via the phasitron where percussiong@nerated.

As illustrated in Figure 6 and 7, pulsed gas drithess dynamic venturi by successive
round trips at a frequency chosen by the therafistiaphragm is bent by the increase
in pressure. This deformation mobilizes the ventawards the mouthpiece with a
resulting effect of compression on spring. Inspinat gate is then opened and
expiratory gate is closed. Air entrainment at irsjoiry gate and aerosol are generated

by a venturi effect due to a decrease in pressutean increase in gas flow.

Pulsed
driving gas

Inspi'ratory Expiratory
gate gate
A F. M. BIRD corvric v
Pulsed
driving ga:

Diaphragn

INTERFACE
(PATIENT)

44 b
Inspiratory Expiratory
gate gate

F. M. BIRD corvricuy

Figure 6: Phasitron of Percussionaire in inspisafé) and expiratory (B) position
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Figure 7: Nebulizer of Percussionaire

D. Assessing performance of nebulizers
1. Doses: concerns and definitions

In the context of nebulization, concerns on dose particularly complex for the
practitionnef®. The term “dose” encloses in fact many differergamings. Different

related issues are summarized in Figure 8.

Initial dose, called ominal dosg represents the total prescribed dose and is
theoretically device-specific. In practice, thisus is rarely considered. In this
framework, nominal dose means the amount of dritigliy placed in the collector of

the nebulizer.

The “emitted dosecorresponds to the mass leaving the collectodiffers from the
“inhaled or delivered dosdecause a part of the emitted dose is eitheritodte dead

space of the device or by the open expiratory vailkeether existing.

The delivered dose is the amount of drug reachiegnouthpiece or leaving the face
mask>. From this dose, thenfouth dose the “exhaled doseand the ‘patient dose
should be distinguished. The exhaled dose resuts &ither an inadequate breathing
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pattern (low tidal volume and high respiratory freqcy) or unfavourable aerodynamic
properties. The patient dose is that finally dejgokiinto the patient (minus that
impacting into the mouth). The mass of drug depdsinto the lung, calledling
dosé, represents the effective therapeutic componérth® nominal dose. Usually a
given therapeutic effect should be produced byvargiung dose irrespective of the
delivery device. Lung dose can be divided ic¢mtralandperipheral lung dosesrhey
are generally expressed in percentage of variogssdhominal, delivered or patient
dose) which can be confusing when interpreting ditan different studies.
“Extrathoracic dosé is responsible for adverse effects and correspdaadhe dose of

drug reaching the digestive tract.

Mouth dose

N

Lost dose \\ .

I
Residual dose

Emitted dose

Y Lung dose
= P

Mominal dose b——

Figure 8: Different doses from nominal dose to ldoge.

2. Residual volume: concerns and definition

Residual (or dead) volume is the sum of volume rem@ in the collector at the end of
nebulization and volume corresponding to dropletsd on the walls of the nebulizer.

This endpoint has been discussed in a large nuofhgublications. In 1993, Malone
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demonstrated that continuing nebulization followthg onset of sputtering point (time
when nebulization becomes inconsistent) is not yrtde’”.

Various factors influence residual volume. Due t@porative water loss, residual
volume becomes increasingly more concentrated gihie nebulization tinfé2”. This
increase in concentration ranges from 5 to 37 perwethe initial drug concentration.
Residual volume can be estimated by gravimetrihotetEven though this method has
the great advantage of allowing comparisons betwesulizers, it is not a reliable
method for determining mass output of drugs becatiseverestimates nebulizer
output®®. Indeed, accurate and precise measuring of nelsllizug output requires
considering both residual volume and concentratibthe drug. Optimal gravimetric

analysis should be coupled with techniques quantfdrug concentration.

Fall in temperature of nebulization solution occdrge to the evaporative cooling
proces® and due to the decrease of gas presspesfect gas lay Solution
temperature directly affects nebulizer oufpuand droplet size produced by the

nebulizer also varies directly with temperaftre

Configuration of the nebuliz& and surface tension of nebulized solutfoi modify
residual volume. A lower surface tension reducsgltal volume by limiting tendency

of droplets to remain on the walls of the nebulizer

3. Lung deposition

Aerosolized medications can be administered byeeittasal or oral route. The nasal
vestibule is surrounded primarily by cartilage, ikelthe more distal main nasal
chamber that is surrounded by bony structuresiuttiienate. During nasal delivery, due
to the presence of cilia and turbinate, nebulizadigles come into contact with the
mucus trapping them. Administration by oral inhalatavoids the nasal filtering

process.
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Particle size plays here a major role dependinghenanatomy of the upper airway.
Posterior pharynx and the vocal cords present tumes which larger particles (>5

um) are often unable to negotiate and deposit theimpaction.

Three mechanisms govern particle transport in tlradn respiratory tract. Impaction
referring to inertial force (Figure 9) correspondsthe process whereby a particle
moving in a gas stream deviates from its path h{inlgi an obstacle or a target.
Impaction of particles on epithelium of the resporg tree or an obstacle promotes
their local depositioff®> This obstacle can be an airway bifurcation oirannsic or
extrinsic obstruction (secretions, bronchial tumotihe effect of inspiratory flow and
particle density is implicit in this definition ahertial impaction. The probability of
impaction increases with increasing air velocityedthing frequency, and particle
size®. It means that effective drug delivery by the aetoroute must avoid the

mechanisms designed to protect the lungs fromquéate matter.

Figure 9: Three particle modes of deposition reldtethe respiratory tract (A: impaction; B:

sedimentation; C: diffusion)

In the lower airway, two other mechanisms of degmsi become effective:
sedimentation and diffusion. Sedimentation is ttez@ss whereby the particles deposit
through gravity which causes the patrticles to althe surface. Sedimentation arises

whenever the gravitational force acting on a pkrtiovercomes the total force
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maintaining it into suspensith Inhaled particles will then fall out of gas strea
(Figure 9). This is an important mechanism in sraallvays because the gas velocity
dramatically decreases at this level. The prolgili sedimentation is proportional to

both residence time of the particle in the airwagd particle size.

Smallest particles move at random through the aswnian movement). Ultrafine
particles (with a diameter smaller than (rfh) deposit into the respiratory tract only by
diffusion (Figure 9). This mechanism is slow. THere, these particles may be
exhaled before they impinge respiratory epithelitffiectiveness of Brownian motion
on particles deposition is inversely proportior@alpiarticle diameter smaller than 0.5
um. This mechanism is important in bronchioles, alyveand at bronchial airway

bifurcationg*.

Particle transport depends on some parametersadetat particles such as size and
density, and on airflow in the airway. The obviawsollary is that administration of
aerosols by mouthpiece is much more favourable liydiacemask. Other mechanisms
are likely to be significartontributors to deposition. The physical motiortloé heart
generates an oscillating motion of air in the lyngkich resultsn an enhanced gas

mixing in the airway®"’

Therapeutic effect depends directly on site of démm. Optimal localization varies
with drugs and their pharmacological site of actiblrseems evident that the optimal
site of action for bronchodilators is located imyimal airways and for antibiotics, the

alveoli must be targeted. For glucocorticosterosite, of action remains uncertain.

Nebulization is also responsible for systemic aadal side effects. Extrathoracic
deposition contributes to systemic side effectseibsorption by the digestive tract
and after first-pass hepathic metabolisation, smadd active drugs can reach the
systemic circulation and may provoke adverse efféennetet al®® highlighted that
following administration of inhaled salmeterol asdlbutamol, heart rate increases
while plasma potassium concentration and diastdbod pressure decrease, in a dose

dependent manner. Burggraeifal >

showed that inhaled beta-2 agonists have serious
systemic vascular side effects including sudderthdeahypoxic asthmatic patients. A

substantial vasodilatation and possibly pulmonanynsing were suspected as a

20



possible underlying mechanism for explaining thsoamtion between sudden death
and aerosolized treatment. Inhaled corticosteraatisorbed into the systemic
circulation could also cause adverse effects. Thys¢éemic side effects, including
calcium and phosphateetabolism dysregulation with subsequent risk eé@sorosis,
adrenocorticasuppression, bruising and skin thinning, postesidocapsulacataracts
and glaucoma are dose-dependent and obvious diffesexist between molecules.
Studies suggest that steroid-induced osteopor®sibnically important since a large
proportion of patients receivinigng-term oral steroids experience rib or vertebral
fracture&’. If local side effects associated with differentugs like dysphonia,
oropharyngeal candidiasis, hoarseness and phaidydgeEamfort, thirst, cough and
tongue hypertrophgre common problems in childférand adult patient§ they are
considered to constitute infrequent and minor motd>. However, they can

contribute to a poor compliance with therapy.

4. Aerodynamic properties

The amount of drug reaching the lower airways dmel pattern of deposition are
essential for pharmacological effects. When appriogc concepts of doses in
nebulization and their methods of measurements wtro techniques, it is important

to note that only the emitted dose can be accyratelasured. By contrast, precise
determination of the site of deposition as welltss quantification of deposited drug
can be only measured liry vivo procedures. Deposition depends directly on matipl
factors such as the geometry of airway (anatonfaetor), the pattern of inhalation
(individual factor) and the aerodynamic properidégarticles (technical factor). The
latter can be assessedihwitro techniques but the results obtained from thisyanal

must be integrated with the other factors.

Pulmonary deposition depends partly on aerodyngmroperties of emitted particles.
As shown in Figure 10, any given particle will it deposited exclusively in a single
area of the respiratory tract, however the partaeodynamic properties will partly

determine a preferential area of deposftfon
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Figure 10: Relationship between mass median aeesdigndiameters (MMAD) (see further for

explanation) measured by laser diffraction and ditjom fraction in the healthy adult lung

(based orin vitro models{?

Indeed, size of particles affects their mode afigport and their site of deposition. The

importance to assess aerodynamic properties ofedhgarticles is obvious from a

clinical point of view. This allows predicting pubmary deposition of a drug (Figure

11) even though the relationship betw@eritro measurements and the clinical reality

may be complex. This issue was extensively revielyeNewmaf*.
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Defining the size of particles inevitably raiseg fbroblem of specifically geometrical
properties such as shape and dimensions. Shouldams&der the largest dimension or
a sphere of an equivalent volume? When the pastate not spherical, the number of
geometrical parameters defining them is increasetlthe concept of size becomes
ambiguous. The selected parameter depends on dlte df investigated particles.
When deposition is evaluated, behaviour of theigarin contact with the airflow will
be a key factor to determine the site and timinganticle deposition. For this reason,
when considering nebulization, knowledge of theodgnamic properties is required

and a sphere of an equivalent volume is chosen.

The aerodynamic properties of particles are asvidl
- aerodynamic diameter 8l meaning the diameter of a unit sphere of a
given density which possesses the same speed a®ftlthe measured
particle. It takes into account the influences othbparticle density and

shape, and is characterized by the following equéti

dae=dp3\/’|:'_

where ¢s= physical diameter of the particle

p = density of the particle

- distribution of sizes of particles meaning thetdlbution of particles
represented by a histogram where frequency of appea of particles is
expressed for each diameter (Figure 12). Logarthmainsformation curve

yields a normal or Gaussian distribution (Figurg. 13
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Figure 12: Histogram of a patrticle size distribatio
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Figure 13: Histogram of a lognormal particle sisribution

- median aerodynamic diameter corresponding tontleelian of particle

diameter on histograms of a lognormal particle digé&ibution (Figure 13).

- mass median aerodynamic diameter (MMAD) corredpdo the median
diameter of particles when the latter are expresseghass (i.e. 50% of the

mass of particles have a diameter lower than, &% &igher than, the

MMAD).
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Figure 14: Graphical relationship between partitée and cumulative mass allowing
to calculate mass median aerodynamic diameter (MMAID microns in this

example) and geometrical standard deviatos @ in this example)
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In the example shown in Figure 14, the MMAD is 1Gcnons. In the
description of size distributions of pharmaceutie&rosols, referring to
MMAD is preferred to median aerodynamic diametecduse the mass
reaching the lung is the most important concept. MMis in fact a key
factor determining the site of aerosol deposffionA MMAD of

approximately 3 microns appears to be the optimaitigge size for
bronchodilatiofi’. Whether greater MMAD is obtained, a large numier

particles above the respirable size range willeé®]

- geometrical standard deviatiow)(characterizes the dispersion of the
distribution (narrow distribution (<1, but pratibal impossible with
nebulizers) or more generally large distribution the case of

pharmacological aerosols (>1.2)) and is calculaiethe equation:

O = Ogaod O500 = (Osaod Oi500) 12

where do, represents particle diameter corresponding to x
percentage of cumulative mass. In the example gndfigure 14,
thea is equal to 2¢ = 20/10 = (20/5)?).

- fine particles fraction (FPF) represents the @etage of particles, which
potentially can penetrate and settle on in the ayrwrhe preferred size
range for inhaled drugs depends on the targete@d amed is still

controversial for some druffs Conceptually, when referring to an
intermediate and peripheral pulmonary depositioalecded range of
particles sizes extends from 1 to 5 microns. Thecept of fine particles
dose, corresponding to the mass of drug transpdegoarticles contained

in fine particles fraction, can also be used.
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- emitted dose (ED) and fine particle dose (FP&mitted dose is often used
in the presentation oin vitro performance data and corresponds to an
amount of drug leaving the collector of the nelerdizhe fine particle dose

can be calculated from the obtained data in acooelaith the equation :
FPD = FPF x ED

where FPD = Fine particle dose
FPF = Fine patrticle fraction
ED = Emitted dose

Aerodynamic properties of aerosols depend on tiparagus itself and on the solution
tested. These properties can be measured maintwdynethods: cascade impaction
and laser diffraction. Hence, we must be awareaftdrént notions. A different particle

variable (diameter, volume, surface...) is measurgdab precise and particular

technique.
a. Cascade impaction

As stated previously, one of the mechanisms of siipa of particles in the
respiratory tract is the impaction. This phenomersoassessed by cascade impaction.
All devices recognized by both US and European iiRhaopoeia for this kind of
measurements are based on this printipgtandard testing procedure to characterize
nebulizers established under the aegis of the EarmCommittee for Normalization
(CEN) proposed the cascade impaction as the gafdiatd method to measure particle

size distribution.

Cascade impactors are the most used devicas fotro measurement of particle size.
They are the most accurate device to separatecleartn the range of 0.3—12n and
are well suited for characterizing almost all matlisebulizers. Fundamentally, they
measure particle aerodynamic mass-weighted sizebdisons from which several
parameters (MMAD, FPFo) can be derived in order to quantify nebulizer

performance. In practice, the upper limit for fiparticle fraction (FPF) is set at either
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5.8 or 4.7um. This corresponds to plates with hole diameteb.8fand respectively
4.7 um (see further). The FPF corresponds to the mdksctanl bellow these plates at
a flow of 28.3 Lmift. Only the upper limit is defined and therefore wnderlying
assumption is made that the fine particle fractiontains the entire amount of the dose
collected in the cascade impactor smaller thandizis. This hypothesis is appropriate
for drugs which emitted dose is in the size ramgenfl to Sum. However, this is not

always true for some dry powder inh&fer

Andersen’s cascade impactor is a model of this lohdlevice (Figure 15). It is
conceived for simulating tracheobronchial tree aso#ector of particles and is
composed of:
- a bent tube or inlet aiming at mimicking to aajrer less extent depending on
its design, the human oropharyngeal region.
- a preseparator (PS), filtering the particles >ni@rons, which avoids their
bounce on the first level and errors related tar tieentrainment in the circuit.
- 8 stages, each one composed of an aluminium plakte400 holes which
diameter decrease on each floor. This diametaliscc“cut-off diametet.
- a filter located downstream from the 8 levelsctdlect the particles of very

small size.
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Figure 15: Pulmonary representation of stages afmgactor (A) and illustration of an Andersen

cascade impactor (B)
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The test consists in nebulizing a chosen substdmoeigh the impactor (Figure 16).
The proportion of the drug collected on variougssais then measured.

P,
1 W%¢*’,&§?§s I.<.’
Stage 2
g g @5}%
A B

Figure 16: Cascade impactor (A) and a view of drits@lates (B)

The Andersen cascade impactor is connected to g ganoducing a suction flow
simulating the inspiratory flow of a patient. Thebulizer to be tested is connected
tightly to the impactor through an inlet simulatitige oropharynx. The design of this

inlet varies according the different models.

The behaviour of the emitted particles within th@pactor varies according to their
size. If a particle has a diameter higher thandhteoff diameter of the stage, it will
impinge on the plate by inertia. On the other hamdaller particles will continue their
progression (Figure 17). This process is repeatea\wery level. The speed of the
particles will increase as the diameter of the $idecrease, and more and more small

particles will deposit by impaction.
By measuring the amount of drug deposited on eé&atie,pand adding them together,

the total amount of deposited drug can be caladldtsom this value, the proportion of

drug deposition on each stage can be computed.
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Figure 17: Behaviour of particles in relation witlates of the impactor

Effectiveness of the impactor is determined bydkewhich is the cut-off diameter for
which probability of capture of the particles i%60This depends on the hole diameter
of each plate which varies from model to model.sTHiameter is influenced by a

dimensionless number known as the Stokes nufhber

=Cc dng ""'|:'p

K
TN

where
Cc= Cunningham’s slip correction factor
dps = particle diameterufn)
v = speed (cm/s)
p = particle density (g/cf
W = viscosity of the gas (g/cm . s)

D. = cutoff diameterym)

The cut-off diameter depends inversely on the sguapt of flow. Impactors can
operate with various flows. This is important pautarly during evaluation of dry
powder inhalers or metered-dose inhalers whereiratspy flow of the patient is
higher than during spontaneous breathing used bulization. Once separation is
carried out on the different stages, it remainguantify, by chemical analysis, the

collected solution for each fraction of size in@rtb obtain the distribution.
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A disadvantage of cascade impactor is that it few@vaporation. Indeed, the flow
from the pump is drier than the humidified air ofbmlizer and contributes to

evaporation of the particl&s

b. Laser diffraction

This method is because the angle of diffractiorigtit, passing through a particle
containing solution, is inversely related to padetisize. Equipment is composed by a
laser (Helium-Neon) with a fixed wavelength, andegdector, which is a photosensitive
silicone cell with a variable number of detectdvieasurements can then be performed
directly (without chemical analysis), quickly andnply by nebulizing a solution
through the laser ray. Nebulized solution is caédceither by an impactor or by an air

extractor (Figure 18).

f“"’;
y

Air extractor

Nebulizer

Light detector

Figure 18: Experimental configuration of a lasdfrdctor

Two light scattering theories exist, that of Fraofen and that of Mie. The

Fraunhofer’'s theory is applicable to spherical, pmous and opaque particles of
diameter higher than the wavelength and produangem movements (diffusion and
absorption not taken into account). For smalletiglas — such as in drug nebulization

—, it is advisable to apply Mie’s theory which takento account not only the
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phenomena of diffraction but also diffusion of paés in their medium. This increases

the precision of measurement.

When light strikes an interface between two sultgtanwith different index of
refraction - a complex number defined as the ratithe speed of light in a vacuum to
that in the material - two phenomena occur. Andant ray of light striking the
interface at a given angle, measured between gbngendicular to the interface and
the propagation direction of the incident ray, viaél reflected off the interface at the
same given angle. In other words, the angle ofeca&fin is equal to the angle of
incidence. If the second substance is transpacelngtit, then a ray of light will enter
the substance with different refractive index, anlll be refracted, or bent, at an angle
r, the angle of refraction. The angle of refracti®lependent on the angle of incidence

and the index of refraction of the materials ohaitside of the interface.

In the laser diffraction method, the laser beamssirag the cell of analysis is
propagated without deflection until it meets a gt Index of refraction of a particle
is different from index of the continuous phaseisTthange of index will create a
refraction of laser beam. The laser beam readipgrécle is diffracted while entering
into the particle and when leaving this latter. Htiginally will arrive on the detector

after undergoing several variations of its axipifpagation (Figure 19).
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Figure 19: Diffraction, absorption and diffusionlight through a particle
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E. Methods of evaluation of lung deposition

The relationship betweem vitro particle size and lung deposition is complex.
Prediction of lung deposition based wnvitro results is relatively difficult due to
various influences although some studies shown gelation between some
parameters such as fine particle fraction or masdian aerodynamic diameter and

mass of drug reaching the Iufig

The aim of nebulization is deposition of the highdsse of drug into the luf
Several validated methods allowvivo measurements of deposition into the lungs but

there is no optimal technique providing all neceggasformation.

1. Imaging techniques

Radionuclide scanning techniques show the disiohutf particles within the lung.
Planar gamma scintigraphy, where inhaled formutatiare labelled with an emitting
isotope (e.g., Technetium 99m-DTPA), is the mostelyj used method for assessing
the deposition obtained from different nebuliZ&ra It is used routinely by a number
of commercial and academic study centres for asgpsthaled drug deliveRy. Using

a gamma camera (Figure 20) and data processingnsy#tis quick method provides
2-D pictures of anterior and posterior projectiohghe lung.

Figure 20: Gamma camera
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Over the years, 2-D lung imaging has provided useftormation regarding the

deposition of inhaled particles and drugs (Figukg 2

Figure 21: Scintigraphy resulting for a nebulizatisith a dry powder inhaler (at the left) and a

nebulizer (at the right)

Planar gamma scintigraphy enables lung depositidretquantified accurately for any
inhaled drug, and provides data on regional deiposity dividing the lungs into a

series of zones (Figure 22).

Figure 22: Algorythm for assessing regional lungakition in gamma scintigraphy.

Three box-shaped region (central, intermediatdpperal)

33



While extremely useful, scintigraphy suffers fronimited resolutio”. The
radionucleotide 99mTc (half-life 6 h) is generalbsed to radiolabel the drug

formulation.

For a 3-D picture, we need to use tomographic radibde imaging techniques. Two
types exist: the single photon emission computadotpaphy (SPECT) and the
positron emission tomography (PET). The first eqept produces images from a
gamma-emitting radionuclide (Figure 23), and theosd maps the distribution of a
positron emitte’. SPECT use generally the same gamma camera asigbdt for

planar imaging and PET detects gamma ray pairstemit 180 degrees from each
other allowing the calculation of the original gasa of the positrons. The 3-D picture
is obtained using a similar reconstruction techaidor SPECT and for PET. The
radionucleotide used for SPECT is 99mTc, whereas,PET, both fluorine-18 and

carbon-11 have been applied. The use of PET is mawent for measurement of
aerosol deposition and more informative than SPECThe label can be incorporated
directly into the drug molecule due to the avaiibof positron imaging radionuclides
of physiologically compatible elements. SPECT efieincipally on radiolabeling with

Tc-99m, which is less easily attached to inhaladydr This is a particular problem for
metered-dose inhaler and dry powder inhaler, asectitechniques do not provide

sufficiently robust labelling of the particf8s
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Figure 23 : Deposition distribution of an aerosnaged using SPECT composed by views from the feet

(transverse), from the front (coronal) and fromlgfeside of the subject (sagittal)
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Three dimensional lung imaging improves accuracyasdessment of the regional
distribution of deposited particf€s’ but requires more time than scintigraphy. Phipps

et al>

showed a statistically significant difference beém penetration index
following deposition studies in subjects measuréti planar and tomographic gamma

scintigraphy.

Another relevant interest of imaging techniqueshis particular context is to provide
precise information on localization of depositioh drugs in the lungs. However,
dosage of radionucleotides can be difficult andia@léments necessitate cautious
manipulations. Ethical aspects of using radiolabglin aerosol research must be taken
into consideration. The risk associateidh radiolabelled studies can and must be
quantified and minimised byareful design. Everatd discussed the use of
radiolabelledaerosols and gamma scintigraphy in children anctloded that such
studies can be undertaken only if the question @abe answered otherwise. Using
very low doses, these studies carried apparentigra lowrisk. For obvious reasons,

this approach is however not recommended in climamatine.

2. Pharmacokinetic

Pharmacokinetic methods have also been appliedssesa the lung dose after
nebulization in both healthy subjects and patiemith pulmonary diseases using
various protocof§®°. Blood or urinary sampling were used with sucdessompare

efficacy of drug delivery between two or more nébers” "

Quantification of drug concentrations in blood orurine first provides information
about systemic exposure. Blood samples give vesydlasma concentration of drug
but sampling collection is more convenient and tese consuming for blood than for
urine. Urine collection is generally performed oweeprolonged period and usually at
fixed times which is restricting and often only eptable for investigative studies. For
routine use, it is inconvenient. Dequéet al. showed a good correlation between
monitoring of urinary excretion of amikacin and ¢udeposition in cystic fibrosis (CF)
patient$* and Faurissoet al.demonstrated that a single-point urinary assayliegpto

an overnight urine sampling (inhalation after tlaest| micturition and just before
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bedtime), provides an accurate estimate of thdedhdose of an aminoglycoside. This
methodology allows to monitor the dose administtabeit not the appropriate adjusted
dosé?,

An inherent problem of pharmacokinetic approaclwesagsessing drug delivery to the
lungs is that systemic drug levels not only refoltn drug absorbed through the lungs,
but also from that deposited in oropharynx and thlesorbed via the gastrointestinal
tract’. Two possibilities can be considered to limit tiisonvenient: nebulizing drugs

with a negligible gastrointestinal absorption rdte. aminoglycosides, fluticasone
proprionate) or concomitantly with nebulizationtaking orally an activated charcoal

for blocking oral absorption of the drug.

These methods can be used to determine whole l@ppsdion of drugs with
negligible hepatic metabolism or, negligible or @wetely known oral bioavailability,
or for those which gastrointestinal absorption banblocked by co-administration of
charcoal. Antibiotic§ ", bronchodilators **®""®and corticosteroid4’*®! has been
preferentially used as a marker to evaluate efficddifferent nebulizers or nebulizing

conditions.

The disadvantage of pharmacokinetic methods isldlbk of precision of site of
deposition. Drugs tested must be standardized Howiag comparisons between
studies because it has been reported that solgastrpte the alveolar wall at

increasingly different rates depending on the IgnéLibility of the compourfd®?

In vivo methods provide important information comieg deposition of a drug in the
lung. However, none is considered able to substitiat all others for clinical
assessment of inhaled drugs. Their real indicaisorlsewhere. As Newmaet al.

stated* : “Lung deposition data can act as a bridge t® lebss the wide gulf that
exists between th@ vitro testing and the clinical trials programme, enablimore

informed decisions to be made about the conductliofcal studies than would
otherwise be the case, and allowing the clinicaldrprogramme to proceed with

greater confidence of a successful outcome”.
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3. Residual gravimetric technique

Gravimetric measurements, consisting in weightimg nebulizer before and after the
nebulization, were initially used to assess nebuliputput. Unfortunately, the
difference in nebulizer weights may not only re$tdim the drug output but also from
evaporation of the solution occurring during théuleation. This basic method has
been criticize® even though a good correlation between drug ougpdtchanges in
weight has been reported for a large number of limdva and investigative
condition$®. Replacing measuring of weight changes by deténgindrug
concentrations before and after nebulization wassnéficienf® and both approaches
still overestimate drug output because they noeé fako account expiratory los&és
Then filtering techniques were introduced to measdrug output during the

inspiratory time.

This technique is the simplest way to measure padace of a nebulizer. In a circuit
composed of a nebulizer and either an artificialglor a pump, a filter is placed just
after the nebulizer to collect the delivered dd3#ferent experimental setups have
been elaboratéd®* 2 but all use a simple process. The filter is assagker the
nebulization and, if a radionucleotide is admimste the radioactivity on the filter is
measured. This technique is specifically used to determimeg output of nebulizer
and allows comparing different devices. Veccdatoal. adapted this time-consuming
technique which may require a sophisticated equiysich as a high performance
liquid chromatograph, for analytical quantificatiohdrugs used during nebulizatfn
When validated for a particular pharmacological ragehe residual gravimetric
measurement is an accurate mean to determine ttheize output in comparison with

the previous filtering techniqdie

F. Relationship betweenn vitro and in vivo data
The relationships betweean vitro data (particle size, FPF...) amdvivo (scintigraphic
or pharmacokinetic) data may be complex. Newmanpewadin vitro data andn vivo
lung deposition data from 18 inhaled drtfgtung deposition was assessed by gamma

scintigraphy and a four-stage liquid impinger meaeduparticle size. The higher the
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fine particle fraction (FPF), the higher the whdledy deposition. As illustrated in
Figure 24, results revealed a positive correlati@iween FPF and whole body
deposition and, that FPF measurement systematiaalBrestimated whole lung

deposition (Figure 24).
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Figure 24 : Relationship between the lung depasitind fine particle fraction for 18 nebuliz&rs

This can be explained by complexity of human u@evay. The inlet throat used with
impactor does not exactly represent the upper gswlence, FPF does not predict

1% showed that

accurately human lung deposition mainly due totitileoat. Olssoret a
when a conventional inlet was used,vitro data failed to predict the relative lung
deposition. Interestingly, when these results d&ained from metered-dose inhaler
and dry powder inhaler, a better agreement wasr@utaising an anatomical model of

the human upper airway as an inlet to the impactor.

Correlation found between FPF and lung depositayrdfy powder inhaler by Olsson
et af® has not been confirmed by other studies. Silksera. investigated recently the
correlation betweem vitro andin vivo evaluation of inhaled salbutamol with different
nebulizers. Significant correlations were reportgjd betweenn vitro respirable dose
(proportion of particles under 5 microns multiplieg the mass of drug available for
inhalation (measured by the filter technique)) #melamount of salbutamol excreted in
the urine 30 min after the start of nebulizatiod,a2) betweein vitro respirable dose

and the total amount of salbutamol and its metédmkxcreted over the 24 h following
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the nebulization. The results demonstrated ithaivo/ in vitro correlations do indeed

exisf’,

Several studies assessed the relationship betwe®n deposition and therapeutic
effect> %1% Generally, bronchodilators have been studied wuéhe difficulty to
assess glucocorticosteroids response. A relatipnshetween MMAD and
bronchodilatation was showH. Different nebulizers producing different MMAD veer
studied and the pulmonary function was measureer aéirbutaline administration.
Respiratory parameters were variably modified ddpegnon the nebulizer and on the
MMAD. A lower MMAD gave a better pharmacologicaksponse. These results were
confirmed by another radiolabel study of this growpere lung deposition was
evaluated for the same devit®s Similar results were obtained in a study evahgpti

response to dornase alpha in cystic fibrosis petien

Drug deposition assessed from scintigraphic orphaokinetic studies allows a good
predictor of the therapeutic response to inhaledslrInterpretation of lung deposition
data can be difficult because if drug is delivetedhe part of respiratory tract that is
unsuitable for the desired effect (i.e. antibiotits the central airways or
bronchodilators to alveoli), its therapeutic effedtl be reduced. Even though the
predictive nature oin vitro particle size data is matter of debate, data nbthirom
this approach are still helpful to compare devid¢aschard introduced the concept of
the optimal lung to systemic drug concentratiomoratle stated that it is suitable that
the quantity of drug delivered to the lung shoutdsiealed to the total amount reaching
the systemic circulatidfi. Once reaching the plateau of the dose-response,cu
delivering a larger dose brings no additional clhibenefit and may rather produce
adverse side effecf8. These findings illustrated the necessity to deiee the optimal

dose to be administered.

G. Influencing parameters on nebulization

Several parameters or elements can influence lepgsition and then therapeutically

effect of nebulized drug.
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1. Interface

Pritchard wrote in an editorial of the Journal afrésol Medicine that interfaces are an
essential factor for good compliafi®® It is also an essential element of the nebulizer.
In classical conditions, nebulizations can be adstened using a mouthpiece or a face
mask1% |n particular situations, especially in smallldhén, other interfaces can be
used (Figure 25).

Figure 25: Various interfaces used for nebulizattoyod, face mask and mouthpiece

Adult interfaces are often not well adapted to drdeih. Infants and toddlers are often
disturbed by the mask and thus reject them. Itlieesn shown that when using a face
mask, a very small space (1 cm) between the fateecfhild and the mask reduces the
dose delivered by 50% Using alternative interfaces which do not touisl infant’s
face must be encouraged to facilitate acceptdhcA transparent hood or a tent
covering the child’'s head were used to facilitate tnebulization. Hood was
demonstrated to be more efficient than the faceknzaml more acceptable to the
parents. Parents’ preference are markedly and fieignily in favour of the hood
treatments® Moreover, hoods are inexpensive and can minintiseenvironmental

contamination related to some drugs.

When comparing mouthpieces and facemasks, sintinapeutic effects occur with
these both interfaces. As a result of nasal passiagplets delivered from the nebulizer
are filtered. A nearly 50% reduction of depositiarthe lungs of healthy subjects was

reported when comparing nasal to oral inhalatiorsked® The nebulization with a
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face mask can result in deposition on the faceiarttle eyes and the differences in
deposition pattern on the face are depending ofottadization of the insertion point of

the nebulizer in the mask.

Use of a mouthpiece and certainly oral breathingukh be encouraged even in
children*? Kairaitis*® highlighted two interesting points. First, mostthasatic
patients spontaneously breatimultaneously by the nose and by the mouth during
bronchospasms while healthy subjects usually beeatblusively via the nasal route,
both with and without a facemask. Second, even witg¢racutely bronchoconstricted,
these patients switch to oronasal breathing whearing a facemask. Concerning
mouthpiece, a study showed an influence of its simedeposition depending on

particle siz&".

Data from Rottet al!*° revealed that breathing through a nebulizer casssistically
significant changes in measured human breathingmpatwhen compared to normal
breathing. An increase in tidal volume (34 %) ardkareased in respiratory frequency
(39 %) was observed. Moreover, average duty cy@ethe fraction of the breathing
cycle during which inspiration takes place (Ti/Jtoshifted 12 % towards a more
symmetrical breath due to the unequal increaséenirthalation and exhalation times
(55 % and 28 %, respectively). Askanatial. have previously reported an increase of
32.5 and 15.5% in tidal volume, respectively whesing a mask or a mouthpiece
accompanied with a nose clip, whereas respiratogguiency and inspiratory and
expiratory time remained unchang® These observations have been later
confirmed*’**® Absence of change in inspiratory time impliest tinerease in tidal

volume is caused entirely by increased inspirationy.

Noseclip could potentially influence nebulization fmodifying the route of breathing.

It has been shown that when a nose clip is usedgiarnebulization, amount of drug
delivered to the mouth is doubfd However, wearing a nose clip does not seem to
modify the lung dosg’ It is documented that wearing a nose clip infoemn
essentially the delivered dose without any effetttioe lung dose, representing the

therapeutical dose.
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Some studies have investigated the impact of tlaenelier of the mouthpiece on

A***2*and have shown that it is variable and dependsasticle siz&*. Air

depositio
velocity being slower with a larger mouth opening & given inspiratory flow rate, a
reduction in inertia of particles will result, deassing the impaction of particles in the

posterior oropharynx where the direction of thestieam changes abrupt;

2. Breathing Patterns

Breathing pattern during nebulization influences éfficacy. Tidal volume and
frequency determine flow rates in different regiointhe respiratory airway, which
influence the effectiveness of each deposition raeidm. Effect of change in
breathing pattern has been previously studfed® Rapid respiratory frequency is
often associated with increased deposition of lapgeticles in the upper respiratory
tract. Conversely, calm and steady inhalation &ses the number of particles that
penetrate into the peripheral parts of the lungsximalizing deposition by
sedimentation. Intersubject variability of depasitiand differences in deposition
between healthy subjects and patients were snfalleslow breathing pattetfr. If an
end-inspiratory breath-hold is regularly recommehdéainudinet al. showed that an
inhalation during tidal breathing is as effectiweacombination of tidal breathing and
deep breaths with or without breath Hdfd

Drug output of a nebulizer is influenced by insforg flow of the subjeé**"*?8 For
breath enhanced nebulizers, it is influenced byeatrainmerf which occurred when
inspiratory flow exceeded nebuliser flow. In chddrfor example, as a result of a low
peak inspiratory flow, pure aerosol not diluteddmgraining flow of air may be inhaled
(Figure 26).

Once inspiratory flow is higher than nebulizer flalve amount of drug delivered to the
patient is diluted. A significant difference in thenount of drug produced by various
nebulizers was demonstrated depending on breaptigrii’. Breathing pattern of a

child or an adult also influences drug output. Ddagjvery was increased with an adult

breathing patterf”.

42



Inspiration Adult Child Infant
600 4

_ A entrainment

100 A

(ml/s)

Flow

2001

4004 |

6004 ¢ Ttot
Expirration

Figure 26 : Representation of air entrainment wythical flow-time curve from an adult, a child aad

newbori*®

3. Duty cycle

The duty cycle or the ratio of inspiratory to totalspiratory time influences drug
delivery to the lungs. Most of the drug reaching tlungs is delivered during

inspiration.

Consequently, any reduction in duty cycle decreasssg deposition. Such a reduction
in duty cycle occurs when the subject presentsiemag obstruction. Crying also

reduces dramatically duty cycle and hence depositid®

4. Age and sex

Age influences drug deposition when using a nebuliAs mentioned previously in
this chapter under “Inspiratory flow”, in very yoginchildren, drug delivery is
enhanced due to pure aerosol inhalation. In olddyests, aerosol is diluted by

entrainment of air which does not contain dropagtdrug™°.
A small body size is related to smaller airways egglilts in an increased resistance of
airways due to inversely relation of resistanceh® fourth power of airway radius.

This increase favours central airway deposifion
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Small body area and lack of air entrainment comgiengartially poor drug deposition
measured in children. As a consequence, the detivelose corrected for patient
weight may be similar in infants and adtitsThe small influence of patient height on
deposition could be explained by predominant rdésgd by the duty cycle, which is
independent of height, and a less significant ptdged by minute ventilation, which is
related to height®. In a radiolabelled study realized with cysticrdisis patients, lung
deposition was quantified and it was shown to bseloin infants than in older
childrert®. Other available resuff§ show that lung dose is age dependent, and for a
fixed inhaled dose, the systemic exposure of aal@thaerosol is independent of age.
That means that the systemic dose increased prapaliy with ageThis suggests that
from a safety perspective similar nominal dos@s be prescribed irrespectiveagfe.
Studies in children often demonstrate preferentibigh levels of oropharyngeal and
laryngeal depositidi’. In children, tidal volume increases and respisafoequency

decreases with increasing aije

Influence of sex on lung deposition can be explhibg several elements. Gender
differences of lung anatomy should be first poinced 3. Variations in the dynamic
behaviour of larynx and vocal cords are anothemetd™®. This is particularly true in
upper airways and large conducting airwéY¥s Lung deposition was initially
considered to be similar in both genders but it Iesn demonstrated that it is more
proximal in womer*®**! Pattern of breathing is also gender-related. dddevomen

breathe with a smaller tidal volurifé

5. Disease

The structure of the bronchial and alveolar region®iormal lungs is considered a
minor influence in standard healthy conditions. Hdeer, this is not the case for
diseased lung$®. Obstructive diseases decrease the amount ofrdaating the lungs

by increasing airway resistance. Alveolar ventiatcan be considerably modified in
lung diseases, particularly those associated véttations in resistance and compliance
of some unit. Unit of lungs with an increased resise tend to fill slowly thereby

causing inequalities in ventilation distributionedto differences in time constants.
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Distribution of aerosol is influenced by ventilatiaistributiod** and depends on
duration of inspiration, compliance and resistan@bstructive patients present an
heterogeneous depositigattern marked by a pronounced depositiorihe central
airways® and various focal "hot" spots in differemegions of the lung®
Bronchoconstriction increases central depositioth mtduces peripheral deposition of
RhDNAse in adults CF patierifd Using radiolabeled studies, Smaldone and Messina
demonstrated that flow-limiting segments can beagomdeterminant of deposition in
central airway¥®*® Moreover, the pattern of breathing is modifiedhie majority of

lung diseasés’ and, as seen above, has an influence on deposition

6. Diluent (or fill) volume, flow and pressure afwing gas

Increasing diluent volume led to significantly irased nebulization time and greater
delivery of the drug initially placed in the neladr by reducing trapped drug in

residual volume. Hesst al?® and Maloneet al?* have shown in similar studies that an
increase in diluent volume results in a significdatrease of residual volume and in an
increased amount of albuterol delivered to the mo&tudies based on gravimetric

measurement of the residual volume revealed corbfgarasults.

An increased flow has an identical but smaller affen drug output as an increased

diluent volum@®32151.152

and produces also a decrease in MMAD and an isereé

respirable output (mass of drug within the optimegef’. Moreover, it decreases
nebulization time, which is a positive factor-entiag patient's compliance to the
inhaled treatment. It was demonstrated that a longbulization time is judged less

acceptable by the patiefits

The driving pressure influences also directly thgpat of the nebulizer. The higher the

driving pressure, the higher the oufptiand the shorter the time until dry runnirfy
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7. Hygroscopy and temperature

The lung is a humid environment where inhaled hygopic particles will gain or lose
water until they become isotonic with the fluiditig the airways. The tonicity of the
particle materials, the water content of the pbasicthe temperature and the humidity
are other important factors for hygroscopic pagtigrowth and deposition. After

aerosol production, the droplets will partly evagterto humidify the atf.

Normally, the temperature of the airway increasesnfabout 23 to 37°C and the
humidity from about 8 to 44g . cm® as the airflow proceeds along the nasal,
pharyngeal, laryngeal and tracheal airway. As naspry airflow rate increases, there
is a large decrease in the air temperature of gpemairways. Then, many aerosols

change their aerodynamic properties in real tinber dfleing generated.

The difference of pattern of deposition betweerutsmhs of various tonicities was
evaluated. In healthy subjects, hypotonic solutidred an increased index of
penetration and, in asthmatic patients; this imfbewas dependent on the sate of the
airways. Authors concluded that tonicity of aetssaffect their deposition both
through physical and physiological mechanisth®

8. Impact of these influences on studies

It seems extremely important to limit and contlad impact of these influences on the
results of a study-evaluating efficacy of nebulkizer drugs. The best way to establish
lung deposition obtained by different devices ismeasure the chosen variables
depending on pharmacokinetic or imaging technigsiesultaneously in the same
conditions. Study on healthy subjects has the dadgas to limit variations due to

anatomical or mechanical modifications related isease. Nevertheless, extrapolation
to patients should be done with caution. Studiebdalthy subjects are then mainly
used to compare efficacy of devices or systemiwiactof various drugs. Clinical

effect of a drug must be evaluated on patients luitly disease.
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