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Therapeutic aerosols 1—Physical and practical

considerations

The inhaled route is a logical means of treating
respiratory disorders since drugs may be delivered
directly to the large surface area of the tracheobron-
chial tree and alveoli. The value of inhalation treat-
ment was recognised by ancient civilisations in
India, China, and the Middle East, as well as by
Hippocrates and Galen.' Since those times, and par-
ticularly recently, inhalation treatment has increased
greatly in sophistication, and the advantages of this
route for the delivery of specific drugs have become
well recognised. The drugs often begin to act very
rapidly, and as a smaller dose can be used than with
oral or intravenous delivery there is generally a
reduction in the incidence of systemic side effects.
This review is in two parts. This first part will
discuss the physical nature of therapeutic aerosols
and the importance of ensuring correct use of the
various inhalation devices if aerosols are to reach
their required site of action—so far as that is known.
The second part will describe the wide range of
drugs which may be given in aerosol form as topical
treatment for pulmonary disorders and in some
instances as a form of systemic treatment.

Acerosol kinetics

An aerosol is a suspension of solid particles or liquid
droplets in air. An important but often neglected
aspect of the therapeutic use of aerosols is the fact
that they are subject to the laws of aerosol kinetics.
These laws govern deposition within the respiratory
tract and are concerned principally with inertial
impaction and gravitational sedimentation.? Other
mechanisms, of which Brownian diffusion is the best
known, are probably of little relevance for therapeu-
tic aerosols, and will not be considered further.
Inertial impaction occurs chiefly with larger par-
ticles whenever the transporting airstream is fast,
changing direction, or turbulent (for example, in the
oropharynx or at bifurcations between successive
airway generations). Inertial deposition therefore is
confined mainly to the upper airways—nose, mouth,
pharynx, and larynx—and large conducting airways
of the lung down to 2 mm in diameter. Here the
cross sectional area is small and the flow high.
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Gravitational sedimentation, by contrast, is a time
dependent process in which small aerosol particles
settle in airways under the effect of gravity, during
either breath holding or slow tidal breathing. It
takes place mainly in small airways (<2 mm diam-
eter) and alveoli, where the rapid increase in cross
sectional area gives low flows and where large par-
ticles will rarely penetrate. This combination of
small particles in small airways with low flows gives
time for the particles to sediment for the short
distance required.

In general, most aerosol particles greater than 8
um diameter will impact above the level of the
larynx and will not reach the lung.® Particles of 1-8
um may be deposited by impaction and sedimenta-
tion in bothlarge and small airways and alveoli. Par-
ticles less than 1 um diameter may not be deposited
at all, many being respired like an insoluble gas. Of
course, the overlap between particle sizes and area
of deposition may be considerable.

Factors affecting deposition

A wide range of other factors influences the deposi-
tion of aerosols within the respiratory tract. These
can be conveniently divided into three categories:
(a) mode of inhalation, (b) aerosol properties, and
(c) factors relating to the patient.

MODE OF INHALATION

The most important features of inhalation are the
inhaled volume, the flow ratg, and any breath hold-
ing pause maintained at end inspiration. The greater
the inhaled volume the more peripherally the par-
ticles will be distributed in the lungs.* By contrast, as
the inhaled flow rate is increased particles are more
likely to be deposited in the oropharynx or in the
large central airways of the lungs by inertial impac-
tion.* A period of breath holding enhances deposi-
tion in the more peripheral parts of the lungs by
gravitational sedimentation.®

AEROSOL PROPERTIES

The vital physical property of the aerosol itself is the
aerodynamic diameter (the product of physical
diameter and the square root of density). Aerosol
particle size may be measured by several techniques,
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the best known of which are cascade impaction® and
laser light scattering.” As the aerodynamic diameter
increases from about 2 wum deposition in the
oropharynx and large conducting airways becomes
more likely, although less aerosol is exhaled and less
reaches the most peripheral parts of the lung.?°®
Therapeutic aerosols are usually heterodisperse—
that is, they comprise particles of many different
sizes—and their behaviour is probably best
described by the mass median aerodynamic diam-
eter (MMAD)'°; half of the aerosol mass is contained
in particles smaller and half of the aerosol mass in
particles larger than the MMAD. The ideal size for a
therapeutic aerosol is not known precisely but it:
may be assumed that the MMAD should be not
more than 5 um to penetrate into the tracheobron-
chial tree and smaller airways if peripheral deposi-
tion is required. Most therapeutic aerosols are hy-
groscopic, however, and the inhaled particles absorb
water within the humid environment of the respirat-
ory tract, subsequently enlarging in size, so that their
aerodynamic behaviour is not fully understood.

FACTORS RELATING TO THE PATIENT

There is a wide intersubject variability of aerosol
deposition apparently related to random anatomical
variations of airway geometry.!" Particles of a given
size inhaled during tidal breathing are more readily
deposited in central lung zones in patients with air-
way obstruction, and fewer particles reach the
lung periphery.*'?'> Thus the presence of airways
obstruction is a major determinant of particle depos-
ition, with one curious exception. Recent studies of
single breath metered dose aerosol deposition have
shown little or no relationship between those depos-
ition patterns and the degree of airway obstruc-
tion,''s suggesting that this type of aerosol can
penetrate equally well to the lung periphery in
patients with both mild and severe airway obstruc-
tion.

Types of inhalation device

How do these considerations apply to aerosols
released from the various types of inhalation device
used for treatment? There are three types of device
in common use—the metered dose inhaler (MDI),
the dry powder inhaler, and the nebuliser—and each
will be considered in turn.

METERED DOSE INHALER

Metered dose aerosols may be formulated either as
suspensions of fine drug crystals or as drug solutions
mixed with chlorofluorocarbon propellants. In
either case the propellant droplet size, rather than
the drug particle or droplet size, may influence the
site of deposition.

The propellants have a high vapour pressure of
about 400 kPa keeping them in the liquid phase
within the canister. When the aerosol is actuated,
the contents of a small metering chamber are
released with rapid, initial vaporisation of propel-
lant, often called *flashing.”” This breaks up the
liquid stream into droplets, which may typically have
an MMAD exceeding 35 wpum at the actuator
orifice.'® Particle size reduces to 14 um at a distance
of 10 cm and is only marginally less at 25 cm from
the canister. The propellant droplet velocity may ini-
tially exceed 30 m per second (the legal motorway
speed!).

The particle size and velocity of the aerosol
ensure that, although the MDI is compact and port-
able, contains several hundred doses, and is appar-
ently easy to use, only about 10% of the dose
reaches the lungs.'” Most of the particles impact in
the oropharynx.

Matters are often made worse by failure on the
part of the patients to use the MDI properly. The
incidence of inhaler misuse is high,'® and this may be
due at least in part to the differing and rather confus-
ing instructions issued to patients in manufacturers’
leaflets. The most important error is failure to coor- 5
dinate firing the MDI with inhaling (often called a
“hand lung” problem), since patients must time 5
their inhalation correctly in order to “catch” the J
rapidly moving bolus of aerosol.'” Many patients &
stop inhaling at the moment the aerosol spray is &
released, in reaction to the cold propellant spray o
hitting the back of the mouth.'” Other patlents3
inhale too quickly, or fail to breath hold adequ- =
ately.'® Unfortunately, madequate knowledge about_c
good inhaler technique is . not confined to S
patients—a high proportion of physicians, nurses, g
and pharmacists may be unable to use an MDI cor- =
rectly.??' Thus it is likely that many patients use g
their MDIs incorrectly because of poor advice. P

The optimal mode of inhalation, which maximises S
both aerosol delivery to the lungs as assessed byc>
radiotracer  techniques?> and  bronchodilator S
response to a metered dose inhaler,” has recently.c
been explored. This mode involves two vital fea- =
tures: firstly, firing the MDI during a slow, steady 5 &
inhalation and, secondly, following this with a;
period of 10 seconds’ breath holding (or if less for as Q
long as possnble) Slow inhalation reduces impaction R
losses in the upper airways, and breath holdingS
allows those particles which reach the lung@
periphery to settle on to the airways under gravity. g
Both these features are essential. The bron-—~
chodilator response may not be enhanced by slow'U
inhalation unless the patient holds his breath for 10._.

seconds,>* and bronchodilatation may not beO
enhanced by breath holding unless the patlcmg_
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inhales slowly.?® Even with this optimal technique
(termed the ““10 second rule’’), no more than about
15% of the available dose reaches the lungs. This
method is simple and well within the compass of
most patients. There are some, however, who will
never master the technique, and who should be
given treatment with alternative types of inhalation
device.

It should be noted that the lung volume at which
aerosol is released and the subsequent inspired vol-
ume of air are both relatively unimportant, provided
that inhaled flow rate and breath holding are opti-
mal. A delay of about 15 minutes between succes-
sive doses of bronchodilator is often advocated, to
allow the first dose to act before the next dose is
given.?® Not all studies, however, have found this
approach beneficial,”” and since it makes treatment
rather more complicated it may reduce the patient’s
compliance. It seems preferable to recommend an
interval of about one minute between successive
doses—long enough to let the actuator nozzle and
valve stem warm up from the sudden temperature
drop (~15°C) that occurs each time the inhaler is
fired. Theoretically, successive firing may progres-
sively reduce the temperature of the spray, though
in practice there is no evidence that this matters. A
recent study?® found comparable effects whether
bronchodilator and corticosteroid doses were spaced
30 seconds or 7-8 minutes apart, suggesting that the
longer interval between doses did not enhance drug
penetration.

An “open mouth” MDI technique has been
advocated—in which the inhaler is held 3-5 cm from
the open mouth or between the open lips. While this
technique should reduce oropharyngeal losses of
drug, and has been shown to enhance therapeutic
effect,? it cannot be recommended for general use
as the spray may well miss the mouth entirely. Point-
ing the inhaler upwards on to the roof of the mouth
or downwards on to the tongue are further common
errors to be avoided. To help patients with coordina-
tion problems, breath actuated MDIs have been
introduced in which the patient’s inhalation triggers
a spring mechanism which fires the inhaler. These
devices tend to release the aerosol rather noisily and
violently, and may need a relatively high inspiratory
flow rate to activate the spring. Perhaps for these
reasons they are not widely used.

MDIs place quite high demands on patients’ skill,
and good tuition is essential. Physicians must
demonstrate to patients, preferably using a placebo
MDI, how to use their inhalers and must recheck
their technique from time to time. MDI training aids
may be useful for patients with poor coordination.?®
The use of manufacturers’ instruction leaflets alone
is not adequate, and there is a need for better and
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more standardised leaflets giving fewer conflicting
instructions on inhaler technique. It is vital also that
patients know that a diminished response to their
inhalers means either that the canister is empty, that
the inhaler is being used wrongly, or that their
asthma is deteriorating; and they should take
appropriate action urgently.

SPACER ATTACHMENTS TO MDISs
Since particle size and velocity decrease with dis-
tance, the provision of a ‘“spacer” between the
patient’s lips and the MDI will lead to small, slowly
moving, respirable particles. This principle has led
to the development of various types of spacer device
or holding chamber, which literally holds the aerosol
before this is inhaled. A 10 cm long tube spacer
(volume approximately 100 cm®) and a 25 cm cone
spacer shaped like the aerosol spray cloud and with
a one way inhalation valve (volume about 750 cm®)
are available commercially (the Bricanyl spacer
inhaler or Pulmicort inhaler and the Nebuhaler,
Astra Pharmaceuticals). In practice these spacers
have several beneficial effects: (1) Oropharyngeal
deposition is reduced, thereby reducing the inci-
dence of oropharyngeal candidiasis and dysphonia
with corticosteroid aerosol therapy.*' (2) Drug
delivery to the lung is improved, depending on the
spacer design. The increase in lung deposition is less
than the reduction in oropharyngeal deposition
since many particles are deposited on the walls of
the spacer itself. (3) Most importantly, the MDI is
easier for the patient to use. The spray may be
released into the spacer and inhaled after a brief
pause, so that the need to synchronise firing and
inhaling is either greatly reduced or entirely
removed. In fact, firing a bronchodilator spray into
the 10 cm tube spacer and delaying inhalation for
three seconds is as effective as a correctly used MDI
without a spacer attachment.*? Thus spacers are
probably of most value for patients with poor
inhaler technique—particularly those who cannot
synchronise firing the MDI with inhaling—and who
may fail to obtain an adequate lung dose otherwise.
There have been many clinical trials with spacer
devices, some of which have shown a greater
therapeutic effect,’* > (but others no greater® *¢) than
the MDI alone. The discrepancies between the results
of these trials may be related to the MDI inhalatjon
manoeuvre used. While spacers may improve drug
delivery to the lungs and therapeutic effect in those
patients who have a poor inhaler technique, they
may confer little additional clinical benefit for those
who have a good inhaler technique®’; and while
good technique is most important with an MDI used
alone, it may be less so when the MDI is combined
with a spacer, though the effect of technique is not
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necessarily negligible. Large volume holding cham-
bers may be comparable to nebulisers in the delivery
of larger doses of beta agonist aerosol used in the
treatment of severe acute asthma.*® Such chambers
have the advantages of portability, simplicity of use,
and ease of cleaning. By comparison with the
conventional MDI, however, they are still large and
bulky.

DRY POWDER INHALERS

Dry powder inhalers® are a convenient alternative
delivery system to MDIs. The first dry powder
inhaler was introduced for sodium cromoglycate
(Spinhaler, Fisons Ltd) and more recently inhalers
have become available for dry powder preparations
of salbutamol and beclomethasone dipropionate
(Rotahaler, Allen and Hanburys Ltd). With the
original cromoglycate preparation inhaled from a
spinhaler the MMAD of the drug particles placed in
the capsules was 2-6 um and the lactose carrier
powder had 70% of its mass between 30 and 60 um
in diameter.*® About 5% of the dose reaches the
lungs, according to pharmacokinetic studies.*
Recently the capsule has been reformulated and the
lactose powder omitted.

Having pierced or fractured the gelatin capsule
containing the drug, all the patient has to do is to
inhale through the device to draw the powder out of
the capsule. Dry powder inhalers are thus easier to
use than MDIs but less convenient because of the
need to load a capsule into the device before use.
They are usually reserved for patients who cannot
master the technique of inhaling from an MDI. The
correct inhalation technique for dry powder inhalers
is unclear, although rapid inhalation (=60 1 min™")
leads to more efficient emptying of the capsules and
better dispersion of the powder in the inhaled air
stream. At the same time, rapid inhalation is likely
to increase impaction losses in the oropharynx. The
efficacy of various inhalation techniques for dry
powder aerosols needs to be tested.

NEBULISERS

In common with other types of inhalation device,
the air driven jet nebuliser must be used correctly to
achieve optimal drug delivery. Correct use in this
case, however, depends relatively little on the
patient’s inhalation technique (most patients inhale
by tidal breathing) and rather more on the way in
which the nebuliser is set up and operated. The most
important factor governing nebuliser performance is
the flow of compressed air used to generate the
aerosol. Aerosol size is inversely proportional to the
compressed gas flow rate and a flow rate of =
6 1 min~! is necessary with most types of jet nebu-
liser . This ensures that treatment times are accept-
ably short,*2 and that the bulk of the aerosol mass is

contained within particles of not more than 5 um
aerodynamic diameter.*® It is insufficiently appreci-
ated that the domiciliary oxygen cylinders available
in Britain generally have two flow rate settings only,
2 and 4 1 min~', and that these flows are inadequate
for most of the better known brands of nebuliser. A
wide range of electrically driven air compressors is
now available but it is important to select carefully
from this range and to ensure that the compressor
can generate a sufficiently rapid air flow rate. The
nebuliser may be powered by a hand held squeeze
bulb or even a foot pump. These driving systems are
relatively simple and portable, they allow the user to
be independent of cylinders, and they are undoubt-
edly useful if nothing else is available. In practice,
however, it is difficult to control the compressed air
flow rate adequately.

There are several facts about nebulisers which are
insufficiently appreciated. As with the MDI, only
about 10% of the dose from a nebuliser reaches the
lungs, most of it being retained as large droplets on
the internal walls of the nebuliser itself.** Although
much larger doses are customarily placed in nebuli-
sers than are given from MDIs, the dose response ®
curves may be similar for both.** The output
depends on the volume fill and gas flow rate. Many o
pharmaceutical data compendia sheets recommend 5
a 2 ml volume fill, although a higher percentage of g
the drug solution is released as aerosol if this volume Q—
is diluted to 4 or 6 ml.*> Thus the dose from 2 ml Q
may be madequate A combination of 4 ml volume S o
fill and 6 1 min~! gas flow rate is recommended to 3
ensure a high aerosol output, small particle size, and =
short treatment time. A recent hospital questlon- <
naire*® showed that patients may be treated with S :
nebullsers operated at flow rates varymg from 1 to E
10 1 min~! and a diluent volume fill ranging from 0-5 X
to 10 ml. With many of these combinations the dose 5 3
would be predictably inadequate.

Nebulisers may be used with either a facemask or g
a mouthpiece, according to the patient’s prefer- =
ence.*” Aerosol wastage on the face and in the S
nasopharynx will be greater with the facemask. The .2
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“use of intermittent positive pressure breathing =:

(IPPB) is often advocated with nebulised bron-
chodilators on the grounds that this ““forces” more |,
aerosol into peripheral lung regions. In fact, this Q
technique appears to have no definite advantages R
over the inhalation of aerosol by tidal breathing*® org
the delivery of comparable doses of bronchodilator@
from an MDI.#° fD
Nebulisers may be either *“disposable” (to be dis- &
carded after each use) or “sterilisable.” Most $0 S 3
called disposable nebulisers have a lifespan of two to 2
three months if used carefully, but like the “sterilis-
able” nebulisers they must be thoroughly cleaned to
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avoid bacterial contamination. Some types of nebul-
iser are difficult to clean since they cannot be taken
apart, and furthermore the cleaning procedure may
ultimately impair their performance. The filters and
air intake grill on the air compressor should also be
cleaned regularly. Aspergillus species have been cul-
tured from fluff accumulating at these locations.*°
Also Pseudomonas aeruginosa is known to colonise
water traps. When inhaled both may have poten-
tially lethal consequences.

Ultrasonic nebulisers, in which high frequency
sound waves are passed through liquid in a reservoir
to create an aerosol, are widely used abroad but less
so in Britain. Particle size and output may vary
widely and have not been categorised satisfactorily.
Also most require a mains electricity supply.
Recently a portable, battery powered nebuliser
based on a small, vertical rotating disc has been
developed.s' It has a lower aerosol output rate,
however, than most jet nebulisers.

In recent years nebulisers have become popular
for use both in hospital and in the home, particularly
in the treatment of severe asthma. It is thought that
a larger dose of bronchodilator might be delivered
to the lungs more readily than with an MDI. Cer-
tainly this means of administration is tolerated well
in adults and distressed children. Whether it fulfils
all expectations remains debatable and there may be
a partial placebo effect. Nevertheless, the nebuliser
is a versatile device by which an increasingly wide
range of drugs may be administered for topical and
systemic treatment. There are some exciting pros-
pects, which the second part of this review will dis-
cuss further.

STEPHEN P NEWMAN

STEWART W CLARKE

Department of Thoracic Medicine
Royal Free Hospital

London
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