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Abstract
Radionuclide imaging has the potential to provide a non-invasive and accurate means of
obtaining information about the location and movement of an in-vivo distribution of
labelled drug. Its application to inhaled drugs used for the treatment of diseases of the
airways has been limited due to the difficulty in attaching suitable radionuclidcs. Most
information has been obtained by using less accurate indirect methods, which require an
inert substitute to be labelled instead, or by measuring concentrations of drug and

metabolite in mouth washings, blood and urine.

In 1988 a method was described that permits the direct radiolabelling of beta,-agonists in
pressurised metered-dose inhalers (MDI) with the gamma-emitting radionuclide
technetium-99m (Kohler et al, 1988). However, this method has some criticisms and is

not applicable to dry powder inhalers (DPIs).

A new method, based on that of Kohler, has been developed and reported in this thesis,
which enables the beta,-agonist salbutamol to be directly radiolabelled with technetium-
99m in both MDIs and DPIs. The technique was validated using an Andersen cascade
impactor and used to study ten normal volunteers and nineteen patients with asthma. On
separate days, subjects inhaled 200 pg of salbutamol from a DPI, an MDI and an MDI
via a spacer. The drug was administered under conditions as close as possible to those in
which subjects would normally use their inhalers. Inspiratory flow profiles were measured
while subjects inhaled from the MDI and DPI.

The proportions of dose depositing in the lungs, throat and stomach were quantified using
a dual headed gamma camera. Bronchodilator response was determined by measuring
lung function parameters before and after administration. Higher lung drug deposition
values were measured than had been reported using indirect labelling techniques. The
mean (sd) lung deposition for the normals and asthmatics respectively were 12.4 (3.5)%
and 11.4 (5.0)% for the DPI, 21.6 (8.9)% and 18.2 (7.8)% for the MDI and 20.9 (7.8)%
and 18.9 (9.1)% for the MDI with spacer.
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1.1 Introduction

Inhalation is one of the most important drug delivery methods. Therapeutic aerosols are
extensively used in the treatment of respiratory disorders and are available to deliver a
wide range of drugs. The inhaled route provides a means of delivering the drug directly
to the site of action in the lungs where it is effective in small doses. In contrast, other
routes of delivery such as the oral route and the intravenous route require the initial
uptake of the drug by the systemic circulation with the likely occurrence of side effects.
In addition, the onset of action of drugs administered by these routes is usually slower

than that obtained by the inhaled route.

Inhaled bronchodilator drugs, delivered from pocket-sized metered dose inhalers (MDI)
and dry powder inhalers (DPI), bring rapid relief from the symptoms of severe
breathlessness associated with asthma. Beta,-agonists such as salbutamol are a potent and
selective sub-group of bronchodilator drugs which are widely prescribed to asthma
sufferers. Despite the effectiveness of inhaled drugs only a small portion of the delivered
dose reaches the lungs, as the upper respiratory tract acts as an efficient filter to incoming
aerosolised drug particles. The largest proportion of the dose is impacted in the throat and
swallowed. It enters the digestive system where it is far less effective and may be of no

therapeutic value.

In order to improve delivery methods and maximise the therapeutic value of an
administered dose of drug it is important to be able to measure accurately its distribution
pattern in the respiratory tract. Initial estimates of lung deposition were made by balancing
drug, labelled with the radionuclide tritium (*H), with its metabolites in mouth washings,
blood and urine. (Walker et al, 1972a; Davies, 1975). Later methods have used
radionuclide imaging techniques to visualise and measure the distribution patterns of drugs
inhaled into the lungs. Gamma-emitting radionuclides are the most suitable for this
purpose since gamma-rays have high tissue penetrating properties and deliver relatively
low radiation doses to the patient. Several radionuclides which emit sufficiently energetic
gamma-rays to be detected externally and which have no harmful emissions of alpha or
beta radiations are readily available. They are used to provide clinical information about

the distribution of a wide range of pharmaceutical.
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Until recently, however, most of the information about the distribution of inhaled drugs
has been obtained from indirect labelling techniques. This is because of the difficulty in
attaching gamma-emitting radionuclides to these type of drugs. Instead, an inert substance
such as teflon or polystyrene with particle size characteristics similar to the drug in
question is used as a substitute for the drug itself (Newman ez al, 1981a). Alternatively,
it can be mixed in with the drug in reconstituted metered dose inhalers (Zainudin et al,
1989). The latter technique has the advantage of allowing bronchodilator responses to be

measured at the same time as the distribution pattern of the radiolabelled particles.

Use of inert particles provides some information about the site of aerosol deposition in
the lungs. However the physical and chemical properties of these particles are likely to
be different to those of the active drug. It is therefore difficult to draw conclusions
regarding the intrapulmonary distribution of inhaled drugs using these techniques.
Recently, a method has been reported for the radiolabelling of beta,-agonists with the
radionuclide technetium-99m in metered-dose inhalers without the requirement of

substitute particles (Kohler et al, 1988).

Besides radiolabelling techniques other experimental designs are currently being used to
provide information about the proportion of beta,-agonists delivered to the lungs by
inhaler (Borgstrom and Nilsson, 1990; Hindle and Chrystyn, 1992). These techniques rely
on being able to discriminate, in the excreted urine of subjects, the small proportion of

drug originally deposited in the lung from the larger swallowed proportion.

In this introductory chapter a review is made of previously published methods including
that of Kohler which was used as a basis for the development of the radiolabelling
technique employed in this work. The method was validated and applied to the study of
the lung deposition of radiolabelled drug in normal volunteers and asthmatic patients.
First, the properties of aerosols and their modes of deposition in the human airways are
considered, followed by a review of therapeutic inhalers particularly with regard to their
use in the treatment of asthma and other related diseases. The properties of salbutamol as
a treatment for asthma are considered in detail with reference to relevant publications.

Finally the objectives of the work reported in this thesis are outlined.
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1.2 Historical Review

The technology of modern drug delivery methods to the human lung dates back only
about sixty-four years, when adrenaline was first given by aerosol using a hand held
squeeze-bulb nebulizer (Alexander, 1929). However the concept of inhalation therapy has
been in existence for thousands of years. Records of inhalation therapy can be found in
the writings of ancient cultures in China, India, Greece, Rome and the Middle East
(Newman & Clarke, 1992). Most therapies involved the inhalation of either hot aromatic
vapours or of smokes derived from burning various types of plant leaf. Hippocrates
inhaled the vapours of sulphur and arsenic from a clay pot (Miller, 1973). Some species

of tobacco plant were smoked in the sixteenth century as a remedy for lung diseases!

Asthma, in particular, has attracted a great deal of attention over the centuries and many
"remedies" for this disease have been devised (Ellul-Micallef, 1976). However, it was not
until the mechanisms involved in asthma began to be understood in the 19th century that
an effective treatment could be developed. The improvement of drugs for the treatment
of respiratory disorders has accelerated in the last sixty years and the benefits of
inhalation treatment have been confirmed. Methods of drug delivery have also come a
long way during this period. Probably the most significant development in inhalation
technology was that of the pressurized MDI in 1956 (Freedman, 1956). Since then the
range of drugs available for delivery by MDI has greatly increased and new devices have
been introduced.

1.3 The Human Respiratory Tract

The respiratory tract can be divided into the upper airways comprising the nasal cavity,
the pharynx and the larynx and the lower airways including the trachea and the lungs
(Crofton and Douglas’ Respiratory Diseases, 1989). Together they form an intricate
system of airways with the primary function of conducting oxygen from the atmosphere
to the blood stream to meet the body’s metabolic requirements, and to remove carbon

dioxide generated by the same metabolic processes (Figure 1.1).
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As well as conducting air, the upper airways take part in swallowing, warming and
humidifying the air, smell and speech. They also act as a filter for removing many inhaled
particles, such as dust, pollens, bacteria, and fungi, which impact in the nose and

oropharynx.

The lower end of the trachea divides into the right and left main bronchi. This is the first
of a series of divisions (generations) that produces an inverted tree-like arrangement of
successively smaller bronchi. The trachea and bronchi are kept open by transverse rings
of cartilage, spaced at intervals along the length of the air passages. The narrowest
bronchi occur after eight to thirteen generations, and are about 1-3 mm in diameter (Hidy,
1984). They lead to even finer passages called bronchioles, which differ from the bronchi
in that they have no cartilage. Branching continues for another ten to fifteen generations,
ending in terminal bronchioles approximately 0.6 mm in diameter. The terminal
bronchioles divide into three or more respiratory bronchioles which in turn branch into
several passages called alveolar ducts, whose walls contain five or six alveolar sacs
formed by groups of alveoli. Oxygen, from inhaled air, diffuses across the thin membrane
of the alveoli to the pulmonary capillaries, and carbon dioxide passes in the opposite
direction. Although each alveolus is very small they are present in such large numbers that

efficient gas transfer in respiration is ensured.

The lungs are situated in the thoracic cavity and take up the shape of the available space.
They are bounded by the rib cage, the mediastinum and the diaphragm and are roughly
cone-shaped. The mediastinum is a block of tissue lying between the lungs separating one
side of the thoracic cavity from the other. It contains the trachea, oesophagus and heart
with its major blood vessels. The lungs consist of two large spongy organs and contain
the airways of the bronchial tree including the alveoli, as well as the pulmonary blood
vessels. Each lung is almost completely surrounded by a double layer of membrane called
the pleura, which forms a continuous closed sac. The two layers of the pleura are
normally in close contact with each other, separated only by a film of fluid which enables
them to move over one another with minimal friction. The space between the layers is

called the pleural cavity.
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The thoracic cavity acts as an airtight container and as the diaphragm and rib cage move
the lungs remain in contact with them. The surface tension between the lungs and the
chest wall, and also the air pressure inside the lungs keep them in close contact and
prevent the lungs from collapsing. A normal inspiration is accomplished by contracting
the diaphragm muscles which pull the diaphragm down. This produces a slight negative
pressure in the lungs causing air to flow into them. To expire the diaphragm muscles are
relaxed allowing the elastic forces in the lungs to cause the diaphragm to return to its
neutral position resulting in air flowing out of the lungs. When greater effort is required
in breathing, such as during exercise or during forced expiration, the intercostal muscles

within the rib cage assist the diaphragm, to increase the rate and/or depth of breath.

1.3.1 Factors Affecting Airways Calibre
Although the airways consist of a complex branching system they can be simplified to a

single tube (Figure 1.2(a)). This allows the factors that determine their calibre and how

they may become narrowed by disease to be visualised.

The walls of the airways contain smooth muscle which prevent their collapse during
expiratory effort. The size of airways is determined by their elastic properties and smooth
muscle tone acting across their walls. Within the wall of the bronchioles the smooth
muscle encircles the airways. In normal airways the amount of bronchial motor tone is
sufficient to keep a balance between the various forces acting to enlarge or constrict the
air passages. However, in abnormal airways excess bronchomotor tone will produce

airway narrowing known as bronchoconstriction (Figure 1.2 (b)).

Normal airways are lined by a thin film of mucus which is continually being produced
by mucous glands and goblet cells within the bronchial epithelium. It is removed by the
beating of microscopic hair-like structures known as cilia which line the major airways.
The cilia move together with a wave-like motion which sweep mucus and other particles
along it. The main function of this mucociliary "escalator" is clearance of particles which
have penetrated the airways. Accumulation of mucus, either because of increased
production or impaired cilia transport, may lead to narrowing of larger airways or

occlusion of smaller bronchi by mucous plugs.
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