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In inhalation therapy, aerosol deposition studies play a significant role in developing
our understanding of the correlation between deposition site in the lungs and clinical
effect to the patient. Pulmonary aerosol deposition distribution can be assessed by
radionuclide imaging. It can also be predicted using computer-modelling of the particle
paths in the airways. Both techniques, however, use anatomical models of the airways
that lack three-dimensional (3D) reality, as little information is available on airway
topology. Consequently, they cannot relate the aerosol deposition distribution to the

subject’s own anatomy. The thesis is concerned with the improvement of these methods.

An algorithm is developed to obtain the 3D topology and morphology of the airways,
from computed tomography (CT) imaging. Realistic 3D airway models are then created
by reconstructing the CT image of the airway tree and assigning a different intensity
to each airway or to each airway generation. These methods are applied to the CT
images of a human tracheobronchial tree cast and of a volunteer. Modelling of realistic
3D pulmonary lobes and segments, based on a region growing process to simulate the
“fight for space” that occurs during lung formation, is attempted and applied to the
volunteer’s magnetic resonance lung images. The aerosol deposition distribution in two
radionuclide imaging studies performed on the volunteer is then assessed, using the

models representing his own anatomy.

The algorithm quickly provides data on the 3D topology and morphology of the
airways, from both in vivo and cast analysis, that contribute to the knowledge of the
lung anatomy. A non-planar geometry of the airways at bifurcations and clear lobar
patterns are shown in the central airways of the datasets studied. The tabulated data
and the 3D models of the airways are useful to predict the 3D aerosol deposition and
simulate flow patterns in the airways. The study demonstrates that better knowledge
of the anatomy allows improved interpretation of the aerosol deposition. A vertical
gradient of the concentration of aerosol, increasing from the upper to the lower lobes, is

quantified.
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Chapter 1

Introduction

1.1 Need Of Pulmonary Anatomical Models For

Therapeutic Aerosol Deposition Applications

Aerosolised medications (powder or droplets) and nebulisation therapy (atomised
liquid) are replacing both orally administered and intravenously or intramuscu-
larly injected drugs, in the treatment of respiratory diseases and some systemic
circulation disorders in humans. The lungs are the target organ for the aerosol
delivery of, for instance, bronchodilators and bronchoconstrictors, used in asthma
to reverse bronchospasm and diagnose airway hyper-responsiveness. Antibiotics
for the treatment of infection in cystic fibrosis patients and for the prevention of

infection in HIV-positive patients also aim for deposition in the lungs.

It is well-known that the effectiveness of aerosolised medications varies between
patients; some being much improved, while others fail to improve. Variations
in the dose of aerosol deposited within the lungs account for these failures in
treatment but the effectiveness of therapies utilising inhaled aerosols cannot be
compared unless the distribution of the deposition can be described [Laube (1996)].
For each clinical application, it is important to assess this deposition accurately
in relation to the lung anatomy, to be able to identify the relationship between
deposition site and clinical effect. In addition, such quantification has become
an important economic issue in the last decade as it allows comparison of results

among different laboratories and with different drug delivery devices.

The two approaches used for investigating the in vivo aerosol deposition in relation

to the lung anatomy are (1) external measurements and (2) prediction computer-
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modelling of the aerosol deposition. Both techniques use anatomical models of
the airway tree. Such models have been created using physical measurements on
lung casts to obtain measurements on lengths and diameters and information on
average angles of branching. Data collection and analysis by these methods is
tedious and very little topological information is available in the literature. Thus
current models do not fully describe the airway anatomy in three dimensional
space relative to a real lung shape. The lung space has also been partitioned into
“regions of interest”, however it is difficult to relate aerosol deposition in these

areas to the patient’s anatomy because of its large variability between subjects.

1.2 Objectives Of The Thesis And Contributions

This thesis is concerned with the development of realistic three-dimensional (3D)
models of the airways, lobes and segments in the lungs, in wvivo, using medical

image data. The objectives are:

e to develop an automated method to tabulate airway dimensions and 3D

orientation using medical image data.

e to collect pilot data on the spatial location of the central conductive airways

in humans and analyse their use for 3D modelling.

e to create methods for realistically modelling airways, lobes and segments in

the lungs.

e to investigate the use of the resulting models for assessing aerosol deposition

radionuclide images, and to validate aerosol deposition predictions.

This study is a project within the Southampton Aerosol Group which is a multidis-
ciplinary team from the Department of Electronics & Computer Science (formerly,
Department of Electrical Engineering) at Southampton University and the Depart-
ments of Medical Physics and Bioengineering, Nuclear Medicine and University
Medicine at Southampton General Hospital. Its researchers are working on the
assessment, of the deposition of inhaled aerosol in the lung airways using both
computer modelling and 3D radionuclide imaging, but using simplified models of
the lung. Our results are hoped to provide data to improve the 3D realism of the
models. The new methods developed are also intended to be adapted for clinical
studies of the fate of inhaled aerosols relating to the subject’s anatomy. Moreover,

our work will provide the scientific community with in vivo data, especially on the

13



topology of the airways, in both tabulated and imaged forms, which have several

other biological and medical applications relating to lung anatomy and physiology.

1.3 Layout

The thesis is presented in seven chapters and one appendix.

Chapter 2 describes the structures constituting the human lungs, especially the
lobes, segments and pulmonary airway tract. The different ways each anatomical
feature has been modelled in the literature are reviewed, highlighting the lack of

3D reality of the current description of the airways.

Chapter 3 is concerned with pulmonary aerosol deposition. The physical mecha-
nisms involved are presented. The methods to assess and predict aerosol deposition
in the lungs are examined. This review shows how improvement in the 3D realism
of the pulmonary anatomical models used could increase the clinical significance

of the outcome of aerosol deposition studies.

Chapter 4 presents the algorithm that was developed to tabulate the morphometry
and topology of the airways using 3D medical images. It is applied to test objects
including a human tracheo-bronchial airway tree cast, as part of the validation

study.

In Chapter 5, the algorithm is applied to in vivo 3D medical images, obtained from
a scan that was performed on a volunteer. The orientation in space of the airways

and dimensions are analysed, together with the cast data, from a 3D modelling

point of view.

Chapter 6 describes the methods developed to realistically model the airways,
lobes and segments in 3D. They are then applied to the volunteer’s and cast data.

The realism of the current model used at Southampton General Hospital is also

evaluated.

Chapter 7 investigates the use of different anatomical models to assess the aerosol

deposition distribution with respect to the volunteer’s anatomy.

In Chapter 8 conclusions are drawn from our study and suggestions made for

further work.

14



Appendix A contains the application that was submitted to the relevant Ethics

Committee for the investigation on the volunteer and a copy of the approval.
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Chapter 2

Description and modelling of the

pulmonary anatomy

2.1 Introduction

This chapter first briefly summarises the human respiratory system and the mea-
sures of pulmonary function, that are defined by specific air volumes and capac-
ities. The lobar and segmental structure of the lung, the bronchial tree and the
acini are then detailed, including the anatomical information that medical imaging

offers. The major works modelling the air spaces in the lungs are also reviewed.

2.2 Anatomy And Function Of The Respiratory
System

The respiratory organs include the nose, pharynx, larynx, trachea, bronchi and
lungs (Fig. 2-1). They act with the cardiovascular system to supply oxygen (Os)
and remove carbon dioxide (COz) from the blood. The conducting portion consists
of a series of interconnecting cavities and tubes, namely the nose, pharynx, larynx,
trachea, bronchi, bronchioles, and terminal bronchioles, that direct air into the
lungs. The respiratory portion consists of those parts of the respiratory system

where the exchange of gases occurs, namely the respiratory bronchioles, alveolar

ducts, alveolar sacs, and alveoli.

The upper respiratory system refers to the nose and the pharynx. The nose
warms, moistens and filters air and functions in olfaction and speech. The phar-

ynx (throat) is a muscular tube lined by a mucous membrane. The upper part
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Figure 2-1: Anatomical regions of the respiratory tract (Reproduced by kind per-
mission of the ICRP, from International Commission on Radiological Protection

Task Group (1994)).
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(nasopharynx) functions in respiration and acts as an impinger with the nose caus-
ing inhaled particles to impact on these structures. The middle and lower parts

(oropharynx and laryngopharynx) are both a respiratory and a digestive pathway.

The lower respiratory system refers to the larynx, the trachea and all the bronchi
down to alveoli. The larynx (voice box) is a short air passageway that connects
the pharynx with the trachea. It contains the epiglottis which prevents food from
entering the larynx, the thyroid cartilage (Adam’s apple) and vocal folds. The

airway from the trachea downwards is described in detail in the following sections.

2.3 Air Volumes And Capacities

The healthy adult averages 12 respirations a minute (one respiration is one inspira-
tion plus one expiration, it is also called ventilation) and moves about 6 litres into
and out of the lungs while at rest. A lower-than-normal volume of air exchanges
is usually a sign of pulmonary malfunction. Figure 2-2 shows the various specific
air volumes for an average adult [Tortora and Reynolds-Grabowski (1996)]. They
however vary a lot depending on the size of the subject: larger volumes are found
for males and young adults than for females, children and elderly. They are in

general measured by spirometry.

About 500 ml of air (tidal volume V) moves into and then out of the airways with
each inspiration and expiration during normal quiet breathing (tidal breathing).
In an average adult, about 70%, i.e. 350 ml (spirometry measurements), of the
tidal volume actually reaches the respiratory portion of the respiratory system
and participates in respiration. The other 30%, i.e. 150 ml (anatomic dead space
Vp), remains in air spaces of the conducting portion of the respiratory system
(single-breath nitrogen washout). A rule of thumb is that the anatomic dead

volume in ml is about the same as the person’s weight in pounds.

By taking a very deep breath, the additional air, called inspiratory reserve volume,
is about 3100 ml above the 500 ml of V¢ for a total of 3600 ml. More air can
be inhaled if inspiration follows forced expiration. Inhaling normally and then
exhaling as forcibly as possible gives 1200 ml of air, the expiratory reserve volume,
pushed out in addition of Vy. The FEV, is the volume of air that can be expelled
from the lungs in 1 second with maximal effort following a maximal inhalation,
i.e. the forced expiratory volume in 1 second. Even after the expiratory reserve

volume is expelled, considerable air remains in the lungs because the alveoli are
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Figure 2-2: Typical air volumes in the respiratory system (Copyright ©1996 by
Biological Sciences Textbooks, Inc. and S. Reynolds Gabrowski. Reprinted by
permission of John Wiley & Sons., Inc., from Tortora and Reynolds-Grabowski

(1996)).

always kept slightly inflated and some air also remains in the non collapsible

airways. This volume is called the residual volume and amounts to about 1200

ml.

Lung capacities, the sum of two or more volumes, include functional residual
(FRC) which is the sum of the residual volume plus expiratory reserve volume
(2400 ml), and total lung capacity (TLC), which is the sum of all air volumes
(6000 ml).

2.4 The Lungs

Lungs are paired organs in the thoracic cavity. The lung tissue contains the
bronchi and the acini as well as blood and lymphatic vessels and nerves. The
two lungs are separated from each other by the heart and other structures. The
pleural membrane encloses and protects each lung. Both lungs extend from the
diaphragm to just slightly inferior to the clavicles and lie against the ribs anteriorly
and posteriorly. The surface of the lung lying against the ribs, the costal surface,
is rounded to match the curvature of the ribs. The mediastinal (medial) surface of

each lung contains a region, the hilum, through which bronchi, pulmonary blood
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vessels, lymphatic vessels, and nerves enter and exit. The broad inferior portion
of the lung, the base, is concave and fits over the convex area of the diaphragm.
The narrow superior portion of the lung is termed apex (cupula). The cardiac
notch is the name given to the concavity (depression) on the right hand side of
the left lung, where the heart lies. The right lung is approximately 10% thicker
and broader than the left. It is also somewhat shorter than the left because the

diaphragm is higher on the right side to accommodate the liver that lies inferior

to it.

The right lung has three lobes, namely right upper (RU), right middle (RM) and
right lower (RL), separated by two fissures (pleural envelopes), one oblique and
one horizontal; the left lung has two lobes, left upper (LU) and left lower (LL),
separated by one oblique fissure. Ten substructures of lung tissue, called bron-
chopulmonary segments and independent from each other can be identified ex vivo
in each lung. Morphogenesis of these structures is detailed in Section 6.2.2, page
114. The shape of each lobe and segment can be visualised from posterior, anterior
and profile photographs of excised lungs in anatomical atlases (e.g. Fogelman and
Maisey (1988)). Schematic views are illustrated in Netter (1991). All authors will
however warn the reader about the great variability between subjects observed in
both the size and the shape of the pulmonary lobes and segments. Unfortunately,

no quantification of this variability has been found in the literature.

2.4.1 Imaging The Lungs

The wn vivo size and shape of the lungs and its features can be viewed, to some

extent, using medical imaging techniques.

X-ray imaging

X-rays have been used to produce medical images ever since their discovery in
1895. The images are formed by the interaction of X-ray photons with photon
detectors. It is therefore a distribution of those photons which are transmitted

through the patient and are recorded by the detectors.

For a given energy, the attenuation of the X-rays through bone is higher than that
of soft tissue. In an image, the greater the difference between the two attenuation
coefficients, the higher the contrast. Muscle and blood, for the typical diagnostic
X-ray beam have about the same linear attenuation coefficient. Bone attenuates

the beam almost three times more than blood and muscle. In a radiography of the
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chest, the ribs, for example, show up as a light structure because they attenuate
the X-ray beam more strongly than the surrounding soft tissue, so the X-ray film
(i.e. photon detector) receives less exposure in the shadow of the bone. Corre-
spondingly, the air-filled lungs show up as darker regions. An abnormality, such
as hard tissue in the lungs, will therefore appear with high contrast. An inherent

problem with the conventional radiograph is the loss of the depth information.

X-ray Computed Tomography

X-ray tomographic imaging has been developed to (i) be able to distinguish soft
tissue and (ii) resolve spatially structures along the direction of X-ray propagation.
It is known as X-ray Computed Tomography (CT) and is based on a sectional
imaging of the patient, who lies in the CT scanner. A planar slice of the body
is deflned and X-rays are passed through it only in directions that are contained
within, and are parallel to, the plane of the slice. The CT image is as though the
slice had been physically removed from the body and then radiographed by passing
X-rays through it in a direction perpendicular to its plane. The resulting images
show the human anatomy in section with a spatial resolution of about a millimetre.
The slices covering a given volume of the patient’s anatomy are stacked on top of
each other in a 3D volume (image). Transverse, coronal or sagittal slices of the CT
volume can then be viewed. The method of converting the X-ray measurements

into image such as Figure 6-6 is described in Webb (1988).

CT images provide clear anatomical detail to define the lung 3D limits at normal
and quiet breathing when images are taken at 16 mm intervals (gap between two
slices) with a beam width (slice thickness) of 8 mm. In this examination, the
possible biological damage per unit dose of X-ray radiation to the lung tissue,
i.e. the effective radiation dose, is estimated to 4.5 mSv [Perring et al. (1994)].
The concepts of radiation dose and effective radiation dose are explained in the

Glossary (Effective Radiation Dose).

CT imaging has also been used to image the lobar fissures, defining the contours
of the lobes. The locations of the fissures are inferred from areas of relatively
sparse pulmonary vascularity and from the portions where the shadow created by
the visceral pleural layers composing the fissures, is identifiable. The task remains
rather difficult although imaging settings, such as no gap between slices and thin
slices, ease the process. In some cases, indents in the lung outlines may be visible

and help (or confuse!) the operator. Thus trained eyes are required. In practice,
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lobar fissures are sought for only in part(s) of the lung rather than for the whole
lung (e.g. Higashi (1998), Thompson et al. (1999)), as there is no direct clinical

interest in having a picture detailing the five lobes in one scan.

Contours of the segments, because they are not defined by any material envelope
enclosing them, cannot be imaged. However, estimation of their contours in part(s)
of the lung has been documented using CT imaging. This is because a CT scan
of a part of the lungs is used to further clarify abnormalities seen on X-ray film.
CT then plays a major role in pre-operative planning to localise pathology as
specifically as possible. Radiologists look first for the lobar fissures and lobar
bronchi. Partition of the lobe into segments to define precisely the region of
interest is then performed by identifying proximate segmental bronchi. Definition
of the contours of the segments is based on the location and orientation of the

latter, as well as on empirical knowledge of the shape and location of each segment
[Thompson et al. (1999)].

Magnetic Resonance Imaging

To image the anatomy using Magnetic Resonance (MR) imaging, the subject is
placed within a powerful magnet. Pulsed radio waves are then passed through the
object. These radio waves cause atomic nuclei to emit weak radio signals which are
detected and used to reconstruct MR images. These images can then be viewed

as transverse, coronal or sagittal slices.

The magnetic resonance signal is the result of excitation of the individual mag-
netised protons within the object by irradiation with radiofrequency (RF) energy
of a specific frequency. This energy absorption causes the displacement of the
magnetic moment from equilibrium resulting in an excited system. As the sys-
tem returns to equilibrium MR signals are emitted in proportion to the number
of excited protons in the sample. The detection and acquisition of the signals
constitute the basic information necessary for MR imaging. Details of the image

reconstruction are described in Webb (1988).

When placed within a magnetic field, protons align parallel or anti-parallel to
the magnetic field and “precess”, i.e. the proton rotates about its axis. The fre-
quency of the precession is dependent on the strength of the magnetic field and the

properties of different tissues. The Larmor equation describes this relationship:

WO :/YB()a (21)
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where Wy is the precession frequency (Hz or MHz), 7 is the gyro-magnetic ratio
which has a value different for each material, and By is the strength of the external

magnetic field (Tesla, T).

Slightly more protons align parallel to the magnetic field than anti-parallel, creat-
ing a net magnetic moment aligned with or longitudinal to the external magnetic
field. An RF pulse with the same frequency as the precessing protons can cause
resonance, transferring energy to the protons. This results in more protons align-
ing anti-parallel thus reducing the longitudinal magnetisation. The RF frequency
pulse also causes the protons to precess in phase. This results in a new magnetic
vector, the transverse magnetisation. When the RF pulse is turned off, longitudi-
nal magnetisation increases again. The time for this vector to be restored is called
the longitudinal relaxation time, or T1. Transverse magnetisation also decreases

and disappears; transverse relaxation is described by the time constant T2.

The time T1 is longer than T2 and the ratio T1:T2 characterises different struc-
tures. Water and liquids have a long T1 and a long T2. Fats have a short T1
and a short T2. In general the higher the water content of the tissue, the longer
the relaxation times. T1 depends on tissue composition and structure. Energy
transfer is difficult in a pure liquid/water lattices, therefore the relaxation times
are longer. Fats have a short relaxation period due to carbon bonds in fatty acids,
facilitating effective energy transfer. The strength of the magnetic field also in-
fluences T1: the stronger the magnetic field, the longer the T1. Tissue contrast

sensitivity can be obtained by exploiting the differences in T1 and T2.

MR volume image using a T1-weighted procedure (T1-weighted MR image) also
gives the outlines of the lungs in 3D (e.g. Fleming et al. (1996b)). Such images have
been obtained by RF pulse sequences designed to emphasise the T1 characteristics
of tissues, whilst de-emphasising the T2 characteristics. Two RF pulses are sent
in successively. If the second pulse is sent in after longitudinal relaxation has
recovered, the signal received for imaging will be the same (TRjsg). Different
tissues have different relaxation times, as already discussed. Therefore, if the
second pulse is sent after a shorter time (TRgp0p¢), longitudinal relaxation will not
have time to recover in some tissues, thus emitting a different signal for different
tissues. A T1-weighted image will thus be valuable to view anatomical structures.
The image is required in the same plane as where the RF was sent in. Therefore,

moving fluids, such as blood, will not be imaged.
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MR imaging has the advantage over CT of being radiation free. Breathing motion
and heart beating that may blur the images can be gated, i.e. the images are

performed always at the same time in the breathing or cardiac cycle by monitoring

them.

2.4.2 Modelling The Lungs

Three dimensional atlas image volumes (3D models), based on in vivo tomographic
imaging of the lung outlines have recently been developed. Their general purpose
is to describe the pulmonary lobes and segments to then simulate for instance
ventilation, perfusion or aerosol deposition in each lobe or segment. These images,
in turn, allow studies of various aspects of their interpretation, such as the quality
of the image processing. Their principal advantage is then to minimise in vivo
studies that may be of no benefice to the volunteers and expensive. Moreover,

anatomical defects can be simulated and their effect studied.

To our knowledge, the only one published was from a collaborative work at Syd-
ney. Their model was based on the lung outlines segmented out from a CT scan
performed on a man of height of 178 cm and weighing 70 kg in supine position.
The lobar fissures were then marked by an experienced radiologist, using patient
CT data that showed the interlobar fissures. The lobes were a guide to the seg-
ments. The segmental bronchi of human cadavers lungs were injected with colour-
coded dyes. They were finely sectioned and digitised. The lobar and segmental
boundaries were transferred to the phantom dataset with reference to anatomical
books [Magnussen et al. (1997)]. Since the segmental model merged information
from several subjects, it could be viewed as an “average” model. A year later,
a segmental model was also developed at Southampton General Hospital. The
lung outlines were segmented out from a T1-weighted MR study performed on a
healthy male volunteer in supine position. Partition of the lung space into the
various pulmonary segments was done with reference to a tracheobronchial tree
cast of which the airways belonging to a same segment are painted with the same
colour. The cast anterior, posterior, right lateral and left lateral views are illus-
trated in Fogelman and Maisey (1988). For each view, the outlines of the segments
were stretched to match the subject’s lung outlines. The boundary of each seg-
ment was then drawn manually, on each slice of the 3D volume, proportionally
to the distances that were measured on the 2D illustrations [Salam (1998)]. The

Southampton model, which is referred to, in the thesis, as the in-house model, is
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shown in Figure 2-3 and the relative sizes of the segments is given in Table 6.2. As
the construction relies only on the cast segment position, size and shape, except
for the lung outlines, the in-house model could be viewed as a “standard” model.

2.5 The Bronchial Tree

The trachea, primary bronchi, secondary bronchi, tertiary bronchi, bronchioles,
and terminal bronchioles form the bronchial tree (Fig. 2-1). They are also referred

to as the conducting airways.

2.5.1 Anatomy Of The Bronchial Tree

Figure 2-4 shows the branching structure of the bronchial tree. Because it re-
sembles a tree trunk with its branches, the vocabulary to describe relationships
between the airways is often analogous to those in a family tree (e.g. parent branch,

daughter branches/children, generations).

The trachea (windpipe) extends from the larynx to the superior border of the fifth
vertebra (T5). It is a tubular passageway for air about 12 cm in length and 2.5
cm in diameter. It is composed of C-shaped rings of cartilage, smooth muscle and
is lined with pseudo-stratified ciliated columnar epithelium (mucosa). The 16-20
incomplete rings of cartilage are arranged horizontally and stacked one on top of
another. They may be felt through the skin inferior to the larynx. Transverse
smooth muscle fibres and elastic connective tissue hold the open ends of the carti-
lage rings together. The solid C-shaped cartilage rings provide a semirigid support
so the tracheal wall does not collapse inward (especially during inspiration) and
obstruct the air passageway. The epithelium provides the same protection against

dust as the membrane lining the nasal cavity and larynx.

At the point where the trachea divides into right and left primary bronchi (superior
border of the fifth thoracic vertebra), there is an internal ridge called the carina,
the mucous membrane of which is one of the most sensitive areas of the entire
larynx and trachea for triggering a cough reflex. The right primary bronchus goes
into the right lung and the left primary bronchus, less vertical, longer and narrower
than the right, goes into the left lung. On entering the lungs, the primary bronchi
divide to form smaller bronchi -the secondary (lobar) bronchi-, one for each lobe

of the lung. The secondary bronchi continue to branch, forming still smaller
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Figure 2-3: Southampton General Hospital (SGH) segmental model. The segmen-
tal partition of the lungs was done manually with reference to a segment-colour-
coded tracheobronchial tree cast. Legend: RU, RM, RL, LU and LL correspond to
the five lobes of the lungs, S1 to S10 partition the lobes further into the segments

(see text, Section 2.4).
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Figure 2-4: Drawing of the bronchial tree structure. Note that the branching
pattern is not symmetrical in vivo. (Copyright (©1996 by Biological Sciences
Textbooks, Inc. and S. Reynolds Gabrowski. Reprinted by permission of John
Wiley & Sons., Inc., from Tortora and Reynolds-Grabowski (1996))
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bronchi, called tertiary (segmental) bronchi. Each tertiary bronchus supplies one
bronchopulmonary segment of the lungs and divides into bronchioles. Bronchioles,
in turn, branch repeatedly and the smallest bronchioles branch into even smaller
tubes called terminal bronchioles. The general branching pattern is dichotomous,

but trifurcations may appear.

At 17 weeks gestation the bronchial divisions are almost completely established
and the growing of primitive air spaces (unexpanded until birth) and capillary
vessels begins. This process continues until term, by which time the pattern of
airway branching is complete. Ounly slight remodelling of the smallest airway

branches occurs after birth.

As the branching structure becomes more extensive in the bronchial tree, several
structural changes in the epithelium may be noted. Incomplete rings of cartilage
insure the primary branches a fair rigidity. They are gradually replaced by plates
of cartilage that finally disappear in the distal bronchioles. As the amount of

cartilage decreases, the amount of smooth muscle increases.

During breathing, the cross-section of the airways varies depending on the amount
of cartilage in the airway walls. Where there is no cartilage, the compliance of
the airways increases. The design of the airways is optimal for the purpose of
conducting the air between the atmosphere and the gas-exchange apparatus, since
changes in calibre (airway cross-section) and angles at branching points are such
that resistance to airflow is minimised (see Section 2.5.2, p. 32). However those di-
mensions are not static since the airways are distensible: the wall compliance alters
airway dimensions in vivo. As lung volume changes during the breathing cycle,
airway length and diameter also change. Soong et al. (1979) suggested this change
in proportion to the cube root of lung volume, which implies the distensibility of
airways to be isotropic with respect to lung volume. More recent in vivo studies
[Brown and Zerhouni (1998)], using CT imaging (see Section 2.5.3), demonstrate
that airways do not expand in that simple radial tethering. Airway resistance
decreases as airway diameter increases during inspiration. The effect of change in
length is small by comparison to diameters. However because of relatively high air
flow velocities normally present in the airways even during quiet breathing, such
changes in airway dimensions will produce insignificantly small changes in veloc-
ity of less than 0.1 cm.s™!. Airway compliance does assume importance whenever
there is a flow limitation, as for example during forced expiration. However some

evidence exists which indicates that large transmural forces are present at these
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airways which, because they lack support by surrounding structures, can and often
do collapse [Macklem et al. (1963)].

Contraction of smooth muscle in the walls of airways is the means by which air-
way calibre changes in response to a specific stimuli. This is probably the most
important factor altering airway compliance and therefore calibre. During an
asthma attack the smooth muscle of bronchioles contracts, reducing the diameter
of the airways. Because there is no supporting cartilage, the muscle spasms can
even close off the airways. Disorders causing obstruction of the airways decrease
lung air volumes, FEV; and capacities. Among the symptoms that might indi-
cate airflow obstruction are coughing, wheezing and dyspnea (painful or laboured
breathing). With advancing age, the airways and tissues of the respiratory tract,
including the alveoli, become less elastic and more rigid. The chest wall also be-
comes more rigid. As a result there is a decrease in the vital capacity and in blood
level of oxygen and elderly people are more susceptible to pneumonia, emphysema,

bronchitis and other pulmonary disorders.

Particles which were deposited on the wall of the conducting airways are carried
by the layer of mucus covering the surface of the airways which is slowly propelled
by ciliary action to the pharynx. Here, the mucus is swallowed, sneezed away or

spat out in a matter of hours.

2.5.2 Morphology And Topology Of The Conducting Air-
ways

Data on human lung morphometry (diameter, length, branching angles and angles
of inclination to gravity) are derived from measurements of a few human lung
casts. Several authors have measured branches of the lung casts manually, which
is a very time-consuming method. Weibel (1963) used resin and silicon rubber
casts, Horsfield and Cumming (1968) used the resin cast of a 25 year old male,
the Lovelace group [Raabe et al. (1976)] used silicon rubber casts of two males,
50 and 60 years old. Mortensen et al. in 1983 used 11 casts of children aged 0
to 21 years old [Menache and Graham (1997)]. Schlesinger and McFadden (1981)

used wax casts of a 29-year old male and a 54-year old female to build a negative

hollow cast.

Horsfield and Cumming’s cast was made from excised lungs inflated to o litres.

The other authors used lungs inflated in situ. The casting techniques were similar
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to or adapted from Phalen et al. (1973) or Haefeli-Bleuer and Weibel (1988). The
casts are representative of the end inspiratory state, i.e. about 3/4 of the total lung
capacity (TLC). Disagreement on rubber casts being prone or not to deformation
is pointed out in Thurlbeck and Horsfield (1980).

Number of conducting airways and identification system

The number of branches in the casts is estimated between approximately 30 000
and 60 000 in Menache and Graham (1997) but the number actually measured

varies between authors.

The branches are always gathered by generation: the trachea is generation 1 in
the Lovelace data and Mortensen’s but is generation 0 for Weibel and Horsfield,
the first branching point being then the carina. The branching pattern is almost
always irregular dichotomous, which means that each branch divides into two

branches not symmetrical in either size or space orientation.

Different systems of identification of the airways have been used. Weibel (1976)
labels the airways with their generation number, subsequent generations being
numbered distally (trachea identification number is 0). Thus airways of the same
generation number have the same name. Mortensen et al. (1983) assigns each
airway a unique identification number (ID) with the number of digits being its
branching generation from the trachea (trachea ID is 1). The second digit “1”
indicates the primary bronchus of the right lung, while a second digit “2” indicates
the primary bronchus of the left lung. Thus any airway in the right lung would
have 11 as its first two digits. All the subsequent digits in the ID for any airway are
assigned according to that airway’s general anatomic distribution (“0” indicates
the airway constitutes a direct continuation of (rather than a branch from) the
proximal parent airway, “1” indicates a branch which is distributed superiorly,
“2” anteriorly, “3” medially, “4” laterally, “5” posteriorly and “6” anteriorly).
The Lovelace group also assigns each airway with a unique identification number
(trachea ID is 1) and implies a strictly dichotomous branching pattern. This
number is formed by taking the ID number of the parent segment and then adding
either a 1 to that number if the segment was the major daughter or a 2 to that
number if the segment was the minor daughter segment [Phalen et al. (1978)].
Unlike the previous identification systems, Horsfield et al. (1971) published an
ordering of the bronchial tree that numbers the branching order (also defined
as “divisions up” in Horsfield and Cumming (1968)) from the periphery to the
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trachea. The most distal branches comprise the first order, two of these meet to
form a second-order branch, and so on. Where branches of different order meet,
the order of the parent branch is one greater than the higher of the two daughter
branches. Branches of the same order have therefore the same name and the

trachea has the highest order (32 in their cast).

Diameters and lengths of the conductive airways

General observations of the casts showed that both the range and the average of
diameters and lengths decrease with progressive generations of branching. Finer
quantification is provided by the ratio of the diameters and the lengths of conju-
gate daughter branches. This is a measure of the degree of the branching. For
the human lung, in generations 5 to 7 (trachea is in generation 0), the ratio of the
smaller to larger diameter ranges from 0.5 to 1, averaging 0.86 [Weibel (1963)],
value confirmed by Phalen et al. (1978), whereas the ratio of lengths averages 0.62
[Weibel (1963)]. This shows therefore that the irregularity of branching is due pri-
marily to variation in the length but is also caused, to a lesser degree, by variations
in diameter or cross-sectional area of conjugate branches. A further estimator is
the ratio of length to diameter of airway segments, which is assumed constant in
a regular tree. The length-to-diameter distribution may have a consistent pat-
tern for most generations of conducting airways; Weibel (1963) found the average
length-to-diameter ratio to be consistently around 3.25 for all diameter classes of
airway from 1 to 4.5 mm; in Phalen et al. (1978), this ratio was slightly smaller
(namely 2.8). The lengths in Yeh and Schum (1980) were estimated the same way
but the diameters were found to be 20-30% higher than Weibel’s measurements.
The slight discrepancies between those authors were explained partly by the use
of different casting material and partly by the standardisation of the data to the

same lung capacity.

In order to model the bronchial tree, Weibel (1963) plotted the mean airway
diameters, in the first ten generations of a resin cast, against generation number

j and derived the following diameter-generation number relationship:
d; =do+27, (2.2)

where d; is the mean diameter of conductive airway generation j and dy is the
diameter of the trachea. The equation was later explained by Wilson and Horsfield
in 1967 by the theory of dichotomy: the minimal resistance for any bronchial
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dichotomy is achieved for the ideal ratio

E%j—l = 0.79, (2.3)
which is equivalent to equation 2.2. It shows that the diameters of the conductive
airways are such that alveolar ventilation can be maintained with a minimum
entropy production [Wilson (1969)]. Horsfield and Cumming (1967) based their
mathematical demonstration on minimal volume occupancy compatible with air
flow. They then measured branch diameters from a cast down to 0.7 mm and
found the ratio d;;1/d; averaging 0.76, which concurs with the ideal value of 0.79.
West et al. (1986) also explained this airway diameter and generation number

relationship but with fractal analysis.

The total path from carina to distal respiratory bronchioles was estimated ranging
from 7.7 to 22.4 cm, with a median value of 13.9 cm [Horsfield and Cumming
(1968)]. This calculation was based on the path length from the carina to lobular
branches ranging from 7.5 to 21.5 c¢cm, with a median of 12.5 cm (Horsfield in
1968 arbitrarily defined the branches with a diameter less than 0.7 mm as lobular
branches). The path length from the lobular airways to the distal respiratory

bronchioles ranged from 2 to 9 mm.

Phalen et al. (1985) have also shown that the dimensions of airways depend on

body length.

The volume in the conducting airways has been estimated using the anatomical
data (Weibel, Horsfield and Cumming) and physiological methods (spirometry).
The following volumes have been estimated: 80 ml for the upper respiratory system
and larynx, 70 ml from the carina to the lobular branches and 43 ml from lobular

bronchioles to terminal bronchioles (total 193 ml).

Branching and gravity angles

The branching angle has been found to be related to the diameter of the daughter.
Indeed a very small branch will take off at almost a right angle from the parent,
whereas the other daughter whose diameter remains large deviates only slightly
from the direction of the parent: Phalen et al. (1978) observed that the minor
daughter branches form an angle between 30° and 65°, the angle of the conjugate

major branch being about 20° smaller.
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The theory for dichotomy forecasts as well that for the minimal volume of the
system the angles of branching are a function of the cross sectional areas of the
branches, with an ideal figure of 37° 28’ as calculated by Horsfield and Cumming
(1967). The latter found from a cast study that the mean branching angles varied
between 30° and 43°. The angle of branching and the ratio daughter-to-parent

diameter increased distally.

The larger set of angle data is from the 60-year old male silicone rubber cast
of Raabe et al. (1976). They were published, averaged per generation for the
whole lung and per lobe, up to generation 12-15, in Yeh and Schum (1980). The
mean branching angles per generation ranged from 18° to 51° (0° describes the
alignment of a daughter branch with its parent direction). The individual values
of gravity angle ranged from 0° (straight down) to 180° (straight up). However
Yeh et al. (1979) converted gravity angles, v, greater than 90° to (180-y)°, before
calculating their mean value at a given generation. This was because they were
not concerned with the true spatial distribution of the airways, but rather with
their fluid dynamic properties. The largest averaged gravity angle in the Right
Upper Lobe is 68° in generation 7. In the Left Upper Lobe, it is 50° in generation

3. Naturally, this set cannot show the distribution of the airways in space.

Recently, Phillips and Kaye (1997) analysed the branching angles in this same
airway data set, as a function of the area asymmetry for parent airways of 0.8
mm or more, rather than averaging over bifurcations with different degrees of
asymmetry (as above). The area asymmetry was the square of the ratio of the
major diameter daughter to the minor diameter daughter, which describes the
asymmetry of the airways. They showed that the sum of daughter branching
angles was dependent on the asymmetry of the bifurcation. This sum was also
reduced as the parent diameter increased. In 18% of the bifurcations, the major

daughter’s branching angle was actually larger than that of the minor daughter.

Data to allow 3D studies, for instance looking at the planarity of bifurcations,

were not available.

Intersubject variability

Very few studies on intersubject variability are available in the literature, mainly
because of the difficulty of manual measurements. They may nevertheless be of

value to help understanding both pulmonary physiology and pathology. In their
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paper, Phillips and Kaye (1997) also commented: “it appears that there is only
one human subject for which comprehensive data is in the public domain [Raabe
et al. (1976)] ... we believe there is a pressing need for further measurements before
it is clear how great the variations between subjects are, and to what extent the

geometrical features identified are universal”.

For use in dosimetry method, Menache and Graham (1997) studied the inter-
subject variability as a function of age, measuring manually the branches in
Mortensen’s casts up to generation 10. They found the diameter distribution
in generation 6 to 10 within each lobe to be well-described by a normal distribu-
tion. The branching structure appeared similar in these 11 casts despite numerous
differences between subjects in conducting airway geometry. The branching pat-
terns were generally similar but there was substantial variability in the branching
angles and airway lengths. In general the airways branched dichotomously. How-
ever trifurcation at the generation 4 in the Right Upper lobe appeared in five of
seven casts of children younger than 10 years old. The median value of length and
diameter in generation 10 slightly decreased with age and an increase in variability
was visible with age, but generally the distributions overlapped. The average ratio
length/diameter equated to 2 in all generations and at all ages, this value being
much lower than Weibel’s but not explained. In general, subjects of similar ages
had similar distributions but the spread of the distribution was shown greater with
age. Expansion in the lower lobar airway diameters was observed and suggested

associated with aging.

2.5.3 Imaging The Airways

In the past X-ray bronchography has been used to image the bronchial tree in two
dimensions (2D). This was used for diagnosis of abnormalities. An intratracheal
catheter was passed into the right or left bronchus through the mouth or the
nose. Then an opaque contrast medium was inhaled, causing it to distribute
throughout the bronchioles. Radiographs of the chest in various positions were
taken, and the developed film, a bronchogram, provided a picture of the bronchial
tree. Physiotherapy was needed to then remove the catheter (!). This technique

was stopped two decades ago.

Nowadays, X-ray CT scanning at end inspiration allows some details on the
bronchial tree to be obtained, however the imaging time is limited by the breath-
ing (breath-hold required to avoid blurring) and the X-ray flux density is limited

34



by the dose delivered to the patient. Typically, the dose associated with a clin-
ical chest high resolution CT scan is 8 to 10 mSv. What is of clinical relevance
and what can be interpreted from this procedure are the appearances of 1) the
large bronchi and vessels and 2) the secondary pulmonary lobule and its various
components. In normal subjects, the large bronchi are distinguishable as their
wall is outlined by lung on one side and air in the bronchial lumen on the other,
appearing smooth and of uniform thickness. Some smaller bronchi can be noticed
as they appear black, surrounded by the grey lung tissue. However bronchi closer
than 2-3 c¢cm to the pleural surface are not normally visible on CT [Webb et al.
(1992)]. Bronchi smaller than the gap between two slices will not be seen, and
decreasing the gap would mean more slices are required, thus a longer scanning

time leading to a higher X-ray dose and a longer breath-hold.

High resolution CT imaging has been shown a successful diagnostic and investi-
gational tool for the evaluation of airway hyper-responsiveness. Research studies
on the airways are divided into two types: (1) anatomic descriptions of abnormal-
ities of airways associated with asthma, and (2) physiologic correlations of airway
calibre changes during bronchoconstriction and bronchodilation, in airways of di-
ameter greater than 2 mm [Brown and Zerhouni (1998)]. It has also been used to
simulate bronchus endoscopy [Mori et al. (1995)]. In these studies, the CT scan

covers a maximum of 12 cm of the length of the lungs.

MR imaging, that images the proton (H™) density, cannot be used to visualise the
airways because, as they are filled with air, they do not contain enough protons to
create a detectable signal. Like for CT imaging, it is the lack of signal that may
allow the “visualisation” of some of them, i.e. their very black aspect surrounding
by a grey lung tissue. However, it has recently been proposed to fill the airways
via normal respiration with hyperpolarized noble gases, such as xenon-129 (Xe-
129) or helium-3 (He-3), for MR, imaging examinations of the lung because such
gases open a new field of promising possibilities to enhance the signal. In these
examinations, the source of the MR signal is the large nonequilibrium polarisation
in the nuclei of the hyperpolarized noble gases. Xenon can be used in perfusion
studies because it mixes with time in the blood stream, and helium in ventilation
studies, because of its property of being insoluble. Nuclear spin polarisation is
achieved by optical pumping techniques, reaching the order of the unit (whereas
in a normal 1.5T magnetic field, the polarisation of protons is as small as 5.107°).
The high spin density of the He-3 gas compensates for the otherwise very low
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signal of He-3, which is caused by the low density of the gas. Subsequently, a
high degree of polarisation is essential to allow detection of an adequate MR sig-
nal. Helium gas can be inhaled in considerable amounts and concentrations (80%
helium, 20% oxygen) without risk. After hyperpolarized He-3 gas is inhaled, the
airways and alveolar air spaces can be visualised with a strong intensity, as has
been demonstrated in the guinea pig lung and in preliminary studies in humans
[Johnson et al. (1998)]. Findings in these studies suggest that He-3 MR imaging
can depict lung morphology and can help assessment of pulmonary ventilation.
Just a few centres in the world have He-MRI facilities and only one (Mainz, Ger-
many) does clinical studies. The imaging sequences recalled in literature [Kauczor
et al. (1996)] used either 42 seconds breath-hold to get a 170 mm long scan of the
chest with slice thickness of about 7 mm or 22 seconds breath-hold on patients
and 10 mm slice thickness, both using a fast imaging sequence (FLASH). Gating
the breathing movement and imaging for a longer time is not possible because
the Brownian motion of the gas then blurs the images (personal communication
Tastevin-Sauret). For the time being, HRCT seems then finer in its resolution.
However it is of note that He-3 MR imaging is a new, promising imaging modality
to help visualise and assess pulmonary ventilation. It will also help provide fur-
ther insights into the pathophysiology of breathing and the slice thickness will go
down more so the conductive airways will be visible with an appropriate resolution.
Since only a few accessory tools are needed to perform He-3 MR imaging -with the
exception of a dedicated coil- this technique could become widely available within
a short time. Further developments such as improvements in sequences, use of
smaller volumes of He-3, and recycling of He-3 are under way. At the moment the
cost of non-polarised He-3 is about 100-150 US$ per litre and its availability is
limited (product of tritium decay). Reviews of the technique, characteristics and

potential of He-3 MR imaging are available in Kauczor (1998) and Kauczor et al.
(1998).
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2.6 The Pulmonary Acini

The pulmonary acini (singular: acinus) are defined as the complex of airways

distal to the terminal bronchioles.

2.6.1 Anatomy Of The Pulmonary Acini

Figure 2-5 shows the structure of a pulmonary acinus. Terminal bronchioles sub-
divide into microscopic branches called first-order respiratory bronchioles (called
also transitional bronchioles because they often contain an initial purely conduct-
ing segment). The volume of the respiratory bronchioles in the transitional zone
is estimated to equal 865 ml. The respiratory bronchioles, in turn, subdivide into
several (2-11) alveolar ducts. The transition from respiratory branches to alveo-
lar ducts is gradual; Haefeli-Bleuer and Weibel (1988) estimated that respiratory
bronchioles comprise about the first three generations of the human pulmonary
acinus. The number of alveolated tubes connecting the last terminal bronchiole
of the bronchial tree with an alveolar sac varied from 6 to 12, with an average
of 9. Alveoli also appeared along the lower border of the terminal bronchiole in
Boyden’s acinus. Terminal sacs are developed in the period from the 26th week to
term, when primitive alveoli are formed around alveolar sacs and at birth, alveoli
are shallow and small and number less than 8% of those present in the adult.
During the months after birth, rapid alveolar proliferation occurs but is not com-
plete until approximately the 8th year. More than half of the adult complement
of alveoli is developed by the end of the first year, after which alveoli proliferate

at a much slower rate.

From the trachea to the alveolar ducts, there are about 25 orders of branching
of the respiratory passageways. That is, the trachea divides into primary bronchi
(first order), the primary bronchi divide into secondary bronchi (second order),
and so on. Around the circumference of the alveolar ducts are numerous alveoli
(singular: alveolus) and alveolar sacs. An alveolus is a cup-shaped outpouching
supported by a thin elastic basement membrane. Alveolar sacs are two or more
alveoli that share a common opening. Fine connections, called pores of Kohn,
occur between alveoli of the same acinus or between neighbouring acini. Gas ex-
change occurs across the alveolar-capillary (respiratory) membranes. The distance
from the terminal bronchiole to the most distal alveolus is a few millimetres. The
branching structure from the terminal bronchioles is such that the total cross-

sectional area of airways increases by a factor of 437 500 from the trachea (about
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Figure 2-5: Drawing of the pulmonary acinus structure (Copyright ©1989 by
Novartis. Reprinted with permission from Netter (1991), Plate 192. All rights

reserved).
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1.6 cm?) down to the alveolar-capillary surface (700 000 cm?). 96% of this in-
crease occurs over the final 2.6 mm of the airways, within the respiratory zone.
Compared to this enormous increase in total cross-sectional area, the average total

length of the airway system is a mere 36 cm.

Alveolar walls consist of type I alveolar cells, type II alveolar cells, and alveolar
macrophages. The acini do not have the protective mucous layer like the conduct-
ing airways because of its gas-exchange function. Insoluble particles deposited in
the acini are cleared very slowly over a period of months. Soluble particles pass

through the thin alveolar membrane into the blood stream.

2.6.2 Morphology And Geometry Of The Pulmonary Acini

There is no information in literature on the acinar region as detailed as in the
conducting airways. The morphometric data in Haefeli-Bleuer and Weibel (1988),
collected from the study of two silicone rubber casts from two adult lungs, are
the most recent data describing the features of the geometry and dimensions of
the intra-acinar airways in human lungs. The acini were inflated to nearly the
total lung capacity and the detailed analysis of the morphology was done on a
statistically representative sample. Extensive drawings of an acinus studied on
a wax cast (about 20% shrinkage) of a 80 months old male child (6 years and 8
months), whose lung had attained about a third or more of the adult volume are
provided in Boyden (1971).

Number of acini

The acinar volume averaged 187 mm? (SD + 79 mm?) (weight technique) with the
shape of the volume distribution curve described as slightly skewed log-normal dis-
tribution. The number of alveoli forming these complexes was difficult to estimate
because the demarcation of the single alveoli is not always obvious. The branch-
ing pattern to prevail in the acini was found irregular dichotomous. This was in
agreement with the description of the human bronchial tree by Weibel (1963) and
also with airway morphogenesis in the fetal lung, which occurs by dichotomy of
the airway tubes. Assuming a total acinar volume at total lung capacity of about
5-6 litres and a mean acinar volume of 187 mm?®, Haefeli-Bleuer and Weibel (1988)
estimated that the human lung should contain some 26 000-32 000 acini, whereas

Boyden (1971) considered there are 80 000.
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Shape and size of the acinar components

The acinus studied by Boyden (1971) measured 7.4 mm in diameter, but had a

conical shape.

In Haefeli-Bleuer and Weibel (1988), the longitudinal path length of acinar air-
ways averages 8.8 mm (Standard Deviation + 1.4 mm). The difference between
the outer and inner diameter of the airways reflected the mean depth of the alve-
olar sleeve, which increases towards the periphery. On a large sample of acini, the
diameter of the transitional bronchiole (dy,) was weakly, but significantly (corre-
lation test: r=0.61, p<0.01), related to the air volume it supplied, i.e. the volume

of the acinus V,.:
du(um) = 389 + 0.54 * V,.(mm?). (2.4)

Acinar airway diameters were shown not to follow the same decrease as the
bronchial tree airway diameters (Eq. 2.2) but to decrease to a much lesser de-
gree (the outer diameter remained practically constant). This was justified by the
fact that the design of the conducting and respiratory airways follows different
laws and abides by different constraints since mass flow of air is the governing
physical principle in the conducting airways, whereas Og diffusion in the air phase
along the acinar airways dominates the process of alveolar ventilation (i.e. the
supply of Oy to the gas-exchange surfaces). Transport energy must be minimised
by reducing the airway diameter in the first case, whereas diffusion is favoured
by keeping the airway cross-section large. The surface area of the gas-exchange
membrane, generally agreed to equal about 80 m?, is functionally important. The

alveolar surface area S, is about 160 m?, varying with body size [Forrest (1979)].

Intersubject variability

Like previous authors [Forrest (1979), Boyden (1971)], Haefeli-Bleuer and Weibel
(1988) found a great variability in the shape and the size of the pulmonary acini
they studied. Boyden introduced also the concept of “fight for space” accompany-
ing the growth of the lung and concluded his paper as follows: “One leaves [the]
study with the feeling that so great is the fight for space in the post-natal years of
growth and differentiation that the end-result is a highly variable and individualist

pattern”.

This shows that morphological and geometrical differences probably exist between

different areas of the lung [Forrest (1979)] and also between individuals. However
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information on how different they are is not available.

2.6.3 Imaging The Acini

High resolution CT imaging is not able to image the acini as the wall is not thick

enough to appear on the CT images.

2.7 Modelling Of The Bronchial Tree And Pul-
monary Acini

In attempting to describe the overall morphometric properties of the bronchial tree
and the pulmonary acini, models have been derived from the previous morphome-
tric data. Each model is based on a number of assumptions, stated to be aware
of their limitations, by which it stresses certain aspects at the expense of others.
Two general approaches have been taken: a descriptive approach and a stochastic
one. The next chapter will show how conducting airways and acini modelling is
used 1) in particle deposition assessment, and 2) in particle deposition modelling

but that it could be more useful if more 3D realistic.

2.7.1 Descriptive Approach

The “model A” [Weibel (1963)], also called “typical path lung model” [Phalen
et al. (1978), Yeh and Schum (1980)] is the simplest model. The airways are
assumed to be a regular dichotomous branching system with 23 generations. The
airway geometry is approximated by a sequence of straight cylindrical tubes that
are 27 branches starting at the trachea which is given generation number j = 0.
Every airway of each generation has the same dimensions, thus creating a perfectly
symmetric model. Only lengths and diameters are modelled with dimensions
derived from averages of manual measurements of airway casts (see Section 2.5.2,
p. 31). From the 17th generation, increasing number of alveoli are present on the
surface of the airways and the last 3 generations are completely alveolated. Thus,
the alveolar region in this model consists of all the airways in the last 7 generations.
The drawbacks of the model A are its lack of asymmetry in the bronchial tree,
that is seen in life and that it suggests that all gas-exchange units are found at
equal distance from the carina. Also, it does not contain any information on the

airways structure in the 3D space.
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Because the model A is a relatively simple approach to a complex organ, other
models have been derived from it. Among them are the Lovelace model [Yeh and
Schum (1980)], the trumpet model [Taulbee and Yu (1975), Yu and Diu (1982),
Egan and Nixon (1985), Hashish et al. (1988)], Martonen’s model [Martonen et al.
(1995)] and the shell-generation model [Fleming et al. (1995)].

Yeh and Schum (1980) used the same symmetric dichotomous idea as Weibel’s
(their diameter data were 20-30% higher than Weibel’s, as cited above) but their
airway model is presented for each lobe of the lungs. Airway lengths and diameters
are represented by log-normal probability density functions and the model also
includes, up to generation 15, a branching angle and an angle of inclination with
gravity for each airway generation, calculated as the average values of all the
branches of the same generation (see Section 2.5.2, p. 32). In higher generations
the gravity angles are fixed at 60° (average of a 0°-90° range in 3D) and branching
angle at 45° (average of a 0°-90° range in 2D). This was an attempt to describe
the regional variations that exist within the lung, generally called intra-subject
variability and also to give some 3D reality to their model. The average data of

the airways are available for the whole lung and per lobe.

The trumpet model represents the variation of the cross-sectional area of all the
airways in each generation against airway depth in the lung (i.e. length from the
trachea), showing a massive increase in the total cross-section in the last millime-
tres of the lung resembling a trumpet shape. At the last portion of the trumpet,
additional cross-sectional area is present to account for the alveolar volume per
unit length of the airways. This model cannot differentiate the air volume in the

right lung from the one in the left lung.

The conceptual shell-generation model is similar to the above models in the sense
that it also describes the air volume in each airway with respect to their depth
in the lung. However their spatial distribution in each lung is standardised to a
hemisphere, via a hemispherical transform of each lung shape, whose concept is
described in Perring et al. (1994). Briefly, it transforms the real lung shape into
a series of ten concentric hemispherical shells. The basic assumptions of this 3D
model of the airways are (1) that the conducting airways (defined as generations
1 to 14) can be considered as consisting of airway paths, each of which branches
outwards from the centre of the lung around a radial path terminating in an acinus
and (2) that the acini (defined as generations 15 to 23) fill the remaining volume

uniformly [Fleming et al. (1995)]. The total volume of each airway generation in
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each shell is still based on Weibel’s lengths and diameters data. The model itself
consists in an air volume two-dimensional (2D) matrix that represents the whole
lung. Information in lobar and segmental air volumes cannot be extracted from

this matrix. The model assumptions cannot be validated with the current data in

literature.

Martonen’s model is the first attempt, to our knowledge, to describe the airways
truly in space and in a 3D volume image. The airway lengths and diameters are
these of Weibel’s, re-arranged by Soong et al. (1979); the branching angle is set
to 35°, the mean branching angle value found by Horsfield and Cumming (1968),
as reported above. The airways, starting with the vertical trachea, are regarded
as a series of Y-shaped bifurcations units with an arbitrary angle of 90° for the
relative orientation of the successive bifurcations. The resulting model has the two
lungs symmetrical and overlapping, which is quite unrealistic. A new version of
the model has been recently described [Martonen et al. (1999)], where constraints
on airway branching were imposed forcing the airways to fit into a realistic lung

shape. Again validation of the resulting model is difficult.

In the real lung, the airways are not symmetric and Weibel’s model overestimates
the number of airway structures and ignores the appearance of alveoli in the early
airway generations. In order to bring models closer to the real lung, asymmetry in
the branching pattern has been introduced [Horsfield et al. (1971), Weibel (1976)’s
model B), where airways may branch into daughter tubes of different orders; how-
ever, tubes of the same order still have identical geometric parameters. Models
of asymmetric airways were proposed by Horsfield et al. (1971) for the tracheo-
bronchial tree and by Parker et al. (1971) for distal airways. An average complete
asymmetric lung model compatible with both measurements was proposed by Ol-
son et al. (1970). The bifurcation angles were set to 40°. Olson et al.’s model
resembles the model of Weibel. Although the number of airways at high orders is

considerably less, it is also overestimated.

Very recently, Kitaoka et al. (1999) and Suki et al. (1999) proposed a 3D volume
image model of the airway tree down to terminal bronchioles using a determinis-
tic algorithm based on two principles: (1) the amount of fluid delivery through a
branch is proportional to the volume of the region it supplies, and (2) the terminal
branches are arranged homogeneously within the organ. Initial conditions speci-
fying the outer boundary of the organ and the configuration of the trunk have to
be provided. Currently, the algorithm uses a combination of mathematical surface
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expressions to mimic lung shape and the trunk is described following anatomical
text books description. This asymmetrical model appears to be the closest to a
realistic description in terms of number of terminal bronchioles and total airway
volume created, although validation of the distribution in space of the airways
and the lobar structures formed was not possible because of the lack of relevant

information in the literature.

2.7.2 Stochastic Approach

The parameters defined in the above so-called deterministic models have been
derived by averaging data on lung dimensions obtained from various casts. Thus
each individual lung is described by the same anatomical structure. To model the

inter-subject variability seen in life, stochastic approaches have been taken.

The first attempt to describe the geometry of the human tracheobronchial tree
per generation in a statistical manner was made by Soong et al. (1979). They
considered the Weibel geometry as the underlying average model and derived dis-
tributions of the actual data around these averages from published morphometric
measurements. Airway lengths and diameters were represented by log-normal
probability density functions, however, the unrealistic symmetric branching con-
cept of Weibel was preserved. In 1982, this approach was extended to the acinar
region and a probabilistic lung model was proposed in which inter-subject dif-
ferences in airway dimensions are simulated by two random scaling factors for
tracheobronchial and air volumes, respectively, assuming again the simplification
that the Weibel model represents the population mean [Yu and Diu (1982)].

Koblinger and Hofmann (1985) described the asymmetry and randomness of the
human tracheobronchial tree in their stochastic model, given the morphometric
data available on the bronchial tree from the Lovelace ITRI files [Raabe et al.
(1976)]. Averages and distributions of diameters and lengths of tubes in the
different generations, ratio of parent tube cross-sections to the combined cross-
sections of both daughters, ratio of the diameters of minor and major daughters,
branching angles for minor and major daughters, were derived. In addition, cor-
relations of diameters and lengths of tubes of the same generation, as well as the
probability of reaching the acinar region as a function of both tube diameter and
generation number (termination probability), were obtained from a systematic
statistical analysis of those files. Information on gravity angles being very poor in
literature (see Section 2.5.2, p. 32), a uniform distribution of the azimuth angle
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over (0, 27) and a downward preference were assumed. This stochastic model
allowed for variations in diameters, lengths, branching and gravity angles and also
in the number of bifurcations leading to the end of each bronchial pathway. At
this stage each acinus closing the last terminal bronchiole was approximated by
a single sphere [Koblinger and Hofmann (1990)], which diameter was calculated
from Haefeli-Bleuer and Weibel (1988), Hansen et al. (1975) and Schreider and
Raabe (1981). The model was constructed in the view of reflecting variations
within a given individual airway system, i.e the model incorporates parameter
variability (i.e. intra-subject variability) as well as asymmetric branching. Not
enough information was available to derive distributions required for the consid-
eration of inter-subject variations. It has recently been said (Hofmann-Fleming
personal communication) that the resulting stochastic lung is too flat, problem

due to the gravity angles selection.

Phillips et al. (1994) have developed an asymmetrical model based on the analysis
of the Lovelace ITRI files, an approach similar to Koblinger and Hofmann (1985).
They used a statistical reconstruction technique to restore the contributions of the
missing airways in the ITRI files on the basis of the branching patterns observed
in the parts that were measured by grouping the airways by their diameter, rather
than according to their position in the tree, in term of generation. Their model
allows the diameters of daughter airways to be determined, in a statistical sense,
given the diameter of the parent. Similarly, the length of an airway has charac-
teristic probability distribution that depends on its diameter. Predictions for the
total number of airways of each diameter, for the distribution of bronchial surface
area and volume between airways of different diameters and for the probability
distribution of the lengths of different pathways through the bronchial tree are
consequently presented. Diameter and length comparisons with Weibel (1963)’s
symmetrical lung model showed qualitative differences, whereas generally good

agreement was found with Horsfield and Cumming (1968)’s asymmetrical model.

2.8 Conclusion

Anatomical information available in text books on the respiratory system describes
the general structure of the lungs, bronchial tree and pulmonary acini. But de-
tailed studies from observations and manual measurements on lung casts show
both inter- and intra-subject variability. Medical imaging, such as CT and MR

imaging, offers, to a certain extent, an insight of the in vivo pulmonary anatomy
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for each subject. However, detailed visualisation of the pulmonary anatomical fea-
tures within the whole lung is limited. This is true in particular for the pulmonary
segments and airway tree, although their definition in terms of size and spatial

location is of clinical interest.

Segmental anatomical models (atlases) have therefore been developed: they rep-
resent a standard or average partitioning of the lungs. The task of modelling the
complex airway branching network has initially been simplified to a basic sym-
metrical and dichotomous branching tree. Asymmetry and variability parameters
have then been added. Efforts have been made in the more recent models to
give an overall realistic shape to the lung, i.e. to locate the airways in the 3D
space correctly, but the small amount of information available in the literature on

branching and gravity angles has limited the validation of the resulting models.

The next chapter is concerned with aerosol deposition in the lungs and will show in
particular, why improvement in the 3D realism of the current pulmonary anatom-

ical models can be beneficial to research.
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Chapter 3

Aerosol deposition in the lungs

3.1 Introduction

The work presented in this thesis is focused on the use of anatomical models to
describe the pulmonary aerosol deposition. This chapter first relates the different
particle deposition mechanisms that occur in the lungs. The current state of
research in measuring the in vivo anatomical distribution of aerosol deposition and
the existing computed prediction models are then examined. Particular emphasis
is placed on the way some of the models of the pulmonary airway reviewed in
the previous chapter have been used, despite their limitations. In conclusion, the

areas of research on which the following chapters concentrate will be justified.

3.2 Deposition Mechanisms

Deposition refers to the initial processes that determine what fraction of the par-
ticles in the inspired air are caught in the lungs and fail to exit with the expired
air. Distinct physical mechanisms operate on inspired particles to move them
across streamlines of air and toward the surface of the respiratory tract: these are

gravitational sedimentation, inertia, Brownian diffusion and electrostatic forces.

3.2.1 Deposition Mechanisms

Generally, gravity and inertia dominate the transport and deposition of particles
larger than 1 pm in diameter, and diffusion dominates the transport and depo-
sition of particles smaller than 0.1 um. For particles between 0.1 and 1 pm,
sedimentation and diffusion are both important. To understand each mechanism

that makes particles deposit in the airways, a physical approach rather than a
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purely mathematical one is given here, based on Brain and Blanchard (1993).
The reader is referred, for example, to Yeh and Schum (1980) and Owen (1969)

for the mathematic formulae needed for calculations in the lungs.

Gravitational Sedimentation

All particles with density greater than that of air experience a downward force
due to gravity. The bigger the particles are and the longer they stay in the lung,
the more likely they are to deposit. The probability that a particle deposits by
gravitational settling, P, is related to the sedimentation parameter which is

expressed as
Pset 0.6 dzet, (31)

where t is the residence time in the respiratory tract. The aerodynamic diameter
dge, measured with a cascader impactor, is the diameter of the unit-density (1
g/cm?) sphere that has the same gravitational settling velocity in air as the particle
in question. It is useful to define it for different aerosol particles to be able to

compare particles of unknown density or shape.

Sedimentation is important for particles larger than 0.1 pm within the termi-
nal bronchioles and acini where flowrates are slow and residence times are long.
Breath holding will enhance the residence time and, therefore, the deposition by

sedimentation.

Inertial Impaction

Inertial impaction is the result of what occurs when an airstream carrying a particle
at velocity u makes a sudden change in direction by an angle © as occurs at airway
bifurcations. The value of © determines the new magnitude of the velocity that
the particle suddenly attains, usin ©. The velocity vector is at right angles to the
original particle velocity. Hence, the particle moves a total distance z proportional
to usin © in the deflecting air streamlines before it loses its original momentum and
again passively follows the airstream lines in the new direction. If the travelling
distance z brings it in contact with a wall, the particle is assumed to deposit. This
displacement increases with airstream velocity, angle of airstream deflection and
the square of the particle diameter. The ratio of the stop distance to the radius
r of the tube upstream of the bend (Stokes number) relates to the probability of
deposition by impaction. The larger this ratio, the less the particles can follow

the airstream lines around the bend and the more likely they are to impact.
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Inertial impaction is an important deposition mechanism for particles with a dge
larger than 2 ym and may occur both during inspiration and during expiration
in the upper respiratory system, the larynx and at central airway bifurcations.
Therefore the knowledge of the angle of branching of each conducting airway

bifurcation is essential to assess this deposition probability correctly.

Brownian Diffusion

The constant random collisions of gas molecules with small aerosol particles push
the particles about in an irregular fashion called Brownian movement. Thus even

“random walk”.

in the absence of gravity, a particle in still air moves about in a
This is a stochastic process that allows motion in 3D. The smaller the particle, the
more vigorous its movement and the longer it stays in the lungs, the more likely it
is to be deposited. In both cases, the Brownian diffusion coefficient describing the
particle is high. Diffusion is important for particles with diameters less than 1 pum
whose size approaches the mean free path of gas molecules. The probability that
a particle is deposited by diffusion, Py, is related to the diffusional parameter

which is expressed as

DN

Pdif 0.6 (t/dae) . (32)

In the lungs, diffusion, like sedimentation, is important in the peripheral airways
and acini. Decreasing particle size or increasing residence time in the lungs in-
creases the chance of diffusional deposition. As particle size decreases, inertial
impaction and sedimentation become less important, but diffusion increases in

importance.

Electrostatic Forces

Electrical forces may cause particles to deposit in the respiratory tract. The
surfaces of the respiratory tract are uncharged but are electrically conducting.
When an electrically charged particle approaches the airway wall, the particle
induces an image charge of opposite polarity on the wall surface which attracts
the particle. The more charged the particle, the higher the image force. The
attraction force is proportional to the square of the ratio charge to mass of the
particle and to the inverse of the square of the distance of the particle to the wall.
This attraction may cause the particle to deposit. The particle probability to
deposit is also related to its charge. Melandri et al. established that the probability
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of electrostatic deposition, P, is

Pajee <(”§)2>% , (3.3)

with ne the total electrical charge on the particle (number of elementary units of

charge times the elementary charge e) and d the particle diameter.

Naturally occurring aerosols tend to be at a low level of charge. However, if the
particles are charged deliberately, not to the maximum level of charging, but higher
than this natural level, experimental studies [Melandri et al. (1983), Chan et al.
(1978)] show that the eclectrostatic attraction may be an important deposition
mechanism in the lung. The deposition occurs mainly in the alveoli, where the
particles are close enough to the airway wall, for particles (especially fibres) that
are both charged above a certain threshold and have a diameter of 0.1-5.0 um.
Theoretical studies [Hashish and Bailey (1991a), Hashish and Bailey (1991b),
Hashish et al. (1993)] have also shown that it could be a control factor to ensure

deposition in desired regions of the airway tree.

Interception And Other Forces

Deposition can also occur when the particles have dimensions that approach those
of the airways. As particles move into smaller and smaller airways, some may
reach a point where the distance to a surface from the centre of a particle is less

than the particle size. The resulting contact is called interception.

Other forces acting to promote deposition, such as magnetic, acoustic, thermal

and radiational, are normally not significant in the lung.

3.2.2 Effects Of The Lung Anatomy On The Aerosol De-
position

The mechanisms that contribute to the deposition of a specific particle depend on
the aerodynamic characteristics of the particle, the subject’s breathing pattern,
the geometry of the respiratory tract, and hence, the flow and mixing pattern of
the aerosol within the respiratory tract. The configuration of the lungs and airways
is important since the efficiency of deposition depends in part on the diameters
of the airways, their angles of branching, and the average distances of particles to

lung surfaces in the alveoli. Along with the volumetric flow rate, airway anatomy
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specifies the local linear velocity of the airstream and thus determines whether
the flow is laminar or turbulent. In this section we concentrate on some of the

observations made in the literature on the importance of the geometry of the lung

anatomy.

Studies of aerosol behaviour in hollow casts of the upper airways or in bifurcating
tubes where the local distribution of deposition can be measured most precisely,
show the effects presented above. A localised area of high deposition was found at
bifurcations along the carinal ridge, which is caused by impaction. In the deeper
lung, sedimentation caused particles to deposit only on the bottom half of lung
surfaces, while diffusion deposited particles on all surfaces. In addition, there
may be enhanced particle deposition on the parent airway wall directly opposite
the opening for the daughter airways [Martonen (1983), Martonen (Southampton

General Hospital seminar, June 1999)].

Gender differences in laryngeal and airway geometries may cause women to have
greater upper airway deposition by impaction compared to men [Pritchard et al.
(1986)]. Among normal individuals breathing in the same manner, total depo-
sition fraction has a coefficient of variation as large as 27%. This is largely due
to intersubject differences in airway geometry [Yu and Diu (1982), Blanchard
et al. (1991)]. Within the same individual, the dimensions of the respiratory tract
change with lung volume, age and pathologic processes. The way it affects aerosol
deposition has been examined by several authors. Among these studies, Agnew
(1984) showed that, within a person, decreasing lung volume increases deposition
fraction and also causes the major site of particle deposition within the airways to
shift from the lung periphery to more central airways. At low lung volumes, air-
ways have smaller cross-sectional areas, higher linear velocities, and thus enhanced

deposition by impaction in central airways for a given flow rate.

3.3 Measurement Of Particle Retention

The actual amount of aerosol found in the lungs at any time is called the retention.
It is determined by deposition and clearance. As the particles deposit in the
airways, the defence system (mucociliary clearance and alveolar macrophages) acts
to move them away. The chemical composition of the aerosolised drug can also
vary with time. Therefore it is important to note that clearance and translocation

occur as well as redistribution of the deposited dose, this latter being due to
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bronchial circulation, and may thus be a problem for retention assessment.

Once the particles have been introduced in the respiratory tract, the amount and
distribution of dose are to be quantified. The measurement techniques vary in
expense, resolution, the extent to which the subject must be disturbed and the
interest that the results will have in clinical practice. Relative aerosol deposition
in the lobes and segments, in airway generations and in specific airways are in-
formation of major concern in aerosol therapy, as they specify the deposition site
in relation to the subject’s anatomy itself. Furthermore, it is necessary to know
more about the distribution and metabolism of the drugs given, in particular to be
able to relate deposition site to clinical effect or to target drugs to a specific area.
This section reviews the existing non-invasive and non-destructive (!) methods
of quantification of aerosol deposition in the human lungs. Methods using non
radioactive material are the simplest and are limited to measurement of the total
pulmonary aerosol deposition. The use of radio-labelled aerosol allows total and,
to a certain extent, regional deposition to be measured. Non-radioactive methods

are described first, followed by the radioactive methods.

3.3.1 Non Radioactive Methods

The first approach to estimate the drug deposition in the lungs is based on mea-
surements of the percentages of drug dose recovered in mouth-washings, from the

exhaled air and from the inhalation apparatus.

Some aerosol particles are magnetisable and sensitive magnetopneumography can
be used to measure their concentration and distribution in the lungs. This tech-
nique consists of applying a magnetic field to the whole thorax or to localised areas
and detecting the resultant alignment of ferromagnetic domains in retained lung
particles. Accumulations of magnetic particles have been measured in foundry
workers, arc welders, coal miners and asbestos miners. The greatest advantage of
this technique is that the duration of measurement is not limited by radioactive
decay (see below the use of radioactivity to measure aerosol deposition). Mea-
surements can be made as long as sufficient dust remains in the lungs. Thus, one
can describe clearance kinetics over years. Two magnetic dusts suitable to study
retention of dust in the lung are Fe3O4 (magnetite) and v-Fe;O3 (a magnetic form
of hematite). Both are inert, relatively insoluble at physiological pH and can be
aerosolised. The magnitude of the remnant field quantifies the amount of dust

remaining in the lungs.
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The information obtained with these methods is limited to the total pulmonary
retention of inhaled particles. To our knowledge the use of hyperpolarized gas
for labelling particles has not been suggested. If possible, this would be a non-
radioactive imaging technique to view aerosol deposition in the airways in 3D (see
Section 2.5.3, p. 35).

3.3.2 Methods Involving Measurements Of Radioactivity

Because of its potential for non-invasive measurement and its sensitivity and res-
olution, radioactivity can be used for tracking the fate of particles in the body.
First, this requires the radiolabelling of the particles: the radiolabelling of the drug
is obtained by coating or chemically linking the particles with a radionuclide. For
aerosol studies, the drug is radiolabelled before inhalation. Once inhaled, the ra-
diolabelled aerosol is traced by recording the radioactivity in the lungs, based on
the hypothesis that aerosol particle and radiolabel will not dissociate during the
time of the study. The radiolabel is usually a gamma-emitter with a short decay
half-life to minimise retention of radioactivity (see Glossary, Effective Radiation
Dose), but long enough to conduct the study. Gamma emitters penetrate through
tissue and are therefore suitable for making measurements externally. The ideal
radionuclide for radioactivity imaging should have an energy between 80 and 200
keV (if exceeded, problems with shielding and collimator design increase). De-
position of the drug in regions of interest can then be monitored using probes
or a gamma camera. Descriptions of the technology involved are summarised in
several books such as Webb (1988). In brief, these devices are sensitive to the
gamma rays emitted at the radioactive disintegrations produced in the radiolabel
nucleus. They output a number or an image representative of the activity in the
area it is covering. Probes are usually located on the back of the patient and
each covers a small area. They may be used to obtain estimates of the whole lung
deposition using suitably positioned combination of several detectors [Stahlhofen

et al. (1980)]. The images cover the whole lung.

Gamma-cameras utilise a stationary radioactivity detector, which simultaneously
collects information from a large area. This device uses a single, large scintillation
crystal. It is masked with a honeycomb parallel-hole lead collimator with as many
as 15 000 holes: each part of the crystal therefore looks at only a small area of the
patient, lying down. An array of phototubes senses the light pulses (scintillations)

produced in the crystal by incoming gamma-rays and the relative pulse sizes from
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different photomultiplier tubes give the position of the scintillation. From this, the
2D position of the labelled particle in the respiratory tract can be estimated and
displayed (counts per pixel) on a cathode-ray tube screen or stored in a computer
(planar image, scintigraphy). The digital images can then be used to obtain
quantitative information on aerosol deposition within the body. The number of
gamma rays reaching the camera is reduced by tissue attenuation and quantitative

measurements require correction for this effect.

Tomography is used to image the distribution of retained radiolabelled parti-
cles in 3D. Such images can be obtained with two types of tomography: single-
photon emission computed tomography (SPECT) and positron emission tomogra-
phy (PET). In SPECT imaging, the aerosol is also labelled with a gamma-emitting
radionuclide particles. After inhalation of the aerosol, the patient lies in supine po-
sition on the gamma-camera bed. 64 successive planar acquisitions are performed,
the camera rotated a few degrees between each. At the end of the process the
camera has completed a full circle around the patient (360°). From those 64 ac-
quisitions, a 3D volume image is reconstructed using a computer program. Quan-
titative measurements of the aerosol distribution require correction for gamma-ray
attenuation through tissue. The 3D attenuation map, that contains the density
of the various imaged tissue and provided by a thoracic CT or T1-weighted MR
scan (see Section 2.4.1, p. 21 and 23), is included in the reconstruction process
[Fleming (1989), Fleming et al. (1996b)]. A transmission scan can also be done:
the absorption by the body of a line source is imaged with a rotating y-camera.
This gives low resolution 3D outlines [Chan et al. (1999)].

Most planar and SPECT imaging is performed with the radionuclide %™Tc (Tech-
netium) which is a pure gamma-emitting nuclide with almost optimal energy (140
keV) and half-life (6 hours). Successful planar imaging (one posterior image and
one anterior generally) can be carried out with a delivered activity of ™Tc to the
lungs of approximately 3 MBq and an acquisition time of about 60 seconds. But
the inherent disadvantage of these planar images is that they represent only a 2D
distribution of radioaerosol. Particles in the central airways and peripheral lung
regions can be resolved better in the 3D view given by SPECT imaging [Perring
et al. (1994)]. The main drawback of the latter technique is that it requires lev-
els of radioactivity approximately 10 times higher than planar imaging. Imaging
ideally requires about 15 minutes to complete all the scans, when using a dual-

head tomographic camera (total rotation of each camera around the patient is thus
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180°), risking movement of activity via mucociliary clearance. In addition, current
radiolabelling of drugs with °"Tc often coats the particles with the label rather
than chemically attaching it to the drug. This means that in this imaging time,
the activity may also dissociate from the drug and appear in the blood stream,
making the interpretation of the images more difficult. Imaging time of as low as
one minute have been used with triple-head camera using 80 MBq [Chan et al.
(1999)] (the Becquerel, Bq, is the SI unit for radioactivity).

The use of Positron Emission Tomography (PET) in lung deposition studies is
very recent. The positrons emitted by radioactive decay quickly combine with an
electron to produce two gamma photons emitted at 180° to each other, which are
used for imaging. In this technique, the drug of interest can be labelled directly.

Thus, it has the potential to provide kinetic information on the fate of the drug
[Lee et al. (1999b)].

2D Assessment

Definition of the area covered by one or more probes with respect to the patient’s
anatomy is very difficult to estimate, whereas definition of the area covered by
the lungs in a planar aerosol deposition image can be obtained with a planar
ventilation study with the patient staying in the same position on the gamma
camera bed. 3™Kr (Krypton) inert gas is inhaled by the patient while planar
imaging is performed. Because of its very short half-life (13 seconds), this gas
gives a good 2D definition of the lung margins in normally ventilated subjects. The
percentage of the inhaled dose deposited in the lungs can thus be estimated from
the attenuation corrected counts in the lung region. This assessment technique of
the total aerosol deposition in the lungs is however limited to normally ventilated
subjects as cold spots, which are areas of no record of activity, would show a

poorly ventilated area and may bias the lung outline shape.

Total pulmonary deposition of radiolabelled aerosol, investigated with planar imag-
ing, can be detailed further by dividing the outlines of the lungs into two “regions
of interest” (ROI), one central zone usually drawn to include the major bronchi,
while a peripheral zone mainly comprises small airways and alveoli. A penetration
index that represents the relative deposition in these two areas can then be calcu-
lated (e.g. Newman et al. (1991)). It brings information on the gross distribution
in the central airways and at the periphery. It is a measure of the extent to which

the aerosol has penetrated along the airways to the most peripheral zones. It is
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also called the “central to periphery ratio” or the “central to periphery index”.

This planar regional deposition assessment technique has received criticism [Phipps
et al. (1989), Perring et al. (1994)] because the central lung region, which is taken
to represent the central airways, also contains overlapping small airways and acini.
Thus one cannot discriminate among particle deposition in these regions, and de-
position fraction in central airways may be overestimated. The same criticism
occurred when the amount of aerosol located in apical or basal regions was as-
sessed by suitable choice of regions of interest. Definition of these anatomical
areas was also arbitrary. Assessment of lobar or segmental deposition is not pos-
sible using this technique as the upper and lower (and middle in the right lung)

lobes overlap considerably.

An “asymmetry deposition index” was developed by Baskin et al. (1990) using
planar aerosol deposition image and equilibrium xenon ventilation study; the lat-
ter was used to define lung lung margins and also air volumes (instead of Krypton
above). The first image was divided by the second with a pixel-by-pixel analy-
sis. Thus, the resulted image, labelled deposition-xenon (D/X) scan, represented
aerosol deposition normalised for lung volumes, a representation of aerosol depo-
sition if overall lung thickness remained constant. This scan thus provided a more
accurate image of regional aerosol distribution than the original aerosol deposi-
tion image. The frequency of D/X pixel counts was plotted against the absolute
D/X counts (histogram). The asymmetry index was defined as the interquartile
range of the histogram, thus quantifying the distribution of the aerosol (statistical
method to analyse frequency distribution-dispersion). The higher this index, the
more asymmetric the aerosol distribution. The lower the index, the more homo-
geneous the aerosol deposition. The index however estimates the uniformity of
the whole lung and not in regions. Visual examination of the scan is necessary to
determine the type of non-uniformity, such as a deposition gradient in a particular

direction.

Lastly, if insoluble particles are inhaled it can be assumed that those particles
depositing on the ciliated conducting airways will be cleared by mucociliary clear-
ance within 24 hours. It would therefore follow that those particles retained after
24 hours had deposited in the alveolar region. Such measures of 24-hour particle
retention have been used by many authors using radiolabelled aerosol and planar
imaging [Agnew (1991), Garrard et al. (1987)]. This methodology does provide

information on regional deposition and clearance within the lung but is limited by

56



the assumption that mucociliary clearance is complete within 24 hours. However
there has been an increased acceptance that clearance takes longer than 24 hours
particularly in those with airway obstruction [Agnew (1991)], thus weakening the

value of this measurement.

3D Deposition Assessment

Phipps et al. (1989) were the first to extend the penetration index measurement
to 3D. This was a volumetric penetration index using 3D central and peripheral
regions. It was compared with the penetration index from traditional planar
imaging. This study confirmed the expected superior sensitivity of SPECT in

differentiating between the deposition pattern of different inhaled aerosols.

The first attempts of assessment of deposition per generation have been made
by Fleming and co-workers. They showed that the use of SPECT and of CT
images of 3D outlines of the lung enabled improved quantitative accuracy [Perring
et al. (1994)]. Landmarks on the nipples and on the sternum notch were used to
align the two-modality images. The information provided on the spatial aerosol
distribution required the SPECT data to be transformed into a hemispherical lung.
The morphological conceptual shell-generation model (see Section 2.7.1, p. 42) was
then overlaid to it and the amount of activity in each shell was calculated. This
information was then converted into deposition in terms of activity per generation
[Fleming et al. (1995)]. To reduce the dose to the patients, the same process was
applied but using T1-weighted MR images of the outlines of the lungs instead of the
CT. This ability to transform data on spatial distribution of aerosol in the lung to
deposition by airway generation is potentially of value in providing more clinically
relevant information. However this process developed in Fleming et al. (1995) and
Fleming et al. (1996a) is based on a simple unrealistic morphological model of the
lung and involves a number of non-validated assumptions. Also validation of the
results of this analysis is not easy since no experimental studies on humans have
generated the “true value” of the aerosol deposition in each generation. Simulation
work is on going to validate this 3D deposition assessment method [Fleming et al.
(1997), Fleming et al. (2000b)].

To date, assessment of lobar or segmental aerosol deposition using 3D atlases (see
Section 2.4, p. 19) has not been published (see Section 7.2.4, p. 146).

To our knowledge, inhalation studies using PET have only been carried in London
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(Hammersmith hospital), Cleveland and in Hamilton. The image interpretation
uses an adaptation of the shell-generation model, and / or drawn regions of interest
[Berridge et al. (1999), Lee et al. (1999a), Lee et al. (1999b), Dolovich et al. (2000)].

3.3.3 Summary

Experimental determination of particle deposition in the lung has been performed
by many workers over the years. A large portion of these studies has initially
been devoted to total deposition but investigations of regional lung deposition
have taken off. This is mainly using radionuclide imaging, despite the facts that
(1) their interpretation is difficult, and (2) the current methods of analysing the
data relative to the lung anatomy, use anatomical models that have limitations
and / or have not been validated. Moreover, they do not take into account the
anatomical variability observed in the literature. To obtain the distribution of
inhaled drugs throughout the respiratory tract, which is clinically important, the
use of 3D multi-modality imaging seems the most promising. At present only the
spatial variation of deposition within the lung outlines has been described, whereas
to assess the clinical effect of the drug it is necessary to know in which anatomical
part of the lungs, such as lobe, segment or specific airways, the deposition occurs.
Regional differences also need to be identified and quantified. In order to derive
such information the development of a model of the 3D morphology and topology
of the airways, close to reality is required, in a form suitable to be superimposed
on a SPECT or PET study. This will need identification in 3D space of the air

volume location.

3.4 Predicting Aerosol Deposition In The Lungs

Theoretical model studies of lung deposition have also been conducted by many
workers. The main interest in predicting aerosol deposition is to be able to vary
different parameters without in vivo experiments. If ventilation is measured well,
one can theoretically estimate deposition fraction based on predictions and models.
The major aim of aerosol deposition modelling is to be able to predict the way
particles are collected in the lungs, in order to facilitate deposition site targeting

and also reduce in vivo experiments for clinical research.
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3.4.1 Prediction Models
Theoretical Models

There are three major elements involved in the theoretical approach to particle
deposition. First, a model of airways simulating the real structure must be spec-
ified. Secondly, deposition efficiency in each airway due to various mechanisms
(see Section 3.2.1) must be derived. Finally, a computational procedure must

be developed to account for the transport and deposition of the particles in the

alrways.

The first theoretical study of particle deposition in the lung airways was made
by Findeisen in 1935 [Morrow and Yu (1993)]. Starting with the trachea, he
subdivided the airways into 9 sections based upon a functional concept. The
last section contained 5.2 x 107 alveolar sacs. He then considered each section
to be an individual compartment and derived expressions for particle deposition
efficiency from particle mechanics in this compartment. Particles which did not
deposit in one compartment remained airborne and were transported to the next
compartment. The amount of deposition in the 7th compartment at inspiration
is due to the volume of airborne particles passing that compartment and the
volume of airborne particles residing in that compartment. During expiration,
the amount of particle deposited in the ith compartment is due to the volume of
airborne particles in that compartment and the volume of airborne particles on
its way out. The total deposition in the ith compartment over a respiratory cycle
with no respiratory pause is therefore the sum of the deposition during inspiration

and expiration.

Yu, Taulbee and Diu [Taulbee and Yu (1975), Yu and Diu (1982)] have devel-
oped a model of aerosol deposition that takes into account the particle deposition
mechanisms and incorporates the anatomical lung model of Weibel in the shape
of the trumpet model (see Section 2.7.1, p. 42). They studied the effect of indi-
vidual variability on aerosol deposition by comparing different deterministic lung
models and attributing the predicted range of deposition fractions to differences
in linear airway dimensions. The respiratory cycle consisted of constant airflow
at inspiration and expiration, with no respiratory pause. The model has the flex-
ibility to adjust different breathing pattern and to predict regional deposition, in
terms of tracheo-bronchial and acinar depositions but the analysis of deposition is
only applicable to small deposition efficiencies. Therefore Hashish et al. (1988) at

Southampton University developed a lung deposition model based on Yu’s theory
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but allowing deposition efficiencies as high as unity. A respiratory pause in the
breathing pattern and the effect of charged particles were new features added and

the deposition predictions are given per generation.

Aerosol deposition predictions in each generation are also obtained with Yeh and
Schum (1980), Gerrity et al. (1979), Hofmann and Koblinger (1990). These three
groups have based their calculations on Findeisen’s model (reviewed by Landahl
(1950)). The anatomical model used in the study by Yeh and Schum (1980)
also contains average airway dimensions for each lobe (see Section 2.7.1, p. 42),
thus allowing for lobar deposition to be calculated for various particle diameters
and given breathing pattern and air volumes. The anatomical model used in
Gerrity et al. (1979) is Weibel’s model A with branching angles fixed at 45° for
all generations. A year later, they swapped it to Horsfield’s asymmetric model
of the airways that divides the lung into its five lobes. Hansen et al. (1975)
was used to model the acini. Flow was distributed unevenly among the lobes by
assigning a 1.10 base-to-apex ventilation gradient to allow for different pressure
falls between mouth and alveoli in each lobe [Gerrity et al. (1981)]. The prediction
model in Hofmann and Koblinger (1990) differs from the previous ones in that the
effect of intra-subject variability on particle deposition in the lung is modelled by
using their stochastic lung model (see Section 2.7.2, p. 44). Thus the geometry
of the airways along the path of an inhaled particle is selected randomly, whereas

deposition probabilities are computed by deterministic formulae.

Other prediction models exist in different research groups for specific applications.
For instance the work by Finlay and Stapleton (1995) and Lange and Finlay
(2000) is concerned with simulation of transport and deposition of hygroscopic
aerosol particles in the human respiratory tract. The anatomical model used is
asymmetrical, based on tracheobronchial length and diameter data in Phillips

et al. (1994) (see Section 2.7.2, p. 45) and alveolar data from Haefeli-Bleuer and
Weibel (1988).

Semi-Empirical Models

The ICRP prediction model, first published by the International Commission on
Radiological Protection Task Group on Lung Dynamics (1966), is a semi-empirical
model that was developed to calculate irradiation dose from airborne particles. It
does not use the dimensions of the airways. Instead, it uses a compartmental model

where the different parts of the lungs are considered as a series of filters; the de-
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position analysis is based on Findeisen’s model, with additional considerations for
nasal deposition. The model includes both theoretical predictions and experimen-
tal data. It is in the form of convenient equations and computer programs so that
total integrated exposure to particles can be calculated when particle solubility,
size and concentration are known. It allows for scaling so that deposition and
clearance estimates can be made for most people; that is, it will account for age,
race, breathing level and the presence or absence of lung disease. It predicts the
total and regional, in terms of tracheobronchial and acinar depositions, deposition
fraction of particles in persons of different ages and in adults at different activity

levels and breathing oronasally.

An improved ICRP model was proposed in 1994 [International Commission on
Radiological Protection Task Group (1994)] based on the reviews of Rudolf et al.
(1986) and Stahlhofen et al. (1989). The resulting model relies on experimen-
tal data of regional deposition for a wide range of particle sizes and breathing
conditions. Reference values for particle transport processes as well as rates for
absorption into blood were added to the previous irradiation dose calculations.
The aerosol deposition is estimated in (1) the nasopharynx, or extrathoracic, re-
gion, (2) the tracheobronchial, or BB and bb, region and (3) the pulmonary, or
Al, region, as defined in Figure 2-1.

3.4.2 Prediction Models Comparison And Validation

Summarising intercomparison of the predictions made by the algorithms described
above is a complex task as particle sizes, anatomical models, expressions used for
deposition efficiency, breathing patterns and air volumes are rarely the same. In
general, there is agreement in total lung deposition. The larger differences between
models occur mainly in regional predictions in the tracheobronchial and acini
regions. Calculations of deposition at airway generation level using various lung
models also show very different patterns for particles in the impaction range and
not so different in the sedimentation range (e.g. Camner et al. (1997)). A vertical
gradient appears in lobar depositions per unit volume in both Yeh and Schum
(1980) and Gerrity et al. (1981), although it is predicted in opposite direction

(increasing from base to apex and from apex to base respectively).

Comparison with experimental data, when available, has been done. Evalua-
tions of particle deposition in the respiratory tract from inhalation experiments

and model calculations with monodisperse aerosols have shown significant inter-
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subject as well as intra-subject variabilities of total deposition (e.g. review from
Stahlhofen et al. (1989) and Yu and Diu (1982)). Palmes and Lippmann and
Giacomelli-Maltoni et al. cited in Brain and Valberg (1979) have also pointed out
that intersubject variability can decrease the accuracy of predictive models to =
40%. It was also shown that airway size is the most important factor in the con-
sideration of intersubject variability of total and tracheo-bronchial/acinar regional
deposition under normal steady breathing conditions [Yu and Diu (1982)]. How-
ever it is to note that not all the potentially influencing geometrical parameters
could be studied in their 2D lung representation. Further studies examining the
effect on the location of the aerosol deposition depending on the breathing position
(e.g. lying down, on the side) that may be clinically valuable to target specific sites
in the lungs are not possible, neither are studies on the orientation of the airways
in space and variations in branching angles, that both vary between subjects and

maybe within a subject, naturally or with pathology.

Recently, aerosol deposition studies using SPECT imaging have been investigated
to validate aerosol deposition prediction models. The first comparison appeared in
Fleming et al. (1995). Three of such studies are summarised below to show both
the potential of these theoretical and experimental comparisons and the problems

researchers encountered due to unrealistic anatomical models.

Hofmann et al. (1997) have attempted to validate their predictions per generation
by comparison with experimental data from SPECT imaging, using the methodol-
ogy of Fleming et al. (1995) to convert the measured SPECT spatial distribution
of activity to deposition fractions in hemispherical shells and single airway gener-
ations (see Sections 3.3.2, p. 57 and 2.7.1, p. 42). Averaged breathing parameters
through a nebuliser recorded during the SPECT image acquisition, the size of
the particles inhaled (fine and coarse aerosols) and anatomical information from
MRI images, namely the dimensions of the two lungs, their distance from each
other and the lengths and branching angles of the main bronchi leading to the
two lungs, were entered in the prediction model. The FRC of the stochastic lung
model was adjusted to match the subject’s FRC, estimated by spirometry (Fig. 2-
2). The comparison between the SPECT assessment and the stochastic modelling
predictions was based on total deposition, deposition per shell and deposition per
generation. One subject was involved in this study. Agreement was found in total
deposition of the coarse aerosol. Regarding the fine aerosol, the particle size range

(0.5-1.93 pm) was to wide to allow reliable deposition calculations [Hofmann and
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Koblinger (1990)]. The relative shapes of the deposition patterns per shell and
per generation have similarities in both approaches, but there are some notable
differences regarding the absolute values. The authors conclude on three points:
1) considering the potential effect of inter-subject variability in lung structure and
the systematic differences in the two methodologies, the existence of discrepancies
is not surprising, 2) the results presented are promising and warrant the further
refinement of the computer model, and 3) SPECT imaging provides valuable ex-
perimental information about the distribution of particles which are badly needed

for model validation purposes.

Hashish’s model predictions were also compared with experimental data from
SPECT imaging converted to deposition per generations as above [Hashish et al.
(1998)]. Results show reasonable agreement for total lung deposition and for
the difference in deposition pattern per generation between the fine and coarse
aerosols. However experiment suggests significantly less deposition in the central

generations than is predicted by modelling.

It is important to emphasise that in these two predictions vs. SPECT measure-
ments comparison studies, three distinct airway morphologies have been mixed
(all fitted to the patient’s FRC): the shell-generation model airway morphology,
the prediction model airway morphology and the patient’s airway morphology.
The shell-generation model is based on Weibel’s morphology. Therefore it does
not assess the deposition in the patient’s airways but as if the patient has Weibel’s
airway structure. In Hofmann et al. (1997), the prediction model is based on a
asymmetrical airway structure, different from the patient’s morphology and also
different from Weibel’s. Thus agreement between the predictions and the SPECT
measurements cannot be expected. In Hashish et al. (1998), the prediction model
is based on Weibel’s morphology, like the shell-generation model but not like the
patient’s morphology. But the deposition measured from the patient’s SPECT
data is not the deposition that would be obtained in a Weibel’s structure. Thus

agreement between the predictions and the SPECT measurements in this case also

cannot be expected.

Aerosol deposition in tracheo-bronchial and alveolar regions in SPECT data were
compared with the deposition predicted using the algorithm developed in Finlay
and Stapleton (1995). In the prediction model were entered the measured in vivo
Vi and respiratory cycle times used during the SPECT studies. Weibel A lung
geometry used in this model was scaled uniformly to 50% TLC of each subject,
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to give the model lung geometry a volume similar to that expected during tidal
breathing (see Fig. 2-2). Deposition in the tracheo-bronchial region, T B,,, and
alveolar region, A,,, were represented by the dosages deposited in the generations 0
to 16 and 17 to 23 respectively. Regions of interest covering central and peripheral
regions in the SPECT data were drawn and a penetration index PI was calculated
(see Section 3.3.2, p. 57). The comparison in vivo vs. computed regional deposition
was done on d and d,,, values. d was the relative difference between PI measured on
the SPECT studies performed the same volunteer inhaling two different aerosols
through a nebuliser; each study was done on a different day. d,,, for the computed
data, was estimated from A,,, T B,, and a factor f taking into account the fact
that central SPECT region of interest may also contain some alveolar deposition
(details in Finlay et al. (1996)). Three pairs of aerosols were studied involving
between 7 and 11 normal subjects. Results showed no statistical difference between
computed and experimental methods, comparing d and d,,, calculated for each pair
for the whole population involved in each study. The paper however discussed
that although theoretical intersubject variation is in good agreement with in vivo
variation when whole populations are compared, a considerably larger number
of individuals (about 65) would need to be considered to give more power to
the statistical tests of this agreement and to give confidence in any conclusions
regarding the similarity between the factors causing the theoretical vs. in vivo
variation. Their final concluding remark is worth noting: “as an alternative to
the use of more subjects, considerably more information about each individual’s
lung anatomy and physiology could be obtained in future experiments and used

to develop models that are in closer agreement with individual d values”.

No experimental data exist in humans to validate lobar aerosol deposition predic-

tions.

The ICRP model that includes theoretical predictions and experimental data as
well as estimates of both deposition and clearance, is widely known and used,

although it has never been tested directly.

3.4.3 Summary

An alternative method to in vivo experiments is to predict the sites and doses
of aerosol deposition by computer-modelling the behaviour of the inhaled parti-
cles in the airways. The anatomy of the respiratory tract is one of the factors

influencing the predictions, as it determines the proximity of surfaces, angles of
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airflow deflection and, to some extent, the amount of time an aerosol particle
remains in the system. The current models described above do not reflect the
variability of the structural components of the lung which lead to the variations
of particle deposition observed in vivo. Moreover, the morphometric information
on which the prediction models are based generally lack 3D reality, because of its
poor description in the literature. The current anatomical models used are thus
limiting the study of the effects on deposition of inter- and intra-variability of air-
way 3D geometrical parameters. However such information could be exploited for
improving treatments. Therefore detailed knowledge of their location in space and
size, that have been shown essential for anatomy modelling and aerosol deposition

assessment, will also serve aerosol deposition modelling.

The predictions, at present, are available in terms of total deposition in the lungs.
Most models also predict deposition in the tracheo-bronchial and acinar regions,
and / or the deposition in each airway generation; two models predict lobar de-
position. The experimental data available in the literature did not show that one
of the models predicted particle deposition better than the others. Except for
total pulmonary deposition predictions, the absence of any comparable experi-
mental data, or in sufficient number to take into account inter-subject variability,
makes the assessment of the accuracy of these models difficult. It would thus
be of great interest to have, for the same subject, a realistic anatomical model
that describes that person’s relevant airways dimensions and 3D orientations to-
gether with experimental 3D aerosol deposition data assessed in relation to the

individual’s anatomy.

3.5 Conclusion

In inhalation therapy, it is of interest to know where the drug particles are de-
posited in relation to the subject’s anatomy as it would provide a clinically mean-
ingful assessment of the patient’s responsiveness to a treatment. Such information
can also be used for comparison between subjects as well as between different drug

delivery devices, different drugs or for reproducibility studies.

Use of radiolabelled aerosol and 3D multi-modality imaging has been shown the
most promising technique to assess experimentally such deposition. At present,
only description of the spatial variation of deposition within the lung outlines

has been documented. In order to derive further information clinically relevant,
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realistic models of pulmonary anatomical features such as lobes, segments and

airways are required.

Current models of the distribution of the air volumes in the lungs have mainly
been created using manual physical measurements on lung casts. Data collection
by this method is tedious and time-consuming. Furthermore models may be more
realistic if based on the subject’s in vivo data, rather than on many post mortem
studies, as a large anatomical variability has been observed between subjects. The
next chapter will thus investigate the feasibility of obtaining the 3D topology and
morphology of the airways from medical imaging. The method developed will then
be applied to the medical images acquired on a healthy volunteer, in Chapter 5.
The objective of Chapter 6 is to develop methods to create realistic models of the
lobes, segments and airways in human lungs, in a form suitable for interpretation
of radiolabelled aerosol deposition images. The evaluation of the 3D realism of
the models that are used at Southampton General Hospital will be attempted.
Finally, the use of the volunteer’s resulting models will be examined in Chapter
7 to interpret an aerosol deposition SPECT study that was carried out earlier, in
relation to his own anatomy. This will create in vivo experimental data that may
be used to validate alternative methods, including aerosol deposition prediction

algorithms.
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Chapter 4

Semi-automated tabulation of the
topology and morphology of the
airways using lung cast CT

images

4.1 Introduction

The objective of this chapter was to investigate the use of CT imaging to obtain
detailed information on the 3D topology and morphology of the airways. An
algorithm to tabulate these data was developed as an alternative to the tedious
and difficult manual measurements of airway casts, and also with a view to its use

for investigating non-invasively the orientation and dimensions of airways in vivo.

In the following, description and discussion of each step of the development of
the algorithm, along with its application to a human tracheobronchial tree cast
CT images are proposed. In conclusion the use of the algorithm to compute the

orientation and size of airways in vivo will be discussed.

4.2 Branching Network Images

The following branching network images were used to develop and validate the

algorithm:

1. High resolution spiral CT scanning (General Electric Medical Systems,

HiSpeed Advantage) was performed on a human lung airway plastic cast
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(Fig. 4-1), loaned by the Anatomy Department, Guy’s Hospital, London.
This was done at the Radiology Department, Southampton General Hospi-
tal with the assistance of Mr. Peter Halson. Each scanned slice was a coronal
view of the lungs. The parameters used were the following: 0.54 mm slice
thickness, 1 mm x 1 mm pixel size (a pixel is a unit element within a slice
of the volume), axial acquisition. The resulting image volume conta<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>