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A Ghost Story
(Prologue to Radioaerosol Lung Scanning)
R.D. Ganatra, M.D.
Former Head, Nuclear Medicine Section
I.A.E.A.

A GHOST has no current connection with life but is someone who was alive
ages ago. That way, I can be called a GHOST as far as 'Radioaerosol Lung Imaging is concerned. I have not been connected with this CRP since 1990, in any official or even informal capacity. I do not know the shape and size of the Monograph
as it is going for publication. I do not know how it looks like. I feel like a GHOST
haunting its most favored project, as I consider the lung aerosol project as one of
the significant accomplishments of the Nuclear Medicine Section of the IAEA.
In the sense that the word GHOST also means spirit, it can be said that I was
the spirit behind this project during its initial years. When I joined the Agency in
1984, I had two bosses, which is not unusual in a large International organization.
Both my bosses did not see eye to eye in their approaches to development of Nuclear
Medicine in the developing countries. This also is not unusual in a large organization. One felt that Nuclear Medicine program should be more clinical; the other
felt that it should deal more with techniques and less with their applications. Unfortunately, I agreed with both viewpoints, partly from my desire not to contradict
either of them. I adopted a typical UN approach of seeking a compromise between
the two. Lung aerosol project was initiated as a result of this balancing between
two converse views. Aerosol project had various technical aspects: physics of generation of aerosols, chemistry in their characterization, physiology of aerosol deposition and mucociliary function and so on. The clinical utility of Lung Scan Imaging
was obviously unquestionable. I was fortunate that unlike most of the compromises
that pleases neither parties, the initial project proposal met with enthusiastic support
from everyone.
To find funds for any worthwhile project in the Agency is not too difficult, if
one haunts the labyrinthine corridors of power like a GHOST, promising glory to
those who matter. We were fortunate that the project was appealing to both the
developing and the developed countries. Developed were happy with the applications of Lung Imaging because of the scepter of smoking and its consequences,
the developing countries were eager to introduce Lung Imaging because of the vast
log of respiratory diseases and their sequelae that haunt their hospitals.
The project was also fortunate in finding a niche as a Regional project under
the aegis of RCA. Asia Pacific Region was fortunate in having one country where
a novel aerosol generator was under development, while in another there was a
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world renowned Aerosol expert who was willing to lend his technical support to
the project.
Although the importance of lung imaging in the diagnosis of lung disorders is
well-established, hardly any lung imaging is done in the developing countries. Lung
imaging is not complete without having images of both the perfusion and the ventilation systems. The latter is difficult to do in many developing counries because
of the unavailability of labelled gases. The use of radioaerosols makes it possible
to do "complete lung imaging" in these countries and reap its benefits for the diagnosis of many acute and chronic disorders of the lung.
Technology transfer involved in this project was also unique. A technique is becoming available in the developing countries because of an innovative approach.
What was still more significant for the Agency was its TCDC (whatever it means)
component by which a technical device made in one developing country was becoming available to the rest of the countries in this region. Like a GHOST that
transcends geographical barriers, I remember a Korean poem.
"Where there is no road,
You ought to make your own roads. "
These lines illustrate the difference between Nuclear Medicine imaging and other
imaging modalities, which are totally instrument dependent. They are like escalators, which can take you that far and no further; while in nuclear medicine, it is
possible to device a new radiopharmaceutical or a novel way of delivering the radiopharmaceutical, as in the case of radioaerosols. A road is made where there was
no road.
The project is noteworthy in another way also. Large number of CRP reports
lie in the archives of the Agency, unreported and unknown in the scientific community at large. There is no peer review, praise is mostly internal and the criticism
mostly from the financial sector. Lung Imaging project was put up as an interim
consolidated report of all the participants at the Agency's International Symposium
on "Dynamic functional studies in nuclear medicine", held in Vienna in 1988. This
monograph on Aerosol Lung Imaging is another open publication, which will be
widely available to Nuclear Medicine physicians all over the world.
This research project is not a GHOST research project where a research in a
developing country is a mere wisp of a GHOST of what is going on in the developed countries. The present project was never a GHOST research, with emphasis
on the re- and not on the -search.
Aerosol lung imaging was never very popular in the Western world. Apart from
the detection of pulmonary embolism, none of the other applications of lung imaging with radioaerosols were well-established. The present program has tried a new
aerosol generation method, which has some distinct advantages over the commercially available generators. It has applied it to a study of COPD and related diseases. The group has also looked for new applications of the radioaerosol technique

R.D. Ganatra

11

by trying out a modified nebulizer assembly for studying the mucociliary function
of the lungs, the first line of defence in the lungs against the invaders. Notwithstanding all the uncertainties of a difficult technique, they have pursued these studies
as a challenge, as it was vastly an uncharted area. The mucociliary function is a
vital function of the lung and the radioaerosols accord a unique opportunity of studying
this. One cannot always wait for the developed countries to lead the way and to
show the methods. We should stop looking toward the West for the rising sun.
The CRP group had excellent collaborative links and the courage and perseverance to follow an ambitious program. This Monograph is a culmination of the enterprising work of this group. Work of categorizing images, relating the scan
appearance with disease and lung function and correlating the lung images with xrays, bronchogram and CT image demand painstaking group effort, all the more
difficult because the group was spread out over a number of countries. Moreover,
the Monograph is in the frame-work of diseases seen in the Asian countries. There
is no such Monograph in the commercial market and the publication of such a Monograph by the Agency will be of great educational value to the Nuclear Medicine
specialists of the developing countries.
GHOSTS have memories only and as far as I can remember this is one of the
few projects of the Agency where Agency's technical input has been very nominal.
It is as if a team of GHOST workers have achieved their tasks without much of
guidance and support; as if a group of GHOST writers have written the Monograph and created the shadowy world of the images. The role of the Agency in
promoting lung imaging in this region is as silent and vital as breath in the body.
When this project was proposed, I did not have even a GHOST of idea to what
it would lead to. No conception is done with the future in mind. Indian mythology
says that GHOSTS rest in peace after they see a successful culmination of their
desires. I should certainly find my peace with the publication of this Monograph.
Not all GHOSTS are associated with horror: there are GHOSTS that are holy and
benevolent. In that sense, being a GHOST, I can bless the Nuclear Medicine Section that many of their present and future projects have such a happy outcome.
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Introduction
Yong Whee Bahk, M.D.

Nuclear scans, radiography and computed tomography (CT) of the lung make
up three pantheonic pillars of the modern imaging diagnosis of pulmonary disorders and the contribution of these modalities to the progress of pulmonology has been
immense. However the experiences accumulated during the past decades indicate
that, with well-known advantages and drawbacks, no one of these imaging modalities can be perfect by oneself alone, and it has become obvious that the individual
tests are as much complementary one another as unique. As a matter of fact, the
nuclear lung imagings, that include inhalation scan, perfusion scan, ventilation scan
and the most recently developed mucociliary transport and alveolar permeability
tests, are very sensitive and efficient in respectively providing graphic information
about airway patency and alveolar penetration, vascular patency and distribution
pattern, alveolar gas exchange and bronchial epithelial integrity in both normal and
pathological conditions [1]. But these tests lack fine morphological information. In
contrast, radiography with its extremely high level of resolution that is in the order
of 30-100 line pairs/mm compared to 3-5 line/cm of nuclear scan resolution power, suffers from the lack of information about the alveolar gas exchange, pulmonary perfusion and respiratory function. Although incomparable to radiography, the
resolution power of CT scan is also much greater than that of nuclear scan, but
again this test cannot provide the information regarding function and physiology.
Thus, aerosol lung scan is indeed unique in portraying the alterations in both the
anatomy and physiology of airways and airspaces and perfusion scan is able to efficiently detect the vascular pathologies such as occlusion. The former test can correctly indicate air trapping or atelectasis associated with bronchial obstruction or
stenosis and the site of perturbed aeration in compensatory overinflation even in
a relatively small lung unit, i.e. the segment, which is difficult to diagnose by spirometry and/or plain radiography. Moreover, the difference in intensity of abnormal
aerosol deposition in the overinflated lung can be assessed in a semiquantitative manner. In similar context, in diffuse panbronchiolitis aerosol scan reveals increased
deposition specifically localized in the transitional zone airways [2]. Importantly,
aerosol scan often demonstrates not only morphological abnormality but pathophysiologic alteration that is specific to certain diseases. One of the typical conditions is
bronchostenosis which can be accurately and sensitively indicated by the prestenotic aerosol deposition sign [3]. Another interesting phenomenon is the "broomstick"
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manifestation that occurs in chronic bronchitis and bronchial asthma, probably denoting
the combined effects of histopathological and functional alterations in the airways
in these diseases [4]. The altered alveolar capillary membrane permeability in smokers
and glue-sniffers as well as inhalation burns can also be effectively assessed by this
means. On the other hand, lung perfusion scan is widely used in the study of pulmonary emboli.
Obviously, however, lung scans are not ideal tool for the study of fine anatomy,
necessitating in many instances concomitant use of high kV or fine-focus radiography, conventional tomography and/or CT scan. Nevertheless, it is much desirable
to enhance the resolution power of aerosol scan as much as possible so that more
anatomy and physiology are seen, because it is the unique means to simultaneously
provide graphic information about the structure and function at this point of time.
Stories that existed and exists behind this International Atomic Energy Agency
(IAEA) sponsored Coordinated Research Programme (CRP) group study in Asia
is metaphorically remarked in Dr. Ganatra's literary prologue, the Ghost Story and
also in the epilogue of Dr. Nair. The main purposes of this CRP monograph are
twofold. Firstly, it is to discuss the results of this unprecedented group study on
the usefulness, economy and reproducibility of a yet-not-widely-known, noncommercial, laboratory fabricated, aerosol generator system, which was originally
designed and constructed by a group of scientists in the Bhabha Atomic Research
Centre (BARC) in Bombay [5]. The radioaerosol generated by this nebulizer has
been shown to be an excellent, economical alternative of the costly radiogases such
as Xenon-133. Secondly, this monograph describes a new appraisal system of radioaerosol lung scan alterations in normal and a variety of lung diseases including
smoker's lungs. Unlike the traditional approach to the interpretation of lung scans,
the new attempt focuses on more analytical observations of scan alterations in terms
of topography, morphology and function of the airways and airspaces. The aerosol
scan findings in each of these diseases are assessed in the light of and validated
against chest radiography, conventional X-ray tomography and high resolution CT
scan.
The chapters in this monograph describe a history of radioaerosol lung imaging,
radiopharmaceuticals, generation of aerosols by the BARC and other nebulizers,
and pertinent lung physiology and the way how aerosol deposits in lung. The technical and constructional aspects of the BARC nebulizer, already published in 1979,
are described in much greater detail with many blue-print diagrams. The efficacy
of and easy access to the nebulizer have been tested and established against commercially available nebulizers. The comparative studies have been conducted on
aerosol lung scan images using the BARC and other nebulizers. The results of extended clinical applications are presented: the diseases investigated include COPD,
bronchial obstruction, compensatory overinflation, acute pneumonia, tuberculosis,
focal and diffuse interstitial fibrosis, diffuse panbronchiolitis, lung edema and bronchogenic carcinoma and metastasis.
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Of these, COPD was used as a model disease group, in which an analytical interpretation of scan alterations has been attempted to establish a differential diagnostic scheme of clinically related but pathologically different diseases. It was aimed
at emphasizing potential role of aerosol scan in making specific diagnosis of the
individual diseases on the basis of both anatomical and physiological alterations as
they are portrayed in aerosol lung scans. More clinical applications are described
in association with embolism, inhalation burns and glue-sniffing. In regard with the
aerosol scan technique, a modification has been introduced to improve scan image
quality with enhanced resolution by maximally avoiding background noise so that
the scan may provide more graphic information. The tests that examine nonrespiratory lung functions such as mucociliary transport and lung permeability are also
discussed in this monograph for the future study.
In order to epitomize the ready practicability, economical aspect and excellent
reproducibility of radioaerosol lung scan by using the BARC nebulizer, a forum
is provided for case presentation of those who have enthusiastically participated in
this CRP group study during the past 5 years. Because of the limits in space, the
number of cases presented are squeezed to minimum.
It is hoped that this monograph, the crop of an IAEA sponsored CRP study harvested after many years of painstaking field labor and coordination among the developing countries in Asia, will serve as a useful source book for inhalation lung
imaging and in the education of the trainees in nuclear medicine, radiology and
nuclear technology. Finally, it is to be emphasized that it is not just the updating
and sophistication of instrumentation, radiopharmaceuticals, hardware and software
of computer at the expense of limited resources that refine and enrich the knowledge
and technique in nuclear imaging diagnosis of lung diseases.
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Radioaerosol Lung Imaging — History and Pharmaceuticals
Toyoharu Isawa, M.D.

1. History of Radioaerosol Inhalation Lung Imaging
The first use of a radioactive tracer to study lung function was made by Knipping
and others in 1955 [1]. They used radioactive 133Xe (xenon) gas as an inhalation
agent in a patient with lung cancer and found that distal to a tumor no radioactivity
was detected indicating no ventilation although chest x-rays appeared as if there
was active ventilation. Subsequently with advance in technology a number of radioactive gases such as 81mKr (krypton) and cyclotron produced 15Ch (oxygen), "C
(carbon) and I3N2 (nitrogen) became available to assess regional lung function. The
advantages of these gases are manifold, but their utility is mostly limited due to
high cost. An alternative to the use of radioactive gases to study regional ventilation
is the use of particulate radioactive aerosol.
Radioaerosol inhalation lung imaging technique was developed in 1965 almost
simultaneously by Taplin and others and Pircher and others [2-4] just 2 years following Taplin's invention of I31I-MAA for perfusion lung imaging [5]. Their main
aim was to use l31I-human serum albumin (HSA), and ""Tc-HSA, l31I-rose bengal, l97Hg-chlormerodrin and colloidal l98Au as agents for radioaerosol generation,
and Taplin himself preferred 198Au colloids for serial studies from economical reasons. Already in 1965, however, Taplin said that the best agent would be ""TcHSA [2]. Pircher used 13II-HSA aerosol. Taplin already noted at that time that the
inhaled aerosol was removed from the lungs mainly by ciliary action and that it
was not absorbed either from the lungs or the intestine. Anyway it is noteworthy
that the idea of radioaerosol inhalation lung imaging was proposed soon after the
advent of perfusion lung imaging. Besides 131I-HSA and colloidal 198Au, the following agents have been or are currently being used. The superiority of ""Tc over
other radioisotopes used in the past is beyond dispute;

1) To-Sulfur Colloid
""Tc-sulfur colloid, a liver scanning agent, is used as an agent for radioaerosol
lung imaging. It is cumbersome, however, to make good aerosol from sulfur colloid, probably because this agent is in the form of colloid from the beginning.
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2) "Tc-Phytate
""Tc-phytate, another liver scanning agent, is also usable as an aerosol inhalation lung imaging agent. ""Tc-phytate is a low molecular substance (m.w. 1671)
and can make as good aerosols for inhalation lung imaging as human serum albumin. Neither ""Tc-sulfur colloid nor ""Tc-phytate is not absorbed from the pulmonary epithelium. It should be borne in mind that both of them are not biodegradable
as is human serum albumin.
3) """Tc-DTPA (Diethylene triamine pentaacetate)
""Tc-DTPA aerosol was used for inhalation lung imaging for the first time in
1968 aiming at exploring the possibility of using this aerosol as an agent to measure
diffusing capacity of the alveolar surface [6]. Computers were not as widely available at that time as today and we could not quantify the disappearance rate of " m TcDTPA from the lungs after inhalation of ""Tc-DTPA aerosol. Later on Taplin has
shown its utility in studying permeability of the pulmonary epithelial surface instead of diffusing capacity [7]. " m Tc-DTPA aerosol is now widely used to study
pulmonary epithelial permeability [8-10]. Here the pulmonary epithelium means the
epithelium of the conductive airways including the trachea, the bronchi, and the
bronchioli. The former covers most of the surface of the total lung volume and
the latter its remainder [11]. Thus as long as the pulmonary epithelial permeability
is concerned, the majority of its function takes place in the alveolar epithelium.
4)

99m

Tc-Human Serum Albumin (HSA)

Radioactive albumin aerosol (formerly 13lI-tagged but at present exclusively ""Tctagged) is used as an inhalation agent for lung imaging. It is not permeable to the
pulmonary epithelium and has been widely used as an agent for estimating the ventilatory space of the lung and for mucociliary clearance of the ciliated airways of
the lungs [12-14]. The differences between ""Tc-albumin and ""Tc-phytate aerosols are; 1. biodegradable organic substance vs. inorganic, 2. large molecular
(m.w.: >60,000) vs. low molecular (m.w.: 1671), and 3. more viscous vs. less viscous aerosol.
In fact any radiopharmaceuticals used for the clinical study in nuclear medicine
can be used for generation of aerosol for inhalation. By studying its behavior in
the lungs following inhalation a new lung function might potentially be elucidated.
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2. Generation of Aerosol
All particles suspended in air can be called aerosols. The particles may be solid,
liquid or with a solid core with a liquid surface layer. Aerosols generated from
radioactive solution is called radioaerosol. Further they can be categorized on the
basis of its variation in particle size. Aerosols with geometric standard deviation
(GSD or ffg) of 1.1 or less are termed monodisperse aerosols, while those with
values greater than the above are called polydisperse aerosols.
Aerosols used in nuclear medicine are generated by various nebulizers or atomizers;
namely, jet nebulizers, ultrasonic nebulizers, and spinning disc atomizers.
1) Jet Nebulizer
This type of nebulizer is widely used not only for inhalation lung imaging but
also for therapeutic purposes and our BARC (Bhabha Atomic Research Centre, Bombay, India) nebulizer originally belongs to this category [15]. It operates physically
by Venturi effect. A stream of compressed air is used to atomize a fluid into small
fragments; when compressed air passes through a small tube, the other end of the
branching narrow tube being immersed in the liquid, the liquid is drawn up into
the tube so that the drawn up liquid is fragmented by the high velocity gas. Most
of the large particles are removed by some barriers (baffles) to which they impinge
and returned to the liquid reservoir to be re-nebulized. Usual jet nebulizers generally produce larger particles than 1 micron or so in mass median aerodynamic diameter and called hygrotic aerosol. Aerosols produced by jet nebulizers are
polydisperse.
In case of the BARC nebulizer, however, because of addition of two needle outputs of compressed air (3.1 1/min, each) to the nebulizing chamber following aerosol generation by Venturi principle, aerosol are "dried up" in a sense on the way
to the reservoir or even inside the chamber [15]. Even after heating the "dry aerosol" particles cannot be made smaller any further [16].
2) Ultrasonic Nebulizer
Nebulizers of this category are also widely used in clinical medicine. Energy to
atomize a liquid is derived from a piezoelectric crystal by vibration. The vibration
is transmitted through the intervening fluid to the test solution so that the solution
is transformed into droplets. Only the smaller droplets are carried to a tube for inhalation whereas larger ones are impacted on baffle. By introducing a reservoir between the ultrasonic nebulizer and the mouth piece, the droplet size can be reduced
due to sedimentation of large droplets as shown in Table 1 [16, 17].
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Table 1. The Size of Commonly Used Aerosols

Tc-HSA

"•"Tc-Phytate "•"TC-DTPA

""TcOi"

AMAD
AMAD
AMAD
AMAD
GSD
GSD
GSD
GSD
(urn)
Jet Nebulizer
Ultra Vent
with reservoir
without reservoir
BARC
with reservoir
without reservoir
and drying air
Ultrasonic Nebulizer
Mistogen EN-142
with reservoir
without reservoir
DeVilbiss model 65
without reservoir
Omuron NE-U 11
without reservoir

0.94
1.04

1.72
1.71

0.84

1.73

0.84

1.39

2.02

1.64
1.93

1.39
1.52

1 *7 0
1. / o

1

1.62

1.50

1.00

1.78

0.99

1.71

1.75

0.84

1.75

0.80

1.75

1.20

2.0

1.20

2.00

1.10

2.00

1.40
1.75

1.65
1.53

1.44
1.73

1.65
1.55

1.60

1.53

6L(\

1 ,tyo

AMAD: Activity median aerodynamic diameter. GSD: Geometric standard deviation (og)
BARC: Bhabha Atomic Research Centre, Bombay, India

3) Spinning Disc Atomizer
If a drop of liquid is put at the center of a rapidly revolving disc, a spray of
droplets is formed. This is actually the principle of spinning disc atomizer. Uniform size (monodisperse) aerosols are made by using this instrument.
Spinning disc generators are most frequently used to produce aerosol of solid
inert materials like polystyrenes [18,19], teflon [20], iron oxide [21,22], or lucite
labelled with ""Hx or 51Cr, [23]. Droplet size decreases as the angular velocity of
the disc increases. The geometric standard deviation is characteristically 1.1 in case
of monodisperse aerosols.
4) Other Inhalers
Pressurized aerosol canisters such as ones used for continuous spray like insecticides spray or hair spray or metered dose inhalers for bronchodilators or steroid
and dry powder aerosols such as ones used for inhaling sodium cromoglycate (spin-
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haler) can be potentially useful for clinical inhalation lung imaging or mucociliary
studies. How to maintain production of a fairly uniform sized aerosol would be
a problem, even if radioactivity could be loaded inside the canister or in a capsule.
Several authors have measured the size of aerosol produced by these simple gadgets [23,25].

3. Deposition of Inhaled Aerosol in the Lungs
Inhaled aerosol deposits not only on the ciliated airways but also on the nonciliated airways and the alveolar surface. The smaller the particle size, the further
into the lung periphery it reaches. The amount and the site of deposition of inhaled
aerosols in the lungs is important in interpreting pathophysiology of the underlying
diseases. The deposition patterns are often diagnostic of underlying pathology. In
normal subjects the deposition of aerosol is homogeneous throughout the lungs without
showing up the airways, but as obstructive airway disturbances get worse, the deposition patterns become more inhomogeneous with more marked irregular deposition of inhaled aerosols on the airways [26].

4. Radiation Dose from Aerosol Inhalation Lung Imaging
There are principally two methods to calculate the radiation dose from any isotopes administered to the human body in vivo. One is by ICRP Task Group [27]
and the other is by MIRD [28]. As compared with perfusion lung imaging, Table
2 gives a rough estimate of radiation dose to the lungs [29]. For comparison, radiation doses from injected ""Tc-MAA and 99mTc-microsphere for perfusion study
would be about 180 mR/mCi (Tb: 4 hrs) and 450 mR/mCi (Tb: 6 hrs), respectively.

5. Difference between Gas and Aerosol
Either l33Xe (xenon) or 8lm Kr (krypton ) gas is usually used for ventilation study
except in the centers where 13N2 (nitrogen) is available. The latter is a positron
emitter produced by cyclotron.
l33

Xe gas has a low gamma-energy of 81 kev and its half-life is 5.3 days. Because of its low gamma energy, radioactivity from only the surface of the lungs
can be measured. On the contrary, 8lmKr has a gamma energy of 190 kev (65%)
and somewhat lesser energies of 176 and 188 kev. The penetration is very good.
The half life is only 13 sec. Biological phenomena occurring over a long period
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of time, for example, wash-out phase of inhaled 8lmKr gas from the lungs is not
well studied using this isotope.
The comparison of radioactive gases with radioaerosols indicates;
i) Radioaerosols are inexpensive to produce as against radioactive gases,
ii) Radioaerosols are produced by generators and radionuclides used for generation (mainly ""Tc) are more easily available.
iii) Radioaerosols stay in the lungs for longer time so it is possible to take multiple views even with slow rectilinear scanners.
iv) Direct comparison with perfusion views is possible, giving accurate localization of ventilatory and pulmonary arterial lung lesions with equally good resolution.
v) Dynamic aspects of lung function can be studied only with radioactive gases
like locating slow spaces in the lungs or determining whether or not a bullous
region is communicated with airway,
vi) Repeated studies can be easily done using a short half-lived gas like 8lmKr
gas or cyclotron produced I3N2.
vii) Breath-holding is necessary with gases, while it is not with aerosols. Only one
view is studied at one time with gases,
viii) Characteristic types of obstructive airways disease can be studied by aerosol
inhalation lung imaging.
ix) By using non-absorbable aerosols like albumin or phytate, mucociliary clearance function is also studied besides ventilatory aspect.
Table 2. Committed Dose Equivalent in Pulmonary (P)
Region from Radioaerosol.

Aerosol

Tb(h)

Teff(h)

TcOi"

0.17
0.70
3.40
>4.00
>4.00

0.162
0.63
2.17

""Tc-DTPA
""Tc-MDP*
""Tc-Phy*
""Tc-HSA*
$

2.4
2.4

Total dose to T ' Region
(mSv/G Bq)
MIRD-11
ICRP model
3.27
13.35
98.20
99.57
99.57
(121.4)

6.97 s
19.7*
84.2
98.4
98.4
(146.2**)

Under the assumption that no lymphatic and tracheobronchial (TB) clearance during
this time.
* It is assumed that aerosols are distributed uniformly in the parenchymal 'P' region
and 30% of total deposited particles are cleared via tracheobronchial (TB) region
with an effective half life (Teff) as given in the table, and 70% are cleared via
alveolar region with an effective half life of physical half life of 99mTc (T b >T p )
** In worst situation-if we assume there is no clearance from the lungs at all.
Conversion factor: lmR/mCi=3.7 mSv/GBq
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Generation of Aerosols: BARC Nebulizer and Others
PS. Soni, Ph.D. and B. Raghunath Ph.D.

Introduction
The concern with atmospheric pollution in recent times has focused attention
on aerosols, their distribution pattern after inhalation and the kinetics of their deposition and exclusion from bronchial passages. The technique of radioaerosols for
lung imaging is of recent origin [1,2]. The procedure was proposed as a means
of estimating regional ventilation and localizing areas of airway narrowing. The
technique is an alternative in the face of non-availability of radioactive gases, especially in developing countries where the cost is the major factor due to economic
reasons. Now, it is beyond doubt that radioaerosol lung studies are a potentially
valuable tool in the evaluation of respiratory function in health and disease, especially to detect chronic obstructive pulmonary diseases [3,4]. Also, the administration of a drug by aerosol inhalation provides a convenient method for the treatment
of conditions affecting the respiratory system. This write-up will brief us about
radioaerosol, its generation and characterisation.

1. Aerosol
The atmospheric air is not homogeneous but a mixture of inert and physiologically active gases with suspended paniculate matter. This suspended particulate
matter is generally termed as aerosol(s). The particles may be solid, liquid (droplets)
or with a solid core and a fluid surface layer [5]. Gibbs [6] defines 'aerosol' as
a dispersed phase of either liquid as in a closed mist or spray; or solid as in a
dust or a luminous gas flames in air. Aerosol's dimensions can range from 0.01
to 100 um in diameter though the limit cannot be specified precisely.

1.1 Types of Aerosol
Aerosol generated from radioactive solution is called Radioaerosol. Aerosols are
further categorized on the basis of the variation in the particle size. Aerosols with
broad particle size distribution are known as Polydisperse aerosols. Naturally oc-
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curring aerosols are mostly polydisperse aerosols. Aerosols with narrow particles
size distribution are called Monodisperse aerosols. Generally, aerosols having size
distribution with geometric standard deviation (GSD; ag) of less than 1.22 or coefficient of variation 0.2 or less, are termed as Monodisperse Aerosols.

1.2 Aerosol and Their Importance
The aerosols are used in several fields, including epidemiology, respiratory medicine, air purification technology and environmental biology. Some important
categories of aerosols are :
(i) Atmospheric dust/Pollutant aerosols, e.g. dirt, soil or rock debris and burning
of fire wood fuels or fossil fuels (coal, oil) in motor vehicles or industrial processes etc.
(ii) Airborne allergens, e.g. various plants pollens, animal hair, bird feathers,
nitro derivatives of various aromatic compounds.
(iii) Occupational dusts, e.g. anthracosis due to coal dust and pneumoconiosis
due to cement inhalation etc.
(iv) Cosmetic and home product aerosols, e.g. hair spray, perfumery etc. The
major health hazard in the products comes from the propellant generally fluorinated hydrocarbon which causes either cardiac arrythimas [7] or thesaurosis etc. [8].
(v) Therapeutic and diagnostic aerosols, The aerosols with the sizes that make
them respirable and inhalable can be classified as viable such as bacteria, fungi
or pollen, and non-viable such as cotton dust and silica arising out of industry.
These aerosols together with endless examples including cigarette smoke have diverse
aetiopathological effects on the human respiratory system and contribute to infections, occupational disease and obstructive airway disease. Besides these groups
of aetiologic aerosols there is another class of clinically significant artificially
produced aerosol which are pharmacological non- aetiologic aerosols. These aerosols are of two types — the Therapeutic and Diagnostic aerosols.
Therapeutic aerosols, are used to treat local disease such as relief of bronchospasm,
congestion, oedema, allergy and inflammation or to reduce the viscosity of tenacious mucus. Drugs may even be administered through the respiratory route for
systemic disease. The drugs used are administered as aerosols either in liquid or
in solid particulate form.
Another type of pharmacological aerosols are the diagnostic aerosols which are
relatively of recent origin. The diagnostic aerosols employ radioactive isotopes as
drugs labelled to inert particles of different substances. Aerosols generated from
radioactive solution are called Radioaerosols and can be natural or artificial. The
artificial radioaerosols can be used in lung imaging. These radioisotopes used can
be selected as per the spectrum of energy, type of radiation, half-life and dose.
The advantage of the technique is that it is non-invasive.
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1.3 Factors Influencing Aerosol Deposition and Retention
The deposition of aerosol in the pulmonary alveoli and airways depends upon
a number of variables. These variables are either aerosol parameters or lung function parameters. The various physical phenomena which affect retention and deposition of aerosols in the lungs are [9,10,11] (a) Gravity (Sedimentation), (b) Brownian
Motion (Diffusion), (c) Inertial Impaction, (d) Electrical Charge, (e) Thermal
Phenomena, (f) Interruption, (g) Turbulence, (h) Humidity, (i) Miscellaneous Acoustic & Magnetic phenomena.
In brief, the factors which favour trapping of an aerosol particle (rather than its
passage upto the alveolus) are :
(i) Particle size —The most important aerosol variable that determines the deposition is the particle size denoted by the aerodynamic size (Dar). The greater particle size or mass the greater the possibility of trapping by sedimentation and inertial
impaction, or interception for very large particles. Particle greater than 10 um do
not normally penetrate below the nasopharyngeal region. Sedimentation velocity
is proportional to square of Dar and brownian deposition is more significant between 0.002-0.1 um range.
(ii) Flow rates — Increasing respiratory rate increases turbulent air flow and
particle velocity, leading to a greater deposition by impaction and whereas decreasing
the respiratory rate increases the transit time and hence greater probability of deposition through Brownian deposition. Momentarily breadth holding after each inhalation enhances the probability of aerosol deposition.
(iii) Turbulence — Turbulence, or non-laminar flow occurs when Reynolds'
number exceeds a certain critical value. When it is below a critical value the flow
is laminar, otherwise flow is turbulent. When airflow velocity increases, as in tachypnea or respiratory distress, or when airway diameter reduces, as in Chronic Obstructive Lung Disease (COPD) or in inflammatory bronchioles diseases, airflow
become turbulent, and the probability of deposition increases.
(iv) Physico-chemical properties —A charged, dry and hygroscopic aerosol has
a greater chance of deposition.
(v) Position of the subject-during breathing — This can influence the relative
distribution of the aerosol within the lung because of the changes in ventilation
occur with variation in posture. In the erect position, the lung apices are better
aerated than the lung bases.
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2. Generation of Aerosols
Methods of Generating Aerosols
An important part of aerosol technology is to generate reproducibly stable aerosols of different sizes and of known characteristics. The small particles (fine aerosols) are more difficult to produce than coarse (large particles). Aerosol can be
generated by several methods and they are:
(i) Dispersion
(ii) Condensation
(iii) Dispersal of powders
(iv) Gas phased reaction & photolysis.
2.1 Dispersion Method (for Pblydisperse aerosols)
2.1.1 Atomizers (Nebulizer) :
A simple atomizer is a hand operated nebulizer shown in Fig. 1 and consists
of (1) a liquid reservoir and (2) a source that generate a high velocity air stream,
connected to reservoir by (3) a dip tube. Through a Venturi effect, the air flow
creates a low pressure at the dip tube orifice. Atmospheric pressure then forces
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\

Dip tube

t

Liquid
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the liquid up the tube, where it is stretched into a thin film by the force of incoming air and broken into droplets. When the output of an atomizer opens into a small
trapping chamber from which only a fraction of the droplets escape, the device
is called nebulizer [12]. The principle of operation of atomizer (compressed air
nebulizer) is that the expansion of the compressed air jet, as it emerges near the
liquid inlet tube, creates a sufficient pressure drop to suck a flow of the solution
into the air stream. The filament of liquid so created is unstable and broken up
by the atomising action resulting from the difference in velocity between the liquid
and the surrounding air. The resultant droplets are spherical because of surface
tension.
2.1.2 Aerosol Generation with the BARC Nebulizer:
Though various atomizers, on the above principle, have been developed but most
of commercially available compressed air nebulizers (e.g. DeVilbiss No.40 glass
nebulizer) have limited utility because of large droplet size, low output and high
jet flow rates. There is clearly a need for a versatile and economical generator
which can produce dry aerosol particles suitable for clinical studies. In India, We
developed the BARC (acronym of Bhabha Atomic Research Centre) nebulizer which
works on compressed air and generates polydisperse aerosols.
2.1.2.1 Constructional Details of the "Dry Aerosol Delivery System":
Using BARC nebulizer, an aerosol generation/inhalation delivery system has been
designed and fabricated [13]. The generator was designed in such a way that the
generated aerosol droplets are dried up instaneously by an incoming jet dry air
from two hypodermic needles (flow rate = 3.1 1/min each). The aerosol delivery
system shall henceforth be referred as 'Dry Aerosol Delivery System'. Fig. 2 shows
complete schematic diagram of BARC delivery system. Main parts of the aerosol
delivery system are:
(i) the Nebulizer
(ii) Aerosol Chamber
(iii) Inhalation System
(iv) Water Manometer
(v) Compressed Air Pump
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2.1.2.2 BARC Nebulizer:
The BARC nebulizer has been made using sections of hypodermic needles. Construction of a nebulizer is a job of high precision, particularly the fabrication of
a reproducible miniature orifice. To overcome the difficulty, sections of hypodermic needles were used in BARC nebulizer. The constructional details of nebulizer
are given elsewhere [13,14] and here a short description will suffice. BARC nebulizer
(Fig.3) was fabricated using section of standard hypodermic needles of sizes 15,
17, 18 and 21 having internal diameters of 1.42 mm, 1.11 mm, 0.86 mm and 0.50
mm, respectively. These needles can be cut with a sharp edge tool or file. The
procedure is as follows:

COMP. AIR

BRAZED

HYPODERMIC NEEDLE Nos.
SCALE - 2 : 1

NEBULISER

Fig.3
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(i) Needle No.21 is cut to a length of 9.0 mm alongwith its head which couples
to a syringe (Fig.3, Part A).
(ii) 7 mm long sleeve cut from needle No. 18 is placed over
the 21 No. needle. There is sufficient tight fitting between these two sections that
need not be brazed or welded (Part B).
(iii) Part A is inserted in another 10 mm long sleeve cut from No. 15 needle (Part
C) and brazed at the coupling end of the No.21 needle. The intermediate sleeve
from No. 18 helps to hold the needle No. 15 in position and avoids wobbling.
(iv) A 0.1 cm diameter hole is drilled on the sleeve of No. 15 needle at the place
where the needle No.21 ends as shown in the figure. Open end of the needle No.15
(Part C) is the orifice of the nebulizer.
(v) Needle No. 18, without head (35 mm long) is bent to a right angle (Part E)
and inserted in this hole and the joint was brazed. Care should be taken to see
that the soldering material does not flow in, and block the holes. Free end of this
needle dips in the solution to be nebulized. In case the free end does not reach
the solution, a thin PVC sleeve can be attached. This needle is called the 'liquid
feed tube' (Part E).
(vi) A baffle is made from needle No.15 (Part D) and brazed at a point 1 cm
away from the jet air outlet. This is useful for further breaking of the primary droplets.
The BARC nebulizer has following advantages :
(i) Construction is simple;
(ii) Cost is very small and it is very versatile. Many combinations of needles
can be used to provide other characteristics;
(iii) It is made from stainless steel needles, the nebulizer assembly can withstand corrosive solution.
2.1.2.3 The Process of Nebulization
The Compressed air at high pressure (around 25 pSi) is passed through the nebulizer having a small diameter orifice and when it emerges near the liquid inlet tube
(Part C), it expands more or less adiabatically in a roughly conical air stream and
causes drop in pressure at the orifice and hence vacuum is created at the Vena
Contracta (Vena Contracta is defined as the point in the air stream where the air
suddenly expands as it gets past a constriction) of the expanding jet (Bernoulli principle) & the vacuum that is created, sucks the solution to be aerosolised from the
reservoir, through the liquid feed tube (Part E). This results in rise of liquid to
a point in the path of air stream, beyond which jet air breaks the thin sheet of
liquid into droplets of various sizes as mentioned earlier. These primary droplets
on impinging on the baffle are further split into fine droplets. The baffle narrows
the output particle size distribution since the large droplets that are deflected will
strike the reservoir wall, condense and then run back into the reservoir, where as
smaller droplets are swept out of the chamber to produce aerosols. The aerosol
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thus generated enters the aerosol chamber, a 28 litre aluminum chamber, to serve
as a hold up chamber for aerosols. The chamber is fitted with a manometer, a
vacuum relief valve and a duct leading to a 3 way inhalation-exhalation unit. One
outlet leads to the patient through a face mask piece and a second is the intake
line from aerosol chamber through a valve that prevents back flow into the chamber. The third lead leads to a 75 litre plastic bag through a valve that permits flow
only into a bag. Care is taken to see that the bag is leak proof. Pressure in the
reservoir is monitored by a water manometer and undesirable negative pressure
is prevented by a relief valve that admits room air if the pressure falls below —5
mm of water. The 28 litres carboy minimizes pressure fluctuations during the respiratory cycle; pressure remaining between - 2 mm and - 5 mm water, thus discouraging
leakage of aerosol into the room.
2.1.24 Operation of the BARC Aerosol Generator and Inhalation Procedure
Saline is taken in the tapered test tube and fitted to the nebulizer holder. The
pump is operated for a short while for washing and checking the functioning of
the nebulizer. The test tube is taken out and saline is removed from the tube and
one ml of 15-20 mCi of radioactive solution is added into the nebulizer test tube
and fitted back to the nebulizer holder. The subject is asked to breathe the generated aerosol using the face mask with an inlet and outlet. Inhalation done via the
nose only and simulates normal breathing for a period of 5 min. As soon as the
pump is switched on, the inhalation mask is placed over the patient's nose. The
exhaled air is collected either on a assembly having HEPA filter or into a leak
proof bag which is discarded later on in a fumehood. Immediately after inhalation, patient is asked to rinse his mouth in order to remove oral activity. The subject is given sips of water to eliminate interference from any esophageal deposition
which is washed down by the bolus of swallowed water. The subject is placed under the gamma camera for lung scintigram. Initially, it was hoped that imaging
could performed after a single breath of a suitable aerosol but in practice the single
breath method was not suitable. In both human and animal studies continuous inhalation for a period of 5 min or more is required to deposit sufficient amount
of radioactivity in the lung for lung scintigraphy. In our system a 5 min inhalation
provides a lung image of a good statistics. After the inhalation, the tapered test
tube is uncoupled and another tube is inserted containing 10% alcohol to clean
the nebulizer. It is necessary that the nebulizer should be cleaned after each inhalation procedure in order to prevent the blockage of hole. At the beginning of the
procedure, if the nebulizer starts bubbling air through the solution instead of sucking the solution from the tapered tube, the hypodermic sections might have been
blocked. The nebulizer should then be cleaned by inserting wires of proper sizes.
The nebulizer should be fitted well to the adopters. All the connections and penetrations should have proper gaskets to avoid leakage of radioaerosol.
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2.1.2.5 Characterisation of Compressed Air Nebulizer
There are number of parameters to characterised a compressed air nebulizer and
they are: (i) specific aerosol output i.e. microlitres of useful aerosol per litre of
compressed air, (ii) coefficient of contraction which relates the area of the orifice
to the area of the jet at vena contracta, (iii) particle size distribution and (iv) efficiency of the aerosol delivery system using the nebulizer. All these parameters
mainly depend on the orifice diameter through which air passes. The particle size
distribution is a most important parameter and discussed below.
2.1.2.6 Particle Size Distribution
The size distribution is uniquely defined by two parameters — the median and
the geometric standard deviation. The median is again defined either by number
or by mass or by radioactivity. The aerodynamic diameter (Dae) of a particle is
defined as the diameter of a sphere of unit density that has the same terminal settling
velocity as the particle in question. If we say that the aerosols have the particle
size distribution of 1 /an AMAD (the activity median aerodynamic diameter) and
geometric standard deviation (GSD) of 2.0, we mean that (a) 50% of the radioactivity is associated with particles of aerodynamic diameter of less than 1 fan and
(b) 84.13% of the radioactivity is associated with particles of aerodynamic diameter
of less than 2 pm.
Particle size and its distribution is an important aspect in the comparison of different
types of nebulizer because the size of the inhaled aerosol is a definite factor in
determining pulmonary distribution. The particle size distribution is either determined by Andersen Cascade Impactor or by various other methods (for detail please
see Appendix). Following are some of the characteristics of BARC nebulizer compared with others commonly used compressed air nebulizers (p.34).

2.1.2.7 Efficiency of the System
The efficiency of a system is characterised by lung delivery efficiency and is defined as the ratio of the activity deposited in the lung to the activity nebulized.
The lung delivery efficiency of BARC generator varies between 21.10% and 23.30%
with a mean of about 22.15% [19].

2.1.3 Ultrasonic Nebulizer
In an ultrasonic nebulizer [20] (Fig.4), the mechanical energy necessary to atomise
a liquid comes from a piezoelectric crystal vibrating under the influence of an alternating electric field produced by an electronic high frequency oscillator. These
vibrations are transmitted through a coupling liquid to a nebulizer cup containing
the solution to be nebulised. The cup then vibrates at the same frequency, and capillary waves are formed at the air-liquid interface and aerosols are carried away by
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Pressure
Drop
(pSi)

Specific
Aerosol output

MMD of
Droplet

fol/L)

0*m)

Lovelace [15]
D*=0.24 mm

20

30.4

5.4

1.8

1.3

DeVilbiss [16]
No. 40
Di=0.84 mm

20

14.0

3.2

1.9

16.0

Lauterbach [17]
Dj=3.3 mm

20

5.7

2.4

2.1

2.6

Dautrebande [18]
D;=1.04 mm

20

2.3

1.4

1.7

21.2

BARC [13]
Di=0.5 mm

25

22.2

2.6**

1.7

3.5

Nebulizer

* Di = internal diameter of air inlet tube
** 0.84 jxm AMAD for BARC dry aerosol delivery system.
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a stream of air. As the intensity increases, a fountain of liquid appears at the centre
of the cup. The fountain is conical in shape and from its apex a jet of large droplets
is emitted periodically with the formation of a fog of very small droplets around
the lower part of a cylinder of liquid from which the fog is continuously emitted.
The mean size of the droplets in a fog produced at a given frequency is closely
related to the wavelength of the capillary waves formed on the surface of a liquid
at the same frequency.
The capillary wavelength 'X' on the surface of a liquid of surface tension V
and density ' p ' that is vibrated ultrasonically is given by [21],
X =

(87TO-/PU2)"3,

where V is the frequency of the ultrasound.
Count median diameter of the droplets produced in this way is given by
D = 0.34 X
The proportionality between D and X has been found to hold good for frequencies between 12 KHz and 3 MHz. Size distribution data for droplets produced by
three ultrasonic nebulizers used for inhalation therapy show good agreement with
the above equation as shown in the following Table [22]:

Nebulizer
DeVilbiss
Mist-O2-Gen
Mead Johnson

Operating
Frequency
(KHz)

Aerosol
Output
(Ail/lit)

MMD
Gun)

GSD

1350
1400
800

150
66
149

6.9
6.5
9.0

1.6
1.4
1.7

The rate at which aerosols are produced by an ultrasonic nebulizer is independent to the flow of air through it, so that concentration of useful aerosol leaving
the nebulizer varies inversely with flow-rate.
It should be noted that ultrasonic nebulizers give very large output of aerosols
but also have larger median droplet diameter compared to compressed air nebulizer. For example, in one of the comparative study [19], earlier done by us, of ultrasonic nebulizer (DeVillbiss model 35A at speed 7) with the BARC aerosol delivery
system, indicates that the particle size (AMAD) was 1.02 & 0.84 um with GSD
1.52 & 1.75, respectively.
Ultrasonic nebulizers have been the most widely used for the generation of therapeutically and diagnostically useful aerosols. The widespread use stems from the
fact that most aerosols used in medicine are liquids dispersed in air.
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2.1.4. Generators for Monodisperse Aerosols (Dispersion of Liquids)
2.1.4.1 Spinning Disc/Top Generators (Monodisperse Aerosols)
The liquid to be aerosolised is fed at a slow rate (through a hypodermic needle)
on the top of a disc or top which is spinning at very high speed. The two type
of generators are basically the same, the disc is rotated by a rotor where as the
top by compressed air. Droplets are formed and hurled off the edge of the disc/top
surface [23,24].
Uniform droplets are formed when a liquid is fed onto the centre of the disc
which is rotating at a constant rate. The liquid spreads over the disc surface in
a symmetrical thin film accumulating at the rim until centrifugal force acting to
discharge it exceeds the capillary force acting to hold the liquid together and a droplet
is thrown off. The centrifugal force is equal to the product of the mass of the liquid in the drop and the centrifugal acceleration at the rim; the capillary force
is proportional to the product of the surface tension of the liquid and the droplet
diameter:
D = (B/o>) (a/dp)"2
where D; Droplet diameter, d; disc diameter, ; p Liquid density,
a ; Surface Tension, co; angular velocity of the disc.
B is a constant that relates the droplet diameter to the length over which surface
tension acts at the instant the mass of liquid
Value of erg usually varies from 1.03 to 1.10. The primary droplets size are depending upon disc speed and concentration of solution. Other variables such as
solution flow-rate, spacing and centering of hypodermic needle and primary and
satellite air flow rates affect the quality of the aerosol.
In nuclear medicine department, the spinning disc/top is mainly used to prepare
microsphere from human serum albumin for microembolisation scintigraphy.
2.1.4.2 Vibrating Orifice Generator (Monodisperse Aerosols)
In this generator, a source of liquid is agitated at a constant frequency using a
piezoelectric transducer. The stream of liquid issuing from the hole is thus broken
into droplets [25,26],
Long cylindrical jets of liquid are unstable to mechanical disturbances, so that
a moving jet formed when a liquid emanates under pressure from an orifice will
break up into discrete masses. In this generator, a liquid feed system forces the
liquid at a constant rate through membrane filters. This procedure assures that the
orifice of the droplet generator will not become clogged. The liquid is fed into
a stainless steel cup with a hole in the bottom and then sprayed through a disc
with the orifice. A ring-shaped piezoelectric ceramic attached to the cup imparts
a constant frequency vibration to the liquid jet whenever an A.C. voltage is applied.
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Because the feed system delivers the liquid at a constant rate, the jet breaks up
into uniform droplets at the frequency of the A.C. voltage. The stream of droplets
then encounters a turbulent air jet at the exit to the orifice and is dispersed into
a conical shape. Diameter of droplets and rate of production depends on the orifice
diameter and frequency of the ultrasonic vibrations. The geometric standard deviation of the droplet size distribution is less than 1.01.
The advantage of this generator is that the particle size can be calculated directly
from the operating conditions by the following formula :
D =

(6U/TTU)W

where 'u' is the volume flow-rate and V is the frequency.

2.2. Condensation Method
Monodisperse aerosols also can be generated by cooling of warm vapors in the
presence of foreign nuclei. Two commonly used generators based on this principle
are (a) Sinclair-LaMer generator [27]; (b) Rapaport-Weinstock generator [28].
2.2.1 Sinclair-LaMer Generator
Liquid droplets are generated in a narrow size range by the controlled condensation of organic vapour as a nuclei. Basic elements of the apparatus are : (i) Nuclei
Source; (ii) Boiler; (iii) Reheater; (iv) Cooling Chimney.
In this method, the boiler containing a quantity of the material to be aerosolised,
is maintained at a constant temperature in the range 100-200°C. The reheater is
maintained at a temperature exceeding that of the boiler by an amount sufficient
to ensure the complete vaporisation of all aerosol material entering it. The nuclei
are produced by an electric spark or by heating a wire coated with an inorganic
salt such as sodium chloride. A flow of clean air carries the nuclei into the boiler
where they are mixed with droplets and vapour produced by a second flow of clean
air that has bubbled through the boiler liquid. The droplets are vaporised in the
reheater and finally the vapour condenses on the nuclei in the cooling chimeney
at a relatively slow rate to produce the desired monodisperse aerosols.
2.2.2. Rapaport-Weinstock Generator
This generator utilizes a nebulizer to generate initially polydisperse aerosols, in
place of a heater as in the earlier case, which is subsequently evaporated by passing through a heating column. The aerosol vapour condenses on the residue nuclei
in the aerosol material in the cooling column and form monodisperse aerosols.
The substances used for generation of condensation aerosols are: (i) DOP (Dioctyl
Pthalate); (ii) Esters of Sebacic Acid; (iii) Stearic Acid; (iv) Menthol; (v) Rosin.
These type of generators are mainly used to produce test aerosols for instruments
calibration purpose.
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2.3 Dispersal/Pulverisation of Dry Powders
Polydisperse aerosols can be generated by either blowing dry air through a powder as in the production of 99mTc-lactose aerosol by Taplin [29] or by mechanical
scraping of the packed powder and dispersal with compressed air but the concentration and particle size distribution of the output aerosol can not be maintained
at constant levels. Commonly used generators for this purpose are (i) Wright dust
feed [30]; (ii) Fludised bed generator[31]. These type of generator are useful in
those studies which involves the inhalation of insoluble and toxic particles.
2.3.1 Wright Dust Feed Generator
In this device, the surface of a plug of compacted powder is abraded at a controlled rate, by mechanical scraping and blown by a compressed air. The concentration of the output aerosol can be controlled over a wide range by varying the
air flow rate. The Turbuhaler [32], a new multi-dose device is developed by Astra
Pharma Inc, is based on Wright dust feeder mechanism. The dose is dispensed
by scraping off a thin layer of powder through a twisting action of the Turbuhaler
barrel.
2.3.2 Fludised Bed Generator
This is basically a dust aerosol generator. The powder to be aerosolised is placed
in a holding chamber, where it is transported by a chain conveyor into the fludised
bed. The fludised bed consists of a 1.5 cm thick layer of 100 um brass beads in
a 5 cm chamber. These beads are supported by a 250 mesh nylon screen placed
above an air plenum. The fludised air flows from the plenum through the fludised
bed in which the powder is dispersed and carried away. Aerosols of silica, coal
potash, rock etc. can be generated for calibrating particle counters and mass monitor.

2 A Gas Phase Reactions
The technique is not widely applicable, but the production of polydisperse ferric
oxide aerosol has been reported [33,34].
24.1 Smoke Aerosol Generator
It is possible to produce ammonium chloride smoke by a simple portable smoke
generator [35]. This generator produces about 0.7 /mi mass mean median with 1.12
GSD. The principle is that when air bubbled through concentrated HCl passes over
liquor ammonia, dense white smoke of ammonium chloride is formed. Smoke is
ejected out by continuously compressed air blown in the generator. Generated particle are highly monodispersed. Other types of aerosols can be generated by using
different chemicals.
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Appendix

Determination of Particle Size Distribution
Particle size distribution is experimentally determined by separating aerosol particles according to their settling velocities under various forces. Depending in the
nature of the force used, these devices can be classified as follows :
(i) Inertial Separators
(ii) Gravity Settlers (not much used)
(iii) Aerosol Centrifuges
(iv) Microscopy.
(i) Inertial separators (impactors)
The impactor is mostly used to determine the particle size distribution of aerosols generated from radioactive solution. The first inertial aerosol sampler was
described by May [36]. This was a four stage impactor with rectangular orifices.
Since then several cascade impactors have been developed and are commercially
available. The latest is an eight-stage cascade impactor which has circular orifices
in each stage [37].
An aerosol sample is drawn through a series of successively smaller orifices
(either round holes of rectangular slit) and impinges, at each stage, on a collecting
surface which is placed perpendicular to the direction of flow, close to each exit
orifice (Fig. 5). The principle of the device is that, at each stage, the aerosol is
deflected through a right angle and larger particles are unable to negotiate this
turn and hence impact on the collector.
As each stage has decreasing order of orifice size, the impactor stages provide
progressively higher jet speeds so that the average size of particles collected at
each stage is successively smaller, and in the final stage, an efficient filter collects
all the smaller particles which successively pass through the impactor. By a suitable choice of S (the operation distance between the jet and the impaction surface),
W (the width of the jet) and F (the flow rate), it is possible to collect the particles
having certain inertial parameter and above with 100% efficiency. The collected
particles are studied by colorimetry, weighing or radioactivity counting. The percentage cumulative activity above every stage was calculated and plotted against
the ECAD50 of the corresponding staging on a log-probability graph paper [12].
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T
Y/////////////////////A
PRINCIPLE OF OPERATION OF IMPACTOR

AEROSOL
Filter paper

Aerosol
chamber

Critical orifice
Suction pump
Anderson cascade
Impactor

Fig. 5
The ECAD50 is the effective cut off aerodynamic diameter of a given stage and
is defined as the aerodynamic diameter at which 50% of the particle, all having
the same size, are retained on collection surface. The ECAD50 of the eight stage
impactor at a flow rate of 28.3 lit/min are : 11.4, 7.0, 4.7, 3.3, 2.2, 1.1, 0.65
and 0.43 um, respectively.
The data points can often be fitted well to a straight line, from which an AM AD
and GSD can be calculated. The diameter corresponding to 50% cumulative activity is the AMAD of the aerosol. The ratio of the diameter corresponding to
50% to 15.87% (Dpi5.87) cumulative activities gives the GSD which is a measure of the scatter of the particle sizes around its median value (AMAD; Dp5o).
GSD = DP84.13
Dp50

DP50

DP84.13

Dpi5.87

DP15.87
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(ii) Gravity settlers
These instruments are so designed that the particles settled in air under the action of earth's gravitational and get separated according to their aerodynamic diameter centrifuges.
(iii) Centrifuges
The principle of separation in case of aerosol centrifuges is similar to that of
gravity settlers except the force of gravity is replaced by a centrifugal force. The
duct rotates at a constant angular velocity to provide the required centrifugal force
[38].
(iv) Microscopy
Microscopic examination of the particles collected on a filter paper provides
the physical diameter, often called projected area diameters because these are simply
the diameters of the circles that have the same area as the particles. Further,
knowledge of the shapes and densities are needed to evaluate AMAD [39], whereas
impactors provide directly the AMAD.
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Lung Physiology and How Aerosol Deposits in the Lungs
Toyoharu Isawa, M.D.

1. Physiological and Anatomical Background
Weibel's morphologic data has been referred to not only for predicting aerosol
deposition in the lungs but also lung physiology [1]. During breathing the volume
of air passes all through the mouth, the larynx, the trachea and the conductive airways into the alveolar space. When the airflow is not laminar and disturbed at the
bifurcation or the irregular airway surface, eddies and turbulence occur there to
result in deposition of aerosol by impaction or sedimentation. At high flow rates,
there are more chances for turbulence to occur at these sites. Because the crosssection and volume of the subsequent airways increase, the flow rate decreases.
It is worthwhile to remember that the pressure drop and resistance do not necessarily follow Poiseuille's law even in the large airways, and that with the turbulent
flow the density of a gas plays an important role. If Poiseuille's law is applied,
the resistance becomes sixteenfold when the radius of the airway segment is halved.
When we breathe quietly, the flow in the trachea and the intermediate conductive
airways is laminar and in very small conductive airways including the terminal bronchioles the airflow becomes so slow in velocity that the axial diffusion becomes
more prominent, especially distal to the terminal bronchioles the cross-sectional area
increases so much that molecular diffusion becomes more important. For gas transfer to occur, molecules of oxygen should pass through the surfactant layer, the alveolar epithelium, the basement membrane, the endothelium of the capillaries, and
the plasma to get to the red blood cell to combine with hemoglobin.

2. Physiological Factors to Determine Aerosol Deposition
The physiological factors determining aerosol deposition in the lungs are; lung
volumes, flow rates, airflow obstruction, and regional ventilation determined by
gravity [2,3].

1) Anatomical Compartment
Inhaled aerosol deposits in the conductive airways and the gas exchanging space
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of the lungs. The former consists of the trachea, the bronchi and partly the bronchioli and the latter, partly the respiratory bronchioles and the alveolar space. The
luminal surface of the former is covered with mucus under which lie the cilia protruding from the columnar epithelia of the conductive airways. The cilia of the latter are either poorly developed or nonexisting. From the standpoint of respiratory
lung function or gas exchange, the former and a small portion of the latter, more
specifically the terminal bronchioli and the non-alveolated respiratory bronchioli are
equivalent to the anatomical dead space which serves only for gas transfer to and
from the respiratory space of the lungs and most of the latter is a functional space
where gas exchange takes place. From the standpoint of non-respiratory lung function, however, mucociliary clearance mechanisms are operative only in the former.

2) Physical Factors
Inhaled aerosol is carried in and out of the lungs with ventilation. Aerosol deposits
both in the conductive airways and the functioning space by impaction, sedimentation and diffusion. In the functioning lung space or the alveolar space, diffusion
takes place. For relatively low inhalation flow rates like in tidal breathing, the distribution of inhaled air normally depends in roughly equal measure on airway
resistance and lung compliance [4]. Here airway resistance is defined as the pressure difference between the mouth pressure and the alveolar pressure divided by
the airflow rate, when the airflow is laminar. When the laminar flow is disturbed
and a turbulent flow occurs, airway resistance further increases and chances of aerosol deposition on the airways increase. Reynolds number (Re) is a useful index
in this regard;
Re = 2RFp/rj
where R is diameter of an airway, F, mean flow rate, p and TJ, density and viscosity of air, respectively. Roughly speaking, when Re exceeds 2,000, the flow becomes turbulent. In other words, inhaled aerosol has more chances of impaction
and sedimentation. Compliance is a measure of how compliant the lung is, or in
other words, reverse of elasticity. When the lungs lose elastic recoil as in pulmonary emphysema, they become more compliant or more difficult to return to their
original resting level of the lung volume before pulmonary emphysema develops
and the functional residual capacity (FRC) increases. Therefore, when the lungs
become more compliant and when the airway resistance increases, the distribution
of inhaled aerosol in the lungs becomes disturbed.
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3. Particle Deposition in the Lung
1) Upper Airways
For particles to penetrate to the lung, they pass through the nasal vibrissae. The
deposition fraction on the nasal cavity varies between different people and between
breathing patterns. In order to eliminate the factor of nasal deposition we usually
inhale radioaerosol through the mouth using a mouth piece with the nose clipped.

2) Lower Airways
Deposition of particles, especially of 1 - 50^01 in diameter is governed by physical phenomena, such as inertial impaction and gravitational sedimentation and diffusion. The former plays a bigger role as either the particle size or the velocity of
the airflow becomes larger. The latter becomes important when the particle size
is bigger but the velocity is less. Deposition due to Brownian motion is most important for particle size between 0 . 1 - 0.5 fira. Particles with a diameter of about
0.5 /xm would be expected to show minimal deposition, e.g. 90 % of inhaled 0.5
/<an diameter aerosol appears in the exhaled gas under quiet breathing conditions [5].
Other factors like growth of hygroscopic aerosols inside the airways and electric
charge of aerosols are considered to affect the aerosol deposition but our understanding of these factors is still limited.

4. How to Quantify Inhaled Aerosol Deposition in the Lungs
When a radioaerosol is inhaled, radioactivity deposits in the extrapulmonary ciliated
airways (A), intrapulmonary ciliated airways (B), in the poorly ciliated or non-ciliated
airways and/or the alveoli (C), or by being swallowed in the stomach and/or the
GI tract (D), as shown diagramatically in Fig. 1 [6]. Disregarding the radioactivity
in the compartment D, the radioactivity in each compartment at time zero or immediately at the end of inhalation can be written as follows;
Ao + Bo + Co = To

(1)

where A, B, and C represent the compartments as shown in Fig. 1, and T, the
total radioactivity in all three. At time t, radioactivity at each compartment would be
A, + B, + C, = T,

(2)

If radioactivity is corrected for physical half-life, the equation (2) can be rewritten as
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Ate + Btc

C tc = T, c

(3)

Because radioactivity in the compartment C is not cleared, if radioactivity remaining in the lungs at 24 hrs is defined as the alveolar deposition, Co should be equal
to Ctc at 24 hrs.
C tc = Co

(4)

Practically speaking, it is extremely difficult to measure A without its being contaminated by swallowed radioactivity remaining in the mouth and the esophagus.
In the actual calculation the radioactivity in the compartment A should not be taken
into consideration by obviating measurement of radioactivity in the mediastinal portion.
In this case the equations become:
Bo + Co = To

d')

Btc + Ctc = T tc

(2')

B lc + Co = T tc

0')

When considering mucociliary transport the radioactivity in the compartment C should
be eliminated, because there is no ciliary function in this compartment.

Fig. 1. Diagram of inhaled aerosol deposition sites. (A) extrapulmonary ciliated airways, (B)
intrapulmonary ciliated airways, (C) nonciliated distal airways and/or alveolar space, and (D) mouth,
stomach or GI tract in general.
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5. Parameters to Quantitate Mucociliary Clearance
1) Lung Retention Ratio (LRR) (%) = TWTo x 100
This ratio expresses the amount of radioactivity remaining in the lungs at time
t relative to the total radioactivity initially deposited, c indicates corrected for physical decay.
2) Airway Deposition Ratio (ADR)(%) = Btc/T0 x 100 = (Tte - Co)/T0 x 100
This ratio indicates what percentage of radioactivity initially deposited on the ciliated
airways has already cleared by time t.
3) Airway Retention Ratio (ARR)(%) = Btc/B0 x 100 = (T,c - C 0 )/(T 0 - Co) x
100 = (LRR - ALDR)/(100 - ALDR) x 100
This ratio indicates what percentage of radioactivity initially deposited on the ciliated
airways has already cleared by time t.
4) Airway Clearance Efficiency (ACE)(%) = (Bo - B^/Bo x 100 = 100 - ARR
This ratio indicates what percentage of the radioactivity deposited on the ciliated
airways has already cleared by time t.
5) Alveolar Deposition Ratio (ALDR)(%) = C o /T o x 100
This is the percentage of the total initial radioactivity deposited in the non-ciliated
alveolar space relative to the total radioactivity deposited in the lungs.
All 5 parameters can be calculated by measuring Ttc and Co. By sequential measurement of radioactivity and measuring radioactivity at 24 hrs, the LRRt (LRR at
time t) and the ALDR are calculated. The smaller the size of aerosol, the larger
the LRR and the ALDR and the larger the size of aerosol, the smaller the ARR,
the ADR and the ACE.
The actual values of the above parameters should change as the size of aerosol
used changes. In other words, these parameters depend upon the size of aerosol
particle.

6. Establishing a Formula to Estimate the ALDR
Repeating measurement of radioactivity at 24 hrs is tedious and cumbersome both
to the examiner and the examined. To circumvent the inconvenience an attempt
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was made to establish a formula to get the ALDR by calculation. Because
FEVi.o% (FEVi.o divided by FEV in percent) and LRReo (LRR at 60 min) and
LRR thereafter showed good correlation with the actual ALDR, a formula was derived
using these 2 indices for aerosols whose activity median aerodynamic diameter
(AMAD) was 1.92 /xm with geometric standard deviation of 1.57;
ALDR (%) = -48.08 + 0.47 x FEV,.0% + 0.59 x LRRso
As stated above, this formula applies only to aerosols whose size is equal to 1.92
jxm in AMAD with geometric standard deviation of 1.57. Such formula should be
established at each laboratory for its own use.
By using these parameters quantitative analysis of mucociliary function in the lungs
is made as well as qualitative visual analysis by radioaerosol inhalation lung cinescintigraphy [8,9].

7. Concept of Aerosol Penetration in the Lung Parenchyma
It is perceived a priori that the same aerosol can penetrate further into the lung
periphery if the airways are more dilated or if the size of aerosol is smaller. This
can be expressed as penetration index [10, 11]. If the penetration is better, the ALDR
would be larger. This could be well demonstrated in asthmatic patients in remission
before and after bronchodilation [11].
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Introduction
Various factors determine the site of inhaled aerosol deposition in the lungs. They
are the size of aerosol, the composition of carrier gas of the aerosol, the airflow
rate, physico-chemical properties of the carrier gas or the aerosol, the shape and
structure of the airways, and the body position during inhalation [1-4].
Aerosol inhalation lung images were obtained in the same subjects using " m T c human serum albumin aerosol generated by 3 different aerosol generators each producing different-sized aerosol and 2 or 3 days apart from each study. The size of aerosol produced by an ultrasonic nebulizer (Mistogen) was 1.93 micron in activity
median aerodynamic diameter (AMAD) with its geometric standard deviation (erg)
of 1.73, that by a jet nebulizer (UltraVent) was 1.04 micron in AMAD with its
ag of 1.71, and that by our BARC nebulizer, a type of a jet nebulizer, was 0.84
micron in AMAD with its ag of 1.73 [5]. In addition Technegas [6] was also applied to selected patients. The latter produced aerosol of less than 0.2 micron in
size at the largest and the majority, say, 95% or more of the generated aerosol
was less than 0.1 micron in size by electron microscopy.
Each subject inhaled aerosol in resting tidal breathing through a mouth-piece with
a one way double J valve with the nose clipped in the sitting position. After inhaling approximately 2-3 mCi (74 to 111 MBq) in the thorax, four view lung images
were taken; anterior, posterior, and right and left laterals. 300 K counts per view
were collected. They were not only pictured on polaroid films as analogue data
but also recorded and stored in a computer as digital data. In case of Technegas
breathing it for the RV (residual volume) to the TLC (total lung capacity) level
followed by breath-holding for 5 to 10 sec in duration was repeated 2 to 3 times
as a breathing maneuver instead of tidal breathing. Otherwise deposition efficiency
of Technegas is very little because of the small size of the Technegas.
Representative 10 cases including one normal subject are presented briefly in the
following.
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Case Presentation
Normal subject (Fig. 1):
A 52 year old normal subject was studied by four different aerosol generators.
There was practically no difference in the deposition patterns of inhaled aerosol
in the lungs due to the difference in aerosol size. The perfusion images were nearly
identical to respective inhalation lung images.
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Case 1 (Fig. 2):
A 70 year old man, ex-smoker of 1.5 to 2 pack/day from 22 to 60 year old,
was admitted to the hospital for shortness of breath and stridor of 3 years' duration.
He had frequent coughs productive of yellow sputum. He had no temperature elevation. Pulmonary emphysema was the diagnosis.
Inhalation studies using BARC nebulizer showed a preponderant central deposition pattern [7] with fairly good penetration to the lung periphery. Inhalation studies
with Mistogen which generates the largest aerosol in size showed a typical central
deposition pattern almost diagnostic of pulmonary emphysema [7]. Studies using
Ultra Vent showed deposition patterns in-between.
Pulmonary function tests showed forced vital capacity (FVC) of 2.38 L (80.4%
of the predicted), FEV,.o% of 37.5% (normal>70 % ), MMF of 0.33L/sec
(12.0% of the predicted), V25 of 0.21 L/sec (17.6%), RV/TLC of 62.5% (normal <30%) DLCO/VA of 1.98 ml/min/mmHg/L (50.8% of the predicted).
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Case 2 (Fig. 3):
A 77 year old man, 75 pack-year smoker was hospitalized for evaluation of an
abnormal density on chest x-rays. His subjective complaint was exertional dyspnea
on climbing stairs. Both sputum cytology and brushing cytology via bronchoscope
revealed squamous cell carcinoma.
Pulmonary function tests indicated forced vital capacity (FVC) of 4.00 L (127
%). FEVi.o% of 47.9 %, MMF of 0.55 L/sec (20.0 %), RV/TLC of 46.2 % and
D L CO/VA of 61.1

%.

Inhalation lung image indicated multiple "hot spots" throughout the lungs by BARC
nebulizer. "Hot spots" were slightly more accentuated by UltraVent than the BARC.
A mixed central and peripheral pattern with more peripheral preponderance revealed by Mistogen was diagnostic of chronic bronchitis with slightly emphysematous component [7].
This patient underwent right upper lobectomy. His postoperative course was stormy
as anticipated from preoperative pulmonary function tests and radioaerosol inhalation and per fusion lung images. The patient underwent tracheostomy, taking generously antibiotics, bronchodilators and mucolytic agents. He survived the eventful
postoperative crisis.
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Case 3 (Fig. 4):
A 56 year old man, 36 pack-year smoker was admitted for recurrent infections
of the right upper lobe associated with mild to moderate temperature elevation, productive coughs and malaise of 3 weeks' duration. Sputum cytology was persistently
negative. Acid fast bacilli were negative on smear and culture. Pulmonary function
tests indicated nearly normal values. Laboratory data was all within normal limits.
Aerosol inhalation lung images indicated a "hot spot" at the right upper lobe
bronchus with all the 3 instruments; BARC, UltraVent and Mistogen. The "hot
spot" was suggestive of bronchial narrowing or a protrusion of a mass in the right
upper lobe bronchus. Bronchoscopy confirmed the bronchial narrowing of the right
upper lobe bronchus. Perfusion decreased in the right apex and inhalation images
also indicated decreased deposition of inhaled aerosol distal to the "hot spot", showing
what we call "matched ventilation-perfusion" relationships. Although neither bacteriological nor histologic confirmation was obtained, this patient clinically improved
after treatment with antituberculosis chemotherapy.
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Case 4 (Fig. 5):
An 82 year old man, non-smoker was hospitalized because of a 3 months' history of bloody sputum. He had a mass in the right hilar region on chest x-rays. No
evidence of malignant tumor was obtained either by bronchoscopy or sputum cytology.
Both perfusion and aerosol inhalation lung images indicated a localized area in
the right superior basal segment where both perfusion and aerosol deposition were
absent.
Pulmonary function tests indicated normal values. The patient was given an inhalation therapy of mucolytic agents under the tentative diagnosis of "mucoid impaction" and the treatment was effective. The tumor-like density disappeared in
one month and there was no recurrence of hemoptysis.
Case 5 (Fig. 6):
A 61 year old man with known small cell carcinoma in the right upper lobe bronchus was studied by aerosol inhalation lung imaging using the three different aerosol generators.
In this patient, too, the narrowing of the right upper lobe bronchus was indicated
by UltraVent and Mistogen but not by BARC. The latter, however, showed a better penetration of inhaled aerosol in the lung periphery.
Case 6 (Fig. 7):
A 56 year old man, 32 pack-year smoker, was admitted because of shortness
of breath on exertion gradually increasing over the past 5 years. Chest x-rays revealed huge cysts occupying bilateral upper lung fields. Lung function tests revealed
severe obstructive disturbance; namely, FEVi. 0 % of 32 %, MMF of 0.27 L/sec,
RV/TLC of 45.8 %, but lung volumes were within normal limits.
Aerosol inhalation lung images using all the 3 aerosol generators revealed little
deposition of radioactivity in the upper lung fields and excessive deposition of aerosol proximal to the region where little aerosol deposition was seen because of the
huge bullae. The "hot spot" indicated emphysema-like physiology of the upper lung
regions [7]. The lower lung regions, however, revealed peripheral patchy aerosol
deposition patterns indicating bronchitic changes [7] where therapeutic intervention
with antibiotics, bronchodilators and mucolytic agents was thought to be helpful.
He responded favorably to the therapy and resumed to his occupation as a carpenter.
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Case 7 (Fig. 8):
A 71 year old man, 80 pack-year smoker was referred for evaluation of a round
lesion in the right lung base. This patient had had chronic coughs for the preceding
several years and had been advised to stop smoking in vain. Diagnosis of squamous cell carcinoma was established by sputum cytology and bronchoscopic brushing
cytology of the tumor at the right lateral basal segment bronchus. No metastatic
lesion was found in the other parts of the entire body. Surgery was contemplated.
Pulmonary function tests, however, revealed that FVC was 81.4% of the predicted
FEV,.o, 1.19 L (67.9 %), FEVi.o %, 50%, MMF, 0.34 L/sec (12.8%), V25, 0.15
L/sec (13.3%), RV/TLC, 53.6% and D L co/V A , 45.8% of the predicted.
Aerosol inhalation lung images with all the 3 different generators confirmed the
presence of moderate to severe obstructive disturbances of mixed emphysematous
and bronchitic patterns with more preponderant bronchitic component [7]. A better
penetration of inhaled aerosol to the lung periphery was visually appreciated on the
inhalation lung images as well as quantitatively by computer calculation.
Case 8 (Fig. 9):
An 80 year old man, heavy smoker of 120 pack-year was referred for evaluation
of the right hilar tumor. The tumor, squamous cell carcinoma was located in the
superior basal segment bronchus of the right lower lobe. Pulmonary function tests
indicated that FVC was 2.38 L (79.8 % of the predicted), FEVi. 0 %, 57.6%,
RV/TLC of 43.6 % and V 2 5 of 0.31 L/sec.
The patient was studied with aerosol inhalation lung imaging using Mistogen,
BARC and Technegas. The better penetration of inhaled aerosol to the lung periphery was demonstrated as the size of inhaled aerosol became smaller. Peripheral patchy
or spotty deposition patterns indicated mostly bronchitic patterns, while in the right
lung there were emphysematous bullous changes in the apex and mid-lateral lung
[7]. With Technegas, aerosol deposition patterns were practically indistinguishable
from perfusion pattern except that aerosol inhalation images indicated "hot spots"
to a lesser degree. Lung function tests were indicative of moderate to severe obstructive disturbance. Surgical intervention was given up and chemotherapy and radiation were applied.
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Case 9 (Fig. 10):
A 29 year old man, 10 pack-year smoker was referred for evaluation of bloody
sputum and dyspnea on exertion. Pulmonary function tests indicated that FVC was
2.54 L (64 % the predicted), FEVi. 0 %, 52.1%, and RV/TLC was 37.2 %. Because perfusion imaging revealed nearly absent perfusion in the entire left lung and
in the right upper lobe, massive pulmonary embolism was suspected.
Aerosol inhalation lung imaging was done subsequently and barely revealed the
presence of ventilation in the left lung and in the right upper lobe. The presence
of either severe functional or anatomical bronchial obstruction was strongly suggested. Swyer-James syndrome was also suspected. Massive embolism was not completely ruled out. Pulmonary angiography was done but there were neither cut-off
sign nor intraluminal filling defects to support the diagnosis of pulmonary embolism.
Bronchoscopy revealed the presence of bronchomalacia which anatomically obstructed
the airway lumina. The nearly absent perfusion in the left lung and in the right
upper lung was due to regional hypoxic vasoconstriction [8].

Conclusion
In conclusion, the size of aerosol definitely determines the site of deposition of
inhaled aerosol in the lungs. The smaller the aerosol size, the better the penetration
of inhaled aerosol in the lung periphery. This fact was demonstrated not only qualitatively as in this study but also quantitatively by calculating several parameters like
alveolar deposition ratio [9], Xmax, Xmean, standard deviation, skewness and kurtosis of the count profile in the lung slice of the the right mid-lung [10]. Our BARC
nebulizer produced a very good-sized aerosol to be used in the daily practice. Technegas producing far smaller particles in size has characteristics of both aerosol particle and gas [11]. Aerosol inhalation lung images are indispensable means to studying
functional aspects of the lungs from the airway side and help interpret the perfusion
counterpart of the lungs.
Because smaller particles better penetrate the lung periphery, the aerosol inhalation lung images obtained by inhaling smaller aerosol particles would give a better
idea of actual ventilatory status in the lungs. From the practical point of view aerosol of less than 2-3 micron in size would be well applicable to the evaluation of
the ventilatory status in the lungs. Aerosol deposition patterns indicate the regional
airway physiology as well as the ventilatory status of the lungs.
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Nonrespiratory Lung Function
Toyoharu Isawa, M.D.

Introduction
The function of the lungs is primarily the function as a gas exchanger; the venous
blood returning to the lungs is arterialized with oxygen in the lungs and the arterialized blood is sent back again to the peripheral tissues of the whole body to be utilized for metabolic oxygenation. Besides the gas exchanging function which we call
"respiratory lung function" the lungs have functions that have little to do with gas
exchange itself. We categorically call the latter function of the lungs as "nonrespiratory lung function".
The lungs consist of the conductive airways, the gas exchanging units like the
alveoli, and the interstitial space that surrounds the former two compartments. The
interstitial space contains the blood and lymphatic capillaries, collagen and elastic
fibers and cement substances. The conductive airways and the gas exchanging units
are directly exposed to the atmosphere that contains various toxic and nontoxic gases,
fume and biological or nonbiological particles. Because the conductive airways are
equipped with defense mechanisms like mucociliary clearance or coughs to get rid
of these toxic gases, particles or locally produced biological debris, we are usually
free from being succumbed to ill effects of inhaled materials. By use of nuclear
medicine techniques, we can now evaluate mucociliary clearance function, and other
nonrespiratory lung functions as well in vivo.

1. Mucociliary Clearance Mechanism
Mucociliary clearance mechanism is the first line of defense in the respiratory
system. By coordinated beating of the cilia of the airway epithelia the mucous overlying the epithelial surface is propelled upward towards lthe larynx. The cilia grow
on the airway epithelial surface from the trachea down to the terminal bronchioles.
In and distal to the terminal bronchioli the cilia are either poorly developed or absent [1].
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1) Cilia
The airway epithelium has 200 cilia on its surface facing the airway lumen from
the trachea as far as down to the distal bronchi just proximal to the terminal bronchiole [2]. The length of a cilia is 6-7 micron and its diameter, 1 micron. They
are dipped in the periciliary fluid above which there is a mucous layer. By a coordinated ciliary motion at the rate of about 1000/min the mucous layer is transported
upward toward the pharynx.
Each cilium has a characteristic structure consisting of 9 pairs of peripheral doublets
(A and B) and two central tubules. Each doublet is connected by a bundle called
nexin. From A of the doublet two dynein arms (outer and inner) are protruded.
The dynein arms themselves contain ATPase (an enzyme to degrade adenosine
triphosphate (ATP) to derive energy) with which ATP is utilized as an energy source
for ciliary motion. There is a radial spoke extending from A toward the centriole
[1]. When the dynein arms are deficient, ciliary motion is disturbed. Afzelius called
this pathological state "immotile cilia syndrome" [3]. Nowadays even arrangement
disturbance of the peripheral doublet or missing radial spokes are included in this
syndrome and another more rational name of "dyskinetic cilia syndrome" is proposed [4].
2) Mucus
Airway mucus is composed of the secretions from the submucosal glands and
the goblet cells in addition to the tissue fluids. The total amount of bronchial secretions per day is from about 10 to 100 ml. The cilia are immersed in the serous
fluids of lower viscosity (periciliary fluid) and when ciliary motions occur, the tips
of the cilia during the effective or effector stroke of the cilia touch the base of the
mucous layer covering the periciliary fluid and propels the layer upward. With the
return stroke the cilia return to the original position and the effective stroke is resumed. By repetition of the effective and return strokes a metachronal wave is
produced in the upper mucous layer and the actual mucous transport results. The
time required for the effective and the return stroke is about 1 to 4 in ratio [1].
The periciliary layer is also called "sol" layer, while the upper mucous layer, "gel"
layer [5].
3) Mucociliary Clearance
By interaction of the coordinated ciliary beating and the mucous, the mucous containing various extrinsic or intrinsic biological and nonbiological materials lying over
the airway epithelium is transported toward the larynx to be swallowed into the
stomach and the airways are thus kept "clean" in the normal lungs. In various
pathological states this cleaning process is deranged. Various methods have been
developed and applied to elucidate this function as follows;
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a) Bronchoscopy
Movement of a dye like india ink placed over the trachea was observed by bronchoscopy or cine-bronchoscopy in dogs [6]. The direct measurement of mucociliary
clearance in man without anesthesia is, however, technically so difficult that the
measurement has been done using only animals or excised tracheal segment.
b) X-rays
Radiopaque materials like barium sulfate placed over the trachea were sequentially x-rayed and an estimation was made regarding tracheal velocity of mucociliary
clearance by measuring the distance of the tracer over a certain time interval [7].
A cinebronchofiberscopic technique was also developed following blowing standardized teflon discs through the inner channel of the bronchofiberscope onto the
tracheal mucosa and their motion was filmed [8]. The latter is invasive and not
applicable to the routine clinical practice. An improvement was made by rendering
the teflon discs radiopaque with bismuth trioxide [9],
c) Radioisotopic method
By the same token radioactive materials were placed over the trachea, and sequential imaging was made [10-12]. Acute toxicity of cigarette smoke to mucociliary
clearance could be easily evaluated by this method in dogs [12]. The droplet migration or transport on the trachea is disturbed by forced smoking in the dog in a dose
dependent manner [12]. Taking a hint from this droplet migration, we proposed
"radioaerosol inhalation lung cine-scintigraphy" in order to visualize the actual mucous
flow or transport in vivo as described later [13].
In static images, whether or not a hot spot seen on the subsequent sequential images is the same hot spot with that on the previous image is extremely difficult to
tell. In this sense sequential static images are not adequate means to tell mucociliary
clearance mechanisms. Transport velocity or direction can be determined only when
an adequate hot spot is seen.
Inhaled aerosol deposits on the airways by impaction, sedimentation and diffusion. When turbulence occurs in the airways at the sites of stenosis or narrowing
caused by mucous deposition, cancerous protrusion of the airway mucosa, excessive narrowing of the airways in obstructive airways diseases, etc, excessive deposition of inhaled aerosol or "hot spots" occur regionally in the stenotic lesions [14].
4) Measurement of Mucociliary Clearance
The measurement of mucous transport on the airways can be performed principally by two methods; measurement either of 1) the transport of the mucous glob
on the trachea or 2) the disappearance rate of deposited particles in the lungs. The
former to visually evaluate how mucous is transported on the large ciliated airways
and the latter to quantitatively evaluate the overall disappearance from the intrapulmonary ciliated airways.
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a) Tracheal transport
Either bronchoscopic or cine-fiberscopic observation or sequential radiologic observation of the movement of a marker dye or radiopaque materials placed on the
trachea has been done as described earlier.
The transport pathway of a radioactive bolus placed on the trachea can also be
followed by external measurement. Placement of a radioactive bolus itself, however,
requires bronchoscopic insertion that makes anesthesia of the oropharynx and the
trachea indispensable. In other words, the method could be invasive and not directly applicable routinely to human subjects. We use instead radioactive aerosols for
inhalation. Inhalation of aerosol is not an invasive procedure and can be done in
tidal respiration without giving any discomfort to any examine. If inhaled aerosol
forms a bolus or a "hot spot" of excessive radioactivity and radioactivity is sequentially measured, the migrating distance of radioactive globs on the trachea can
be used as an index to measure mucous transport velocity. Actually tracheal mucous velocity was reported as 1.14 ± 0.38 [9], 2.15 ± 0.55 [15], 0.44 ± 0.13
[16], and 12.0 ± 1.0 mm/min [12].
This method can be used only when tracheal mucous transport is linear, constant, steady and cephalad in direction. Even in normal subject, however, mucous
transport is not necessarily linear in direction. Especially in smokers mucous globs
transiently stop and start moving on their pathway to the oropharynx [17]. In pathological states as described later, regurgitation or backward migration, stasis, straying, or spiral or zigzag movement of mucous globs are seen [18]. Under these
circumstances this method cannot be applicable, because the radioactive peaks detected at different sites on the trachea by making windows cannot be identified to be
truly the radioactive globs of interest. Recently a computer analysis of a mucous
glob movement has been made in a detailed fashion by "condensed mode" and/or
"trajectory mode" and even in normal nonsmokers fractions of backward movement were found to be present but the transport of tracheal mucous as a bulk was
cephalad in direction toward the oropharynx [19].
b) Disappearance rate of inhaled radioactivity in the lungs [17]
When a radioaerosol is inhaled, radioactivity deposited in the extrapulmonary ciliated airways (A), intrapulmonary ciliated airways (B), in the non-ciliated small airways and/or the alveoli (C), or, by being swallowed, in the stomach and/or the
GI tract (D) as illustrated in Fig. 1. Disregarding the radioactivity in the stomach
(D), the radioactivity in each compartment at time zero or immediately after aerosol inhalation is over can be written as follows;
Ao + Bo + Co = To

(1)

where A, B, C represent the compartments as in Fig. 1, and T, the total radioactivity in all three. At time t, radioactivity at each compartment would be
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AEROSOL DEPOSITION

Fig. 1. Diagram of aerosol deposition sites. (A) extrapulmonary ciliated airways, (B) intrapulmonary airways, (C) nonciliated distal airways including the alveolar space and (D) esophagus and
stomach, or GI tract.
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(2)

If radioactivity is corrected for physical decay, the formula (2) becomes
Ate + Btc + Ctc = Ttc

(3)

If we define that the radioactivity remaining in the lungs at 24 hrs later is the
amount of radioactivity depositing in the non-ciliated space of the lungs, Co, corrected for physical decay should be the same with Ctc or Co = Ctc.
Practically speaking, however, it is extremely difficult to measure A without its
being contaminated by swallowed radioactivity remaining in the esophagus. In the
quantitative estimation of disappearance of inhaled radioaerosol from the lungs that
is nothing less than mucociliary clearance from the intrapulmonary ciliated airways
radioactivity in the extrapuimonary ciliated airways or radioactivity in the compartment A should be neglected. Thus above formulae can be rewritten as follows;
Bo + Co = To

(1)'

Bt + Ct = Tt

(2)'

Btc + Co = Tte

(3)'

The indices to evaluate intrapulmonary mucociliary clearance are as follows:
i) Lung Retention Ratio (LRR)
LRR (%) = Ttc / T o X 100
This ratio expresses the amount of radioactivity remaining in the lungs at time
t relative to the total radioactivity initially deposited.
ii) Airway Deposition Ratio (ADR)
ADR (%) = Btc / To X 100
= (Ttc - Co) / To X 100
This indicates the amount of radioactivity throughout the ciliated airways relative
to the total radioactivity initially deposited in the lungs.
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iii) Airway Retention Ratio (ARR)
ARR (%) = Btc / Bo X 100
= (Ttc - Co) / (To -

Co) X 100

This ratio indicates what percentage of radioactivity initially deposited on the ciliated
airways still remains there at time t.
iv) Airway Clearance Efficiency (ACE)
ACE (%) = (Bo = (To -

Btc) / Bo X 100
Ttc) / (o -

Co) X 100

This indicates what percentage of the radioactivity initially deposited on the ciliated
airways has already been cleared by time t.
v) Alveolar Deposition Ratio (ALDR)
ALDR (%) = Co / To X 100
This ratio indicates the percentage of the total initial radioactivity that remains
in the lungs at 24 hrs or in other words the percentage of radioactivity deposited
in the non-ciliated space of the lungs.
Normal values using human serum albumin aerosols (activity median aerodynamic
diameter (AMAD): 1.9 /xm with geometric standard deviation of 1.7) have been
established [20].
When aerosols of different size are used, normal values of these parameters could
be different. We should bear this fact in mind.
5) Imaging Mucociliary Clearance
A large field view-camera can image mucociliary clearance in the lungs. There
are two methods of imaging; 1) Sequential spot imaging and 2) Radioaerosol inhalation lung cine-scientigraphy.
a) Sequential spot imaging
When an excessive deposition of radioactivity or a hot spot is present on the airways as in bronchogenic carcinoma invading the main bronchus, sequential lung
imaging can tell whether or not the hot spot is cleared with time. This can be known
by repeating sequential imaging of the lungs. But how the radioactivity is cleared
with time is not known. Identification of the particular radioactive globs is usually
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very difficult by simply repeating this spot sequential imaging. Positioning of the
patient at each measurement is also difficult.
b) Radioaerosol inhalation lung cine-scintigraphy
In order to avoid the above drawbacks "cine-scintigraphy" of the lungs following radioaerosol inhalation is extremely helpful not only to the visual assessment
of mucociliary clearance but also to the setting of the regions of interest in the lungs
and to the interpretation and analysis of time-activity curves over the regions of
interest. We have coined a name "radioaerosol inhalation lung cine-scintigraphy"
for this methodology of imaging [13,17,18].
Initially following inhalation of ultrasonically generated 99mTc-albumin aerosol in
tidal breathing through the mouth with the nose clipped, a subject was placed under
a gamma-camera in the supine position and radioactivity was measured over the
entire thorax including the trachea for 120 minutes in sequential 10 sec frame mode
with 64 x 64 matrix. The data was recorded and stored in a computer. The data
was displayed in cine mode on a CRT screen at the rate of 18 frames per second
and the cinematographic display was recorded in a movie camera. Regions of interest were set and regional time-activity curves were also obtained following correction for physical half-life.
6) Mucociliary Clearance in Health and Disease
a) Normal subject
In all 17 normal subjects the deposition of inhaled radioaerosol in the lungs was
homogeneous. In 4 nonsmokers and 2 of 3 ex-smokers, transport of radioactivity
in the trachea was always cephalad in direction, steady in its progress, and showed
no stagnation of radioactivity in the bronchi or trachea. In all 9 smokers and 1 of
the 3 ex-smokers, although radioactive transport was still cephalad in direction and
transport velocity nearly constant, temporary collection of radioactivity was seen
over the bronchi near the carina or over the carina [17]. Such stasis never persisted
long. There was no visible retrograde migration or retreat, stasis or stagnation of
mucous globs, frequent up-and-down motions of radioactive globs in the trachea
or bronchi or migration into the other regions of the same lung or into the bronchus
of the opposite lung.
b) Obstructive airways disease
Contrary to the normal subjects, the deposition of inhaled aerosol in the lungs
was inhomogeneous in all 21 patients studied. Migration of radioactivity over the
trachea and the major bronchi was extremely protean in its direction and transport
patterns. Of the 21 patients, 14 showed temporary but frequent stopping and starting of radioactivity in the airways in the course of lung clearance. Even after radioactivity begins to migrate up the trachea, it tends to stop on the way. Thus stopping
and renewed migration were repeated many times. Migration was sometimes ac-
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celerated by coughing and clearing the throat, with the radioactivity finally swallowed or expectorated. Sometimes only cough appears to the major means of upward
propulsion. In 10 there was reversal of flow, in 5 migration of radioactivity from
one bronchus into the opposite, bypassing the trachea and often followed by shuttling
between the right and left bronchi and in four there was spiral or zigzag transport
of radioactivity as shown in Fig. 2 [18]. In other series, traveling of mucous not
only in the opposite lung, but also into the different regions of the same lung was
observed [21].
The airway deposition ratio (ADR) was increased, the airway clearance efficiency (ACE) decreased and the alveolar deposition ratio (ALDR) also decreased
(Fig. 3) [18].
c) Bronchiectasis
In bronchiectatic lung regions, deposition of inhaled radioactivity is diminished
or inhomogeneous. Transport of inhaled radioactivity from the bronchiectatic regions
is deranged. Regional stasis was observed in 12 of the 20 patients studied (12/20),
regurgitation or reversed transport in 14/20, straying in 8/20, spiral or zigzag motion in 1/20 and/or various combination of these four abnormal transport patterns.
When coughs occur, regurgitation and stray become more marked in the bronchiectatic
regions. These regional abnormalities in mucociliary transport seem to be responsible for the development of infections and hemoptysis in the bronchiectatic regions [21].
d) Bronchogenic carcinoma
In bronchogenic carcinoma, abnormal mucociliary transport patterns such as regurgitation, stray, stasis and spiral or zigzag motions were seen in most of the cases,
especially when obstructive airways disease complicates bronchogenic carcinoma.
The frequency of abnormal mucous transport patterns was not related with different histological diagnoses of lung cancer. The location of the cancerous lesion and
whether or not the mucosal surface is invaded with cancer seem to contribute to
the abnormal mucous transport patterns. "Hot spots" were often formed at the site
of bronchial stenosis or near obstruction due to bronchogenic cancer on the large
airways and mucous transport at the hot spots is greatly disturbed [22].
e) Interstitial lung disease
The interstitial space of the lung is defined as the space which surrounds or intervenes the respiratory units. The ultimate respiratory unit is the alveolus whose basement membrane underlies the type I and type II cells, being intimately apposed to
the underlying endothelial membrane [23]. Elsewhere the epithelial and endothelial
membranes are separated by the interstitial space where besides various cell components and capillaries elastic and collagen fibers are embedded in a proteoglycan
matrix. In interstitial lung diseases like idiopathic interstitial fibrosis or sarcoidosis
mucociliary clearance mechanisms are well maintained both qualitatively and quantitatively (Fig. 4) [24]. But as described later pulmonary epithelial permeability is
abnormally accelerated in this disease category.
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Fig. 2. Diagram of mucociliary transport patterns on the trachea and the major bronchi in the obstructive airways disease. Numbers indicate frequency.

f) Pulmonary vascular diseases
In pulmonary vascular anomaly like pulmonary artery hypoplasia, pulmonary arteriovenous fistula and aortitis syndrome, and in pulmonary artery occlusive disease like pulmonary embolism, mucociliary clearance was well maintained and within
normal limits [25].
7) Pharmacological Effects on Mucociliary Clearance
a) Oral beta 2-stimulant
Since it is reported that ciliary beat frequency in vitro increases on exposure to
beta 2-stimulants [104-106], it is natural to think that mucociliary clearance in vivo
is also activated when these agents are clinically administered. We administered
oral salbutamol on 10 patients with various chest diseases in combination with other
agents such as antibiotics and on 9 patients with various chest diseases singly without
combining with other agents for one week and studied the 5 parameters for assessing mucociliary clearance before and after one week's trial. No changes were observed in these parameters after the treatment compared with before treatment,
although pulmonary function test showed improvement, indicating that the beta
2-stimulant is definitely functioning as a bronchodilator [107].
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Fig. 3. Lung retention ratio (LRR), airway deposition ratio (ADR), airway retention ratio (ARR),
airway clearance efficiency (ACE) and alveolar deposition ratio (ALDR) that is equivalent to lung
retention ratio at 24 hr (mean + SE) in patients with obstructive airways disease (n= 14). Shaded
bands indicate 95 % confidence intervals of normal values [20].
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b) Inhaled beta 2-stimulant with intravenous aminophylline
Using bronchial asthmatic patients in remission, salbutamol was inhaled and
aminophylline was injected. Compared with before the treatment, the alveolar deposition ratio (ALDR) was improved to nearly normal levels, the penetration index
increased, the aerosol deposition patterns became more homogeneous throughout
the lungs and the pulmonary function test showed a definite evidence of bronchodilation but the 5 parameters showed little changes [108].
c) Inhalation of a beta 2-stimulator in the midst of the study
In the previous pharmacological evaluation the comparison was made between
before and after the treatment. A drawback to these approaches was that the alveolar deposition ratio (ALDR) could be different before and after the treatment.
Because the ALDR is the basis for calculating these parameters, it should ideally
remain the same if possible. To circumvent the drawback, we inhaled a beta
2-stimulator, procaterol, while the examine was being measured for radioactivity
following radioaerosol inhalation. If some acceleration occurs in mucociliary clearance, the time activity curve should be steeper following a beta 2-stimulator inhalation. A group of 8 normal subjects and 34 patients with various lung diseases,
including 6 with bronchial asthma in remission, were studied. Following inhalation
of procaterol, there were neither significant acceleration in mucous transport on the
large airways by cine-scintigraphy nor significant changes in the slope of time-activity
curves. Quantitative parameters did not show any significant changes, either, although
spirometry indicated significant bronchodilation [109].
From these studies it seems certain that beta 2-stimulators do not facilitate
mucociliary clearance mechanisms in vivo as anticipated from in vitro studies and
as advertised as such by pharmaceutical companies.
d) Bromhexine
A clinical dose of a mucolytic agent, bromhexine, was orally administered to
10 patients for 7 days and the 5 parameters were evaluated before and after the
treatment. Airway clearance efficiency (ACE) was statistically significantly increased
after treatment, although pulmonary function test remained unchanged [110].
Pharmacological evaluation on mucociliary clearance had been made on the basis of changes in subjective complaints of tested subjects. The present method offers
a unique and objective methodology to the evaluation of therapeutic or pharmacological effects of a particular medication. The relationship between mucociliary clearance mechanism and the nervous system remains to be explored.
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2. Pulmonary Epithelial Permeability
In 1968 99mTc-DTPA (diethylenetriamine pentaacetate) aerosol was first used as
a potential agent for inhalation to study regional lung diffusing capacity in patients
with pulmonary sarcoidosis and alveolar proteinosis but the trial was not very successful because computers to quantitate radioactivity in the lungs were not available
[26]. With the advent of computers Taplin and his colleagues evaluated changes
in radioactivity in the lungs with time following 99m Tc-DTPA aerosol inhalation
in 1977 [27]. They found that the disappearance rate of inhaled 99m Tc-DTPA aerosol from the lungs in patients with interstitial lung diseases was accelerated. Minty
and others found that pulmonary clearance of inhaled 99m Tc-DTPA aerosol is accelerated in smokers [28,29] but that the acceleration is rapidly normalized after
cessation of smoking [30]. 99m Tc-DTPA aerosol inhalation method is now widely
accepted as a useful test to evaluate pulmonary epithelial permeability.
1) Pathophysiologic Basis
The alveolar-capillary barrier consists of the alveolar airway barrier in series with
an endothelial barrier and in parallel with the interstitial lymphatic pathways [31].
Pulmonary epithelium forms an extremely tight barrier that is one tenth as permeable as capillary endothelium for hydrophilic molecules and prevents the alveolar
lumen from being flooded [32]. Permeability is likely related to the intercellular
junctions which are certainly the main site of hydrophilic solute crossing the membranes. The pore radius of the alveolar epithelial tight junctions is reported to be
0.8 - 1.0 nm while that of the capillary endothelium, 4.0 - 8.0 nm [33].
By measuring disappearance of radioactivity following inhalation of this small
soluble hydrophilic 99mTc-DTPA aerosol, we can know how the 99mTc-DTPA particles depositing on the epithelial surface disappear from the lungs. If the alveolar
epithelium is intact, it should produce resistance to 99mTc-DTPA diffusion. If intercellular junctions become widened by some pathologic reasons, 99m Tc-DTPA
should be cleared faster. Egan (1980) suggested that there is a positive effect of
lung inflation on alveolar permeability to instilled solutes and that the increase in
permeability mainly reflects an increase in pore size rather than an increase in alveolar surface [34]. It is reported that PEEP (positive end expiratory pressure) increases pulmonary clearance of inhaled 99mTc-DTPA aerosol [35-38]. In PEEP the
most important physiologic effect would be to expand the lungs. It is hard to imagine, however, that lung inflation by deep breathing analogous to PEEP could induce impairment of alveolar permeability. A more likely explanation would be that
the alveolar lining could be thinner with lung inflation and through the thinner alveolar lining, 99mTc-DTPA could get access to the intercellular junctions more easily and faster clearance of inhaled 99m Tc-DTPA would be facilitated.
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2) Alveolar Epithelial Permeability in Health and Disease
a) Normal subjects
In normal non-smokers clearance half-times (tl/2) of the left and the right lungs
were 55.5 ± 22.3 min and 61.4 ± 23.6 min when 99mTc-DTPA aerosols of
AMAD of 1.00 jim with og of 1.78 were inhaled [39]. They were 59.4 ± 1 1 . 2
and 80.1 ± 26.4 min, respectively, when 99mTc-DTPA aerosols of AMAD of 0.86
/xm with <7g of 1.75 were inhaled [40]. Normal non-smokers who were subjected
to these tests were different. The difference in normal values was statistically not
significant by unpaired Student t-test. Normal values could be different in different
regions of the world due to the degree of air pollutions.
b) Smoking
Disappearance of 99mTc-DTPA has been found faster in smokers [28,29]. In our
study, too, when 7 smokers (average cigarette consumption 16 pack-year or 160
Brinkman Index) inhaled aerosols of AMAD of 0.86 jtm with og of 1.75, half time
clearance (tl/2) was 23.6 ± 15 and 27.8 + 16.6 min in the left and right lungs,
respectively. These values were significantly smaller than those of non-smokers [40].
The reason why smoking induces faster clearance of inhaled 99mTc-DTPA is not
known. In dogs horseradish peroxidase tagged with transferrin instilled into the alveoli was observed to increase in the intercellular junctions after smoking indicating widening of the junctions [41,42]. It is reported that the acceleration of permeability
becomes normalized in 3 weeks or so after cessation of smoking [30].
c) Interstitial lung disease
It has been found that biopsy-proven patients with idiopathic interstitial pneumonias (HP) showed significantly accelerated clearance of inhaled 99mTc-DTPA aerosol as compared with non-smoking normal subjects, but there was no correlation
between abnormal clearance of 99mTc-DTPA aerosol and abnormal diffusing capacity (DLCO) measured by using carbon monooxide [39]. Not only in HP but also
in pneumonias of known origin like sarcoidosis [27], systemic sclerosis [35], radiation pneumonitis or fibrosis, clearance is also accelerated [43].
There are speculations that the intercellular junctions are widened by increased
retractive forces due to fibrosis [35], and that the increase may precede alveolitis
or a residue of subsiding active disease in sarcoidosis [44]. According to our experimental fibrosis induced in rat by bleomycin, clearance of inhaled 99mTc-DTPA
aerosol definitely increased 2 weeks after instillation of bleomycin, but no definite
tendency was discernible thereafter because there was partial recovery and partial
fibrosis in the same lung. Microscopical examination indicated that there were thinning, detachment or denudation of the alveolar epithelium and that the basement
membrane was directly exposed to the alveolar surface. We could not confirm by
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electron microscopy the widening of the intercellular junctions. We think that the
epithelial damage and loss of epithelial covering from the basement membrane would
contribute to the faster clearance of inhaled 99m Tc-DTPA aerosol to some extent
[45].
d) Pathological changes of alveolar fluid retention
In adult respiratory distress syndrome (ARDS) and infantile respiratory distress
syndrome (IRDS) the consistent increase in pulmonary clearance of inhaled 99m TcDTPA is reported [46-50]. These are classified as noncardiogenic pulmonary edema. In cardiogenic edema the increase is not a uniform finding. Pathogenesis of
increased permeability in respiratory distress syndromes may be associated with depletion of surfactant [51]. There is a suggestion that the actual site of clearance could
be respiratory bronchioli where clearance is accelerated because the alveoli are already flooded with edema fluid and because alveolar absorption of 99m Tc-DTPA
should be decreased [49].
Interesting findings in radiation pneumonitis in which lung injury may be due
to alveolar cell damage and edema [52] is that clearance is accelerated not only
in radiation pneumonitic lesions but also in the contralateral lung where no radiological abnormalities are recognized [43]. When radiation pneumonitis recovers with
steroid therapy, clearance of 99m Tc-DTPA gradually becomes slower. We do not
know why this is so but we are of the opinion that frequent measurement of pulmonary epithelial permeability can be a good indicator to know the development of
radiation induced pulmonary epithelial damage.
In hyaline membrane disease [53], long-term free base cocaine users [54], gluesniffers [55], and pneumocystis carinii pneumonia complicated AIDS or HIV-positive
hemophiliac nonsmokers [56-59] increased pulmonary epithelial clearance is reported.
Especially in the latter, clearance returned toward normal with response to therapy
[56] and 99mTc-DTPA clearance study is reported more useful than 67Ga chest
scans for detecting lung disease when chest x-rays and/or PaCh are normal [60].
3) Regarding Methodology
It was reported in 1987 that less than 10 % of 99mTc-DTPA remains in bounded form after nebulization with an ultrasonic nebulizer [61], and this finding was
surprising. The report was not confirmed [62].
Clearance of inhaled 99mTc-DTPA is partly influenced by pulmonary arterial circulation [63], but contribution of either bronchial arterial or lymphatic circulation
is very little [63,64]. Correlation with diffusing capacity is poor [39].
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4) Using Other Agents
Another agent like 99mTc-HMPAO (hexamethyl propylene amine oxide) has also
been tried to evaluate permeability of the pulmonary epithelium [65-67]. This agent
is lipophilic and believed to pass through the pulmonary epithelium intracellularly.
Half-time clearance is very rapid with half time clearance of about 1 to 3 sec in
the normal subjects [65]. There is no difference between smokers and nonsmokers.
Yeh and others report that the clearance of 99mTc-DTPA and 99m Tc-HMPAO
changes in an opposite direction in interstitial pulmonary fibrosis [66]. Clinical usefulness remains to be explored. 99mTc-pertechnetate and 123I-IMP have also been
tried as inhalation agents but their clinicopathological significance remains unknown
[65,67].

3. Lung Uptake of IMP
123

I-IMP (N-Isopropyl-[123I]p-Iodoamphetamine) was originally described as a
brain scan agent in 1980 [68]. When it was intravenously injected, it was soon found
that the agent accumulated in the lungs right after intravenous injection and suggestions were made regarding a possibility of its depicting amine receptors in the lungs
[69]. The incidental finding that the agent accumulated in the regions of bronchogenie carcinoma triggered interest of many people [70]. The true reason why and
where it is accumulated in the lungs is not known but it is documented that 123IIMP accumulates in the inflammatory and atelectatic lesions surrounding bronchogenie carcinomatous lesions [71-73], in lung lesions where perfusion lung imaging
using " nl Tc-MAA showed deficient perfusion or inside carcinomatous lesions [74],
in diffuse interstitial lung diseases [75] and in adenocarcinoma of the lung [76].

4. Lung Uptake of Gallium-67 Citrate
Gallium-67 citrate was first described as a tumor scanning agent in 1969 [77].
As is well known this agent has been widely used for imaging of various epithelial
and lymphoreticular neoplasms [78,79] as a tumor scanning agent, but soon investigators noted concentration of the isotope in inflammatory lesions as well as in tumors
[80,81]. Gallium citrate binds to serum transferrin [82] which acts primarily as a
carrier protein for the 67Ga, transporting it from the site of injection to the cellular localization. The intracellular localization occurs in lysosomes or lysosome-like
granules of the cell [83]. There has been disappointment, however, that the information afforded by 67Ga-citrate does not exceed that provided by conventional chest
radiography [84[, as far as the detection of the primary site of bronchogenic cancer
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is concerned. An interest has been gradually directed to the application of this agent
as a useful means of knowing "activity" of interstitial lung disease [85,86]. The
true mechanism of gallium uptake is not clear, but it is speculated that activated
macrophages might be taking up the isotope [86,87]. Gallium-67 uptake is reported
in crypotogenic fibrosing alveolitis and hypersensitivity pneumonitis [88], extrinsic
hypersensitivity pneumonia [89], rheumatoid lung [90], pneumocystis carinii pneumonia [60, 91-95]. In a comparative study Rosso and others found that of 100
investigations in 88 patients infected with the human immunodeficiency virus, a pulmonary infection mainly with pneumocystis carinii was diagnosed in 39 and a noninfectious disorder in 42, mainly with Kaposi's sarcoma and lymphocytic alveolitis.
Gallium scan and DTPA clearance was abnormal respectively in 74% and 92 %
of infectious complications, and in 12 % and 60 % of noninfectious disorders. They
say that a gallium scan is indicated to distinguish progressive Kaposi's sarcoma from
a superimposed second process when radiological abnormalities of pulmonary Kaposi's sarcoma are present [60]. The usefulness of 67Ga-citrate is also reported in
occupational lung disease especially asbestosis [96-98], pneumoconiosis [99], radiation pneumonitis [100], sarcoidosis [101,102] and neoplastic angioendotheliosis of
the lung [103]. When the disease process is in active stage, the uptake is high, but
when it is in recovery or regression, the uptake becomes less marked, making the
clinical decision to treat further or not easier, especially in sarcoidosis.
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Radioaerosol Lung Scanning in Chronic Obstructive
Pulmonary Disease (COPD) and Related Disorders
Yong Whee Bahk, M.D. and Soo Kyo Chung, M.D.

Introduction
As a coordinated research project of the International Atomic Energy Agency
(IAEA) a multicentre joint study on radioaerosol lung scan using the BARC nebulizer
[1] has prospectively been carried out during 1988-1992 with the participation of
10 member countries in Asia [Bangladesh, China, India, Indonesia, Japan, Korea,
Pakistan, Philippines, Singapore and Thailand]. The study was designed so that it
would primarily cover chronic obstructive pulmonary disease (COPD) and the other
related and common pulmonary diseases. The study also included normal controls
and asymptomatic smokers.
The purposes of this presentation are three fold: firstly, to document the usefulness of the nebulizer and the validity of user's protocol in imaging COPD and other
lung diseases; secondly, to discuss scan features of the individual COPD and other
disorders studied and thirdly, to correlate scan alterations with radiographic findings. Before proceeding with a systematic analysis of aerosol scan patterns in the
disease groups, we documented normal pattern. The next step was the assessment
of scan features in those who had been smoking for more than several years but
had no symptoms or signs referable to airways. The lung diseases we analyzed
included COPD [emphysema, chronic bronchitis, asthma and bronchiectasis], bronchial obstruction, compensatory overinflation and other common lung diseases such
as lobar pneumonia, tuberculosis, interstitial fibrosis, diffuse panbronchiolitis, lung
edema and primary and metastatic lung cancers. Lung embolism, inhalation burns
and glue-sniffer's lung are seperately discussed by Dr. Sundram of Singapore elsewhere in this book. The larger portion of this chapter is allocated to the discussion
of COPD with a special effort made in sorting out differential scan features. Diagnostic criteria in individual COPD were defined for each category of disease and
basic clinical symptoms and signs and pertinent laboratory data as well as radiographic manifestations are described. In addition, where possible COPD was classified into clinical subgroups according to the severity of disease for the purpose
of testing whether any quantitative differences in their scan features exist.
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Clinical Materials
Normal [nonsmoker] controls
Each of 10 participating institutions provided at least 10 aerosol scans obtained
from normal subjects for a concerted review and open discussion. The great majority
were young and middle aged and no cases were sampled from the pediatric age group.
Asymptomatic smokers
Aerosol scans of asymptomatic smokers were also pooled together by the member institutions as in normal controls. However, only a limited number of 12 scans
performed under quality assessement in our institution were included because of
the diversity of the image quality and clinical data in the pooled samples. All were
male volunteers in the third to sixth decades of life with a history of smoking for
more than several years.
Chronic obstructive pulmonary diseases and related disorders
Aerosol scans of about 500 patients with COPD were accumulated by the participating institutions. However, again because of the imperative need to maintain
the uniformity [but not necessarily the quality] of scan for a satisfactory, objective
image analysis and photographic reproduction, the cases filed in our own institution
were used for the most part. In addition, for the demonstration and archiving of
standardized performance of aerosol scanning, an appropriate number of representative cases were selected from each member institution to be illustrated in this book.
The selection was worked out by the Editorial Committee convened on 14 February, 1991, the next day after the Coordinated Research Programme Meeting had
been finished with great success in Singapore.
The total number of patients with COPD and the other diseases was 163. They
included emphysema (n=21), uncomplicated chronic bronchitis (n=23), chronic
bronchitis with asthma (n=12), asthma (n=18), bronchiectasis ( n = l l ) , bronchial
stenosis or obstruction (n=13), compensatory lung overinflation (n=10) as well
as pneumonia, tuberculosis, interstitial fibrosis, diffuse panbronchiolitis, edema and
primary and metastatic cancers (n=55). Of these 136 were men and 24 were women. The age ranged between 19 and 77 years with the mean being 50.
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Diagnostic Criteria
For the inclusion in the present series the following clinical and radiologic diagnostic criteria were to be met in each COPD patient at least in essential aspects
[2-7]. Diagnostic guidelines for the related and miscellaneous diseases were freely
quoted from the standard textbooks [3,4,6,7].
Emphysema. The clinical symptoms and signs were characterized by dyspnea,
productive cough and cyanosis. Chest radiographs showed overinflation and hyperlucency, decreased and attenuated lung vessels, diversion of vasculature, bulla formation, air trapping, flattened diaphragm, widened retrosternal space, the "barrel
chest" deformity and the "small heart." Of these the first 4 signs were more readily observed in the frontal view (Fig. 1A), whereas the last 5 alterations were more
easily recognized in the lateral view (Fig. IB). Based on the diverted pattern of
the pulmonary vasculature, emphysemas could be classified into the panacinar type
with a cranialized vasculature, the centriacinar type with a caudalized vasculature
and the "increased markings" type with a centralized vasculature (Fig. 2) [4]. High
resolution CT (HRCT) scan was indeed useful in emphysema, distinguishing between panlobular, centrilobular and increased markings emphysemas (Fig. 3).

Fig. 1 A,B. Radiographic spectrum of pulmonary emphysema: overinflation, hyperlucency, attenuated and redistributed vascular markings, flattened diaphragm and "barrel chest" deformity.
A Posteroanterior chest in a 57-year-old woman with severe emphysema shows marked lung distension, increased translucency and attenuated markings. Note flattening and mild ventral inversion of hemidiaphragms {arrows). B Lateral view reveals increased anteroposterior chest diameter
with widened retrosternal space {thick arrows) and inverted hemidiaphragms {long arrows). The
thoracic spine is kyphotic, creating a classic "barrel chest" deformity
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Fig. 2 A-C. Vascular redistribution in three different types of lung emphysema. A Posteroanterior
chest in a 74-year-old man with panacinar emphysema shows cranialized vascular markings {arrowheads) with air trap in the lower lungs. B Posteroanterior chest in a 69-year-old man with
centriacinar emphysema shows caudalized vascular markings {arrowheads) with air trap in the upper lungs. C Posteroanterior chest in a 74-year-old man with "increased markings" type emphysema
shows centralized vascular markings in midlungs with diffuse air trap {arrowheads)

Fig. 3 A-D. High resolution (HR) CT and histologic findings of centriacinar and panacinar emphysemas. A HRCT section through the upper lung level in a 69-year-old man with pulmonary
emphysema shows markedly dilated, ruptured acini, denoting centriacinar emphysema (see Fig.
3C). B HRCT section through the midlung level shows dilated acini in panacinar emphysema (see
Fig. 3D). C Histology of centriacinar emphysema reveals expanded, destroyed and coalesced acini (a). D Histology of panacinar emphysema reveals dilated acini with relatively preserved architecture (a) and dilated respiratory bronchioli (RB)
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Chronic bronchitis. Diagnostic criteria were productive cough for months for
more than 2 consecutive years without wheezing or other lung diseases, normal
or slightly increased IgE and normal or slightly decreased FEV. Radiographic changes
included the "tram-line" shadow, the "bronchial cuff' sign, the "dirty lung" sign
and overinflation with vascular attenuation (Fig. 4), but these signs were not regularly seen. HRCT scan was very efficient in imaging thickened bronchial wall, the
characteristic change that underlies the tram-line and bronchial cuff signs (Fig. 5)
and bronchography demonstrated serrated appearance of the bronchial walls near
the hilum, indicating glandular hypertrophy (Fig. 6).

Fig. 4. Radiographic manifestations of chronic bronchitis. Posteroanterior chest in a 45-yearold man with bronchitis shows a classic "tram line" shadow of thickened bronchi in the right
medial basal lung (open arrows)
Fig. 5. CT scan manifestations of "tram line" and "bronchial cuff signs in chronic bronchitis.
Transverse CT section through the hilum level in a 27-year-old woman with chronic bronchitis
reveals thickened bronchi cut longitudinally (open arrow) and transsectionaJly (solid arrow), denoting
the "tram line" and "bronchial cuff signs, respectively

Fig. 6. Bronchographic demonstration of hypertrophic bronchial glands in chronic bronchitis. Anteroposterior bronchograph of the left lung shows "saw tooth" sign in the proximal, lingular bronchus, indicating hypertrophic glands (arrowheads)
Fig. 7. Radiographic manifestations of asthma. Posteroanterior chest in a 57-year-old man with
bronchial asthma in acute attack shows increased radiolucency with air trap in the lower lungs.
Vascular markings are attenuated and unseen in the periphery

Fig. 8. Radiographic manifestations of bronchiectasis. Posteroanterior chest in a 51-year-old woman
with productive cough shows multiple, small, cystic changes with thickened bronchial walls (arrowheads) and crowded vascular markings due to atelectasis in the lower lobes (arrows)
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Asthma. Typical symptoms and signs were paroxysms of dyspnea, cough and
wheezing. They were not to be associated with a cardiac disease. Clinically, asthma was either in attack, in remission or resistant [status asthmaticus]. Radiographic
alterations included hyperlucency and vascular attenuation (Fig. 7). During an attack and in resistant form, diaphragmatic flattening and retrosternal widening could
be seen. There had to be no other lung diseases.
Bronchiectasis. The basic clinical symptoms and signs in this condition were
productive cough with purulent or bloody sputum, chest pain and dyspnea. Radiographic alterations were bronchial dilatation, cystic formation and lung collapse,
typically in the middle and lower lobes (Fig. 8). Bronchography and HRCT scan
were confirmatory, demonstrating bronchial dilatation and obstruction, glandular
hypertrophy and lung collapse (Fig. 9).
Bronchia] obstruction. Only complete obstruction and marked bronchostenosis
were included in this series. It was either in the segmental, lobar or mainstem bronchi
and their causes were chronic inflammation, tuberculosis and tumour.The diagnosis was primarily based on the radiographic demonstration of obstruction in
the bronchus and/or lung collapse (Fig. 10) and on the conventional X-ray tomography, bronchoscopy or bronchography in some cases.
Overinflation or "compensatory emphysema". The condition was defined as
an excessive yet essentially reversible or deflatable inflation [not irreversible as in
true emphysema that has alveolar destruction] of alveolar spaces in compensation
for a decrease in or the loss of lung volume due to bronchial obstruction, pulmonary fibrosis, lung resection or fibrothorax. In many the condition was long-standing
and had associated COPD. The level of overinflation was segmental or lobar or
in a lung. Radiographic alterations included, in addition to bronchial obstruction
and the associated lung collapse, an increase in lung volume with hyperlucency and
attenuated vascular markings (Fig. 10). Evidence of either lung collapse, missing
lung or fibrothorax was present. CT scan was useful in detecting focal overinflation.
Miscellaneous diseases included acute pneumonia, tuberculosis, interstitial fibrosis,
diffuse panbronchiolitis, edema and primary and metastatic cancers.

Fig. 9 A,B- Bronchographic and CT scan manifestations of bronchiectasis. A Posteroanterior bronchograph in a 27-year-old woman shows irregularly dilated, clubbed bronchi in both middle and
lower lungs. The bronchi appear crowded due to atelectasis and bronchial glands hypettrophic
{arrowheads). B HRCT section through the lower lung level shows dilated, crowded bronchi in
the lower lungs {arrows) with some cystic changes on the left {arrowheads)
Fig. 10. Radiographic sign of bronchial obstruction. Posteroanterior chest in a 69-year-old man
with lung tuberculosis shows obstruction involving the right main stem bronchus {open arrow)
with ipsilateral lung collapse
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Scan Methods
Aerosol scan was performed according to the protocol provided, but with a minor
modification so that more radioactive counts could be accumulated at the expense
of a longer scan time. Each subject inhaled, in a resting tidal breathing state, submicronic aerosol of 99mTc phytate through a mask for 5 min in a sitting position
[1]. The radioactivity inhaled was approximately 3 mCi (111 MBq). Aerosol was
generated afresh each time by using a BARC nebulizer after the instillation of 15
mCi (555 MBq) of 99m Tc phytate. After gargling and rinsing the esophagus with
drinking water, scanning was performed with the subject lying on a scan couch,
in the anterior, posterior and both lateral positions. The examination was supplemented
by oblique views when necessary. A total of 600K counts was accumulated over
a period of 10 min per view. It was twice as much total counts as the recommended count of 300K. The aim of this increment in counts was to obtain aerosol scans
with improved image quality by maximally eliminating the background noise. The
sensitivity of detector was suppressed by setting the filter at the near baseline level.
The gamma cameras we used were Siemens Scintiview II (Model ZLC 7500S) and
Orbiter (Model 6601).

Observations on Scan Alterations
The following observations on scan alterations were made in terms of the grade
and pattern of the abnormal aerosol deposition in both the bronchial tree and alveolar air spaces. The abnormal deposition was increased in the bronchi and increased,
decreased or absent in the air spaces. Abnormalities were graded arbitrarily into
mild, moderate and marked. Altered bronchi were also assessed in terms of dilatation and obstruction. They were clubbed, bulbous or withered-bough-like in appearance when dilated.
Semiquantitative assessment of scan alterations was possible using the traditional
criteria: Grade I for the area of involvement less than 25% of the total lung, Grade
II between 25% and 50% and Grade HI more than 50%. However, we found it
more practical to grade the extent by vertically dividing the lung into the central,
middle and peripheral thirds by 2 laterally curved, equidistant lines drawn parallel
to the innermost aspect of the lateral chest wall. The central or parahilar zone included the mainstem and large bronchi in and about the hila, the middle zone the
medium-sized bronchi and the peripheral zone mainly the alveolar air spaces.
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Results
Normal scan. The aerosol deposition in normal lung without senile interstitial
change that may cause irregular deposition was essentially uniform, showing some
minor difference in intensity from segment to segment (Fig. 11). To be specific,
the apical (#1) and posterior (#3) segments of the upper lobes and the superior (#6)
and posterior basal (#10) segments of the lower lobes tended to have less aerosol
deposition apparently due to relatively inefficient respiratory movement, small volume
and probably also gravity. This could partly be remedied by inhaling aerosol in
a supine position. In contrast, the lower lungs [not necessarily the lower lobes] showed
prominent deposition as the result of the overlapping of the middle lobe or the
lingular division of the lower lobe in the anterior view and two lower lobes in the
lateral views. Aerosol deposition in lung bases was reduced in the posterior view
because of the small volume. Both the bulging, globular left lateral contour and
the relatively flat right lateral border of the heart [reversed in dextrocardia] were
clearly made out as photopenic indentations in the anterior view, whereas the middle lobe and lingular division were delineated as areas of reduced deposition due
to the cardiac impression and cardiac photon attenuation in the lateral views. The
aortic knuckle was also portrayed when elongated and prominent. Minimal aerosol
deposition in the trachea and mainstem bronchi was commonly observed.
Asymptomatic smokers. Aerosol deposition patterns in smoker's lung varied considerably according to the grade of alteration. In mild cases alveolar deposition was
rather uniform with minimal mottling and bronchial deposition as in normal controls (Fig. 12). But in severe cases it was rather irregular with patchy defects and
fairly prominent bronchial deposition, resembling chronic bronchitis (Fig. 13).
Fig. 11A-G. Normal aerosol deposition patterns on various lung scan views and excellent image
reproducibility. A-D Anterior, posterior, right lateral and left lateral views of the lung in a normal
nonsmoker show aerosol deposition to be generally uniform with reduced deposition in the peripheries where the lung is thin (top and bottom arrows), t and/denote the trachea and the gastric
fundus, respectively. Posterior view (B) shows slightly more deposition in the middle zone due
to a larger lung volume. Lateral views (C, D) show increased deposition in the lower lobes (ar-
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row). Note decreased deposition in the lingular division (/). E-G Serial scans of another asymptomatic nonsmoker's lung taken 30 min, 1 hr and 3 hr postinhalation show homogeneous deposition
throughout both lungs with reduced radioactivities in peripheries. /, 5, d denote the gastric fundus,
stomach body and duodenum, respectively. Note excellent reproducibility of three images
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Fig. 12 A,B- Smoker's lung [mild change]. A Anterior lung scan in a 30-year-old asymptomatic
man with a history of 5 pack year's smoking reveals very minimal bronchial deposition in the
left hilum (arrow). B Posterior lung scan reveals slightly more hilar deposition (arrows)

Fig. 13 A,B- Smoker's lung [moderate change]. A Anterior scan in a 46-year-old man with productive cough and a history of 1/3 pack/day smoking for 30 years reveals prominent, tracheobronchial deposition in both hilar regions (arrows). Note strong resemblance to chronic bronchitis which
can be the case. B Posterior lung scan reveals more prominent aerosol deposition (arrows)
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Emphysema. Aerosol lung scan alterations in the relatively fresh, pink puffer
type emphysema were characterized by prominent, patchy airspace defects in the
upper and mid lung fields and only mild bronchial deposition (Fig. 14). On the
other hand, in the long-standing, severe case with bronchiectatic complication bizarre aerosol deposition occurred in the bronchial tree, that was dilated irregularly
throughout the entire or greater portion of the lung (Fig. 15). The alveolar deposition was grossly inadequate. Typically, the bronchi were clubbed, bulbous or witheredbough-like in appearance. There seemed to exist a rough, inverse correlation between the radiographic severity of emphysema and defective airspace deposition:
the more severe the emphysemic change the less was the alveolar deposition and
vice versa. It was also noted that the parahilar bronchial deposition tended to spread
outward as the radiographically assessed severity of disease process increased. Interestingly, the aerosol deposition appeared to variously divert according to the type
of emphysema. It tended to divert cranially in the panacinar type (Fig. 15A), caudally in the centriacinar type (Fig. 15B) and more or less centrally in the increasedmarkings type (Fig. 15C). As a whole, the deposition defects in the peripheries
were marked so that accurate assessment of the size and contour of the lung was
hardly possible. By the use of our modified method of observation it was noted
that the peripheral [air space] deposition was inversely proportional to the central
[bronchial] deposition: the more severe the central deposition the less was the peripheral deposition and vice versa (Figs. 14,15). Aerosol scan was found to be useful
in correctly indentifying "pseudoemphysema" in asthenic subjects. Radiographically, the condition resemble emphysema with apparently "expanded and hyperlucent lungs" and low positioned diaphragm. The clinical situation was made a bit
complicated when the subject complained of cough and expectoration, but the aerosol scan in the asthenic lung with "pseudoemphysema" was of course completely
normal (Fig. 16).
Chronic bronchitis. Chronic bronchitis in this series was mostly simple and uncomplicated, but in some it was complicated with "asthmatic" episodes. Many
showed the "tram-line" shadow, bronchial cuff sign and/or "dirty lung" appearance in the radiography (Fig. 4). These signs were very efficiently depicted by HRCT
scan (Fig. 5). The aerosol scan alterations in simple chronic bronchitis were characterized by mild spotty or arboriform aerosol deposits in the central bronchi about
the hilum (Fig. 17). Characteristically, they were seen against relatively homogeneous
deposition in air spaces. Such a deposition pattern was similar to that in asymptomatic smoker's lung (Figs. 12, 13). With increase in the severity of bronchitis, bronchial deposition appeared to spread outward, producing classic arboriform pattern
(Fig. 18). In addition, the airspace deposition became inhomogeneous with mottled
Fig. 15 A-C. Radiographic and aerosol scan alterations in three different types of emphysema. •
A Posteroanterior chest in a 74-year-old man with severe panacinar (lobular) emphysema shows
cranialized vascular markings (arrowheads) with air trap in the lower zones. Inset a, b Anterior
and posterior lung scans reveal intense aerosol deposition in dilated central bronchi (arrows) and
peripheral defects in the lower zones. Note cranialized bronchial deposition

Fig. 14. Radiographic and aerosol scan alterations in pinkpuffer emphysema. Posteroanterior chest
in a 62-year-old man with emphysema shows oligemia and increased radiolucency in the upper
lungs with caudalized vascular markings. Inset a, b Anterior and posterior lung scans reveal conspicuous airspace defects in both upper lungs (arrows) and mild, perihilar, bronchial deposition
(arrowheads). Note "broomstick" sign in the Jung bases (open arrows)

Fig. 15 A-C
Continued
B B Posteroanterior
chest in a 68-year-old man with centriacinar (lobular) emphysema shows caudalized vascular markings
{arrowheads) with marked air trap in the upper zones. Inset Anterior lung scan shows grossly
inadequate airspace deposition especially in the upper zones and prominent aerosol deposition in
dilated lower lobe bronchi {arrows). Note caudalized bronchial deposition. C Posteroanterior chest
in a 67-year-old man with increased "vascular markings" type emphysema shows generalized lung
overinflation with centralized vascular markings {arrowheads). Inset a, b Anterior and posterior
lung scans show extremely intense aerosol deposition in the entire airways with defective airspace
deposition. Note centralized bronchial deposition

Fig. 16. Pseudoemphysema with normal aerosol scan. Posteroanterior chest in a 31-year-old, asymptomatic man with many years' history of smoking shows "overinflated" lung with increased height
and low hemidiaphragms, mimicking pulmonary emphysema. Inset a, b Anterior and posterior
lung scans reveal normal aerosol deposition with only minimal, perihilar, bronchial deposition,
representing smoker's lung change. Clearly, there is no scan evidence of emphysema

Fig. 17 A-D. Aerosol lung scan alterations in chronic bronchitis [mild change]. Anterior (A), posterior (B), right lateral (C) and left lateral (D) lung scans reveal minimal, perihilar, bronchial deposition with irregular airspace deposition. Lung apices show reduced deposition {arrowheads)
Fig. 18 A-D. Aerosol lung scan alterations in chronic bronchitis [relatively prominent change].
Anterior (A), posterior (B), right lateral (C) and left lateral (D) lung scans show diffuse bronchial
deposition in the central zones {arrows). Scattered airspace defects are seen {arrowheads)
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defects. Frequently, a peculiar, wornout broomstick-like deposition was portrayed
in the lung base, probably denoting bronchial narrowing and dilatation (Fig. 19).
Of importance, the abnormal bronchial deposition and the "broomstick" sign were
delineated only or more clearly in the posterior and lateral views (Fig. 20). When
complicated by asthma the aerosol deposition pattern became modifie'd. In simple
cases the bronchial deposition, which was mild, occurred in the central zone with
the peripheral lung pattern being relatively preserved. But, in complicated cases
the bronchial deposition became prominent and the peripheral lung showed patchy
defects.
As in emphysema, the scan changes in chronic bronchitis were graded for a semiquantitative evaluation, and a linear correlation was noted to exist between the aerosol scan change and radiographic altertation. Nevertheless, discrepancy was not
rare. For example, there were patients with bronchographic glandular hypertrophy
whose scan was normal. Conversely, plain chest radiographs were often normal
in those with a positive scan. On the whole, the aerosol scan changes in chronic
bronchitis were definitely milder and "better looking" than that in emphysema.
Asthma. The aerosol deposition pattern in asthmatics varied according to the stage
and type of the disease. During paroxysmal attack of relatively fresh asthma without
complicating COPD, the scan alteration was characterized by irregularly scattered,
patchy airspace defects with little or no bronchial deposition (Fig. 21). In the relatively severe form of chronic asthma with COPD the bronchial deposition became
a significant feature of the scan, much like in established bronchitis (Figs. 22, 23).
The aerosol deposition pattern in the resistant form [status asthmaticus] was virtually the same as that in severe emphysema (Fig. 24). Thus, dilated bronchi with clubbed
or withered-bough-like appearance were seen in the medial two thirds of the lung.
The peripheral deposition was grossly inadequate. On occasion, the peculiar,
bromstick-like bronchial deposition seen in bronchitis was observed in the basal lung,
classically in the posterior view. With remission, usually effected by medication,
the bronchial deposition became rapidly less, and at the same time the defective,
peripheral deposition resumed near normal pattern (Fig. 25). As expected, our study
confirmed the efficacy and usefulness of aerosol scan in assessing dramatic amelioration of bronchospasm in asthma after the use of bronchodilators.

B
Fig. 19 A-D. Chronic bronchitis with "broomstick" sign. Anterior (A) and posterior (B) lung scans
in a 46-year-old man with chronic bronchitis show moderate bronchial deposition in central zones
(arrows) with some peripheral deposition defects. Posterior view demonstrates a classic "broomstick" sign in the right lung base (open arrows)
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Fig. 20. "Broomstick" sign in chronic bronchitis. Posterior lung scan in a 61-year-old woman
with chronic bronchitis shows typical "broomstick" sign in both lung bases {open arrows). The
sign consists of "hot" dilated bronchi and intervening photopenic stripes. Note prominent, perihilar, bronchial deposition due to chronic bronchitis {arrows)
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Fig. 21 A-D. Aerosol lung scan alterations in bronchial asthma during attack [fresh case]. Anterior (A), posterior (B), right lateral (C) and left lateral (D) lung scans in a 42-year-old man with
asthma of recent onset show patchy airspace defects scattered irregularly in both lungs with little
bronchial deposition
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Fig. 22 A-D. Aerosol lung scan alterations in bronchial asthma with COPD [relatively severe case].
Anterior (A), posterior (B), right lateral (C) and left lateral (D) lung scans in a 57-year-old man
show patchy airspace defects in peripheries (arrowheads) and moderate bronchial deposition (arrows)
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Fig. 23 A-D. Aerosol lung scan alterations in severe bronchial asthma with COPD. Anterior (A),
posterior (B), right lateral (C) and left lateral (D) lung scans in a 44-year-old man with long-standing
asthma show very intense aerosol deposition in dilated central bronchi (arrows) and peripheral
airspace defects (arrowheads)
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Fig. 24 A-D. Aerosol lung scan alterations in status asthmaticus. Anterior (A), posterior (B), right
lateral (C) and left lateral (D) lung scans in a 22-year-old woman with resistant asthma show prominent aerosol deposition in dilated bronchi throughout both lungs with grossly reduced airspace deposition. The scan changes are practically indistinguishable from those of emphysema

B

Fig. 25 A-D. Aerosol lung scan alterations in severe bronchial asthma during an attack and after
bronchodilator treatment. A, B Anterior and posterior lung scans in a 70-year-old man with longstanding bronchial asthma during an attack show intense aerosol deposition in dilated tracheobronchial tree (arrows). Note grossly inadequate airspace deposition. C, D Anterior and posterior lung
scans following the use of bronchodilators show remarkable improvement of scan alterations with
much normalized airspace deposition
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Bronchiectasis. Aerosol deposition in bronchiectasis seemed to depend on the
type and severity of pathological process and the extent or grade of lung collapse.
The scan alterations in milder cases were characterized by intense aerosol deposition in the dilated lower lung bronchi (Fig. 26), indistinguishable from those of
severe bronchitis (Figs. 19, 20) and relatively mild asthma (Fig. 22). On the other
hand, in more severe cases the dilated bronchi were imaged as withered-boughlike, globular or saccular structures (Fig. 27), simulating severe emphysema (Fig.
15) or resistant asthma (Fig. 24), but again with a strong predilection for the lower
lung. The aerosol deposition was completely absent in the collpased lung. In some
patients with bronchiectasis involving the lower lobes, in particular the retrocardiac
portion of the left lower lobe, the aerosol scan change was obvious, while radiographic alteration was only suspicious or subtle (Fig. 28).

Fig. 26. Aerosol lung scan alterations in bronchiectasis. Posteroanterior chest in a 23-year-old
man with tubular bronchiectasis in both lower lungs shows irregularly dilated bronchi with thickened walls and atelectasis in both lower lobes medially (arrowheads). Inset a, b Anterior and posterior
lung scans reveal moderate aerosol deposition in irregularly dilated bronchi of the lower lobes (arrows) and a left basal scan defect due to atelectasis (arrowheads)

Fig. 27. Aerosol lung scan alterations in severe bronchiectasis. Posteroanterior chest in a 45-yearold man with cystic bronchiectasis shows extensive, variously sized, cystic shadows with air fluid
levels in some. Inset a, b Anterior and posterior lung scans reveal intense aerosol deposition in
irregularly dilated bronchi along with multiple airspace deposition defects
Fig. 28. Obvious aerosol scan change in radiographically subtle bronchiectasis in the retrocardiac
region. Posteroanterior chest in a 31-year-old man with rather subtle bronchiectasis in the left lower lobe (arrowheads). The change is obscured by the overlying heart shadow. Inset Posterior lung
scan reveals prominent aerosol deposition in the dilated left lower lobe bronchi, clearly indicating
bronchiectasis (arrows)
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Bronchial obstruction. Bronchial obstruction or stenosis at the segmental or more
proximal level could clearly be indicated by the peculiar, intense aerosol deposition
in a patent, prestenotic bronchus (Figs. 29, 30). Characteristically, it was accompanied by the photopenic defect of overinflated or conversely collapsed lung. Such
a bronchus was typically dilated moderately, giving rise to clubbed appearance. When
a mainstem bronchus was the site of obstruction the clubbing shifted to the trachea
and the contralateral mainstem bronchus (Fig. 31). The aerosol scan could point
accurately to the bronchial obstruction that was completely hidden behind the heart
shadow or masked by the overinflated lung in radiographs (Fig. 32). It was also
useful in' the diagnosis of pneumonia-like opacity of collapsed lung caused by segmental bronchial obstruction, which can not readily be recognized as such radiographically (Fig. 33).

Fig. 29. Aerosol scan sign of bronchial obstruction. Posteroanterior chest in a 56-year-old man
with chronic tuberculosis shows the collapse of the left upper lobe with resultant dislocation of
the trachea, aorta and hilum (arrowheads). Inset a, b Anterior and posterior lung scans reveal
large airspace deposition defects in both upper lobes {arrowheads). The main stem bronchi are
retracted cranially and occluded, showing prestenotic aerosol deposition (arrows)
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Fig. 30. Aerosol scan alterations in bronchial stenosis. Anterior oblique view of right bronchography shows narrowing of the proximal lower lobe bronchus with associated lung collapse (arrows,
arrowheads). Inset Anterior lung scan reveals obstructed bronchus with classic prestenotic aerosol
deposition sign (arrow) and scan defect in the collapsed lung (arrowheads)
Fig. 31. Obstruction of the main stem bronchus. Posteroanterior chest in a 69-year-old man with
advanced tuberculosis with bronchial obstruction shows abrupt termination of the tracheobronchial
air column at the right main stem level (open arrow). Inset Anterior lung scan reveals marked
aerosol deposition in the dilated trachea and left bronchus with right main stem obstruction (arrow). Note the occurrence of the prestenotic aerosol deposition sign on the opposite side

Fig. 32. The prestenotic aerosol deposition sign in obscure bronchial obstruction. Posteroanterior
chest in a 31-year-old man with right lower lobe collapse shows a paracardiac, triangular opacity
through the heart shadow {arrowheads). Note also the upper mediastinal sign of lower lobe collapse (arrow). Inset Posterior lung scan reveals classic prestenotic aerosol deposition sign in the
right lower lobe bronchus that is obstructed (arrow)
Fig. 33. The prestenotic aerosol deposition sign in segmental bronchial obstruction. Posteroanterior chest in a 61-year-old woman shows homogeneous opacity in the right lower lung, producing
the cardiac silhouette sign (arrowheads). The opacity is blurred by the overlying breast shadow.
Inset a, b Anterior and right lateral lung scans reveal prestenotic aerosol deposition in the middle
lobe bronchus (arrows). Distal lung is photopenic due to collapse. An area of increased aerosol
deposition is seen in the adjacent basal segment, denoting air trap (arrowheads)

a
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Overinflation or compensatory emphysema. Overinflation was either simple
or complicated with COPD. Etiologically, the great majority of cases were related
with bronchial obstruction and lung collapse and some with focal pulmonary fibrosis or diffuse fibrothorax. The aerosol deposition pattern in the overinflated lung
was characteristically uniform, but the intensity was variable according to the size
of the lung overinflated or conversely collapsed. Thus, it appeared normal when
the lung collapse was lobar or segmental (Fig. 34), increased when the collapse
was large- or multi-lobar (Fig. 35) and decreased when the collapse was more extensive, e.g. one whole lung (Fig. 31). Little or no bronchial deposition was present
in the overinflated lung without COPD, but the lung with COPD showed bronchial
deposition, the degrees of which varied according to the type and severity of the
disease. The overinflated lung with chronic bronchitis showed minimal bronchial
deposition (Fig. 34), whereas the overinflated lung with severe COPD demonstrated bizarre bronchial deposition with grossly defective airspace deposition (Fig. 31).
The bronchial obstruction responsible for overinflation was often indicated clearly
by the aerosol deposited in a dilated, prestenotic bronchus (Fig. 34). We studied
2 cases of compensatory overinflation occurring in one whole lung as a result of
fibrothorax with restrictive lung collapse in the contralateral hemithorax. The aerosol deposition was homogeneously increased in airspaces but no deposition was seen
in the bronchi (Fig. 36). Typically, the lung in the fibrosed hemithorax was constricted and small. With marked overinflation of one lung, its medial portion herniated into the collapsed hemithorax through the anterior mediastinal space.
Fig. 34. Normal or near-normal aerosol
deposition pattern in lobar overinflation.
Posteroanterior chest in a 57-year-old
man with tuberculosis in the right upper
lobe shows atelectasis (a) and compensatory overinflation of the remaining
lung (arrowheads). Inset Anterior lung
scan reveals a large photopenic defect
in the collapsed right upper lobe
(arrowheads) and almost normal aerosol
deposition in the
overinflated lung.
Note the classic
prestenotic aerosol
deposition sign in the
right upper lobe
bronchus that is
obstructed (arrow)
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Fig. 35. Increased aerosol deposition in the overinflation of one whole lung. Posteroanterior chest
in a 68-year-old man shows marked overinflation of the entire right lung in compensation for left
lung collapse. Inset Anterior lung scan reveals increased deposition in the overinflated right lung
and decreased deposition in the collapsed left lung. Note intense tracheal aerosol deposition, the
prestenotic sign (arrow)
Fig. 36. Diminished aerosol deposition in passive atelectasis due to fibrothorax. Posteroanterior
chest in a 43-year-old man with diffuse pleural thickening in the right hemithorax shows pulmonary contraction, pleural thickening (arrowheads) and diaphragmatic elevation (open arrow). The
left lung appears overinflated. Inset Anterior lung scan reveals decreased aerosol deposition in
the contracted right lung (arrowheads) and increased deposition in the overinflated left lung
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Acute pneumonia. Segmental or lobar pneumonia with classic, radiographic lung
consolidation was indicated by photopenic defect (Figs. 37, 38). Understandably,
the consolidation in a posteriorly located segment such as the posterior segment
of the upper lobe and the superior segment and posterior basal segment of the lower lobe was better portrayed in the posterior view (Figs. 37. 38). Because of the
overlapping of two lungs, the lateral views were usually not as useful as the anterior or posterior view. There were patchy areas of decreased aerosol deposition in
the remaining ipsilateral lung, suggesting bronchospasm or mucous obstruction related
to pneumonia.

Fig. 37. Aerosol scan alteration in small, segmental pneumonia. Posteroanterior radiograph of the
right lower lung in a 39-year-old woman with an acute segmental pneumonia shows homogeneous
opacity in the central lung base {arrows). Inset Posterior lung scan reveals a well demarcated photopenic defect in the consolidated lateral basal segment {open arrow)
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Fig. 38. Aerosol scan alteration in another
segmental pneumonia. Posteroanterior
radiograph of the right lung in a 67-yearold woman with pneumonia in the superior
segment of the right lower lobe near hilum
shows a homogeneous opacity (arrow).
Inset a, b Posterior and right lateral lung
scans show well defined scan defect in the
superior segment of the right lower lobe
{open arrow)
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Tuberculosis. The spectrum of pulmonary tuberculosis was variable indeed, ranging from local pneumonia-like type with lung consolidation to chronic type with
irregular fibrocystic, cavitary and atelectatic changes. The scan change in the former type was simple photopenic defect, whereas the changes were bizarre in the latter type, showing clubbed or withered-bough-like bronchi with grossly defective
peripheral deposition as in severe emphysema or bronchiectasis (Fig. 39). It was
impressive that rather minimal, old, fibrocalcific tuberculosis was portayed as an
obvious "cold" defect (Fig. 40).

Fig. 39. Aerosol scan alteration in fibrocystic, cavitary, atelectatic tuberculosis. Posteroanterior
chest in a 65-year-old man with tuberculosis shows fibrosis, cysts and cavities with atelectasis in
both upper lobes (arrows). Both hila are shifted cranially due to atelectasis. Inset a, b Anterior
and posterior lung scans show large aerosol deposition defects in the upper zones bilaterally. Moderate, bronchial deposition can be seen in irregularly dilated, central bronchi. Note the mismatch
between radiographic and scintigraphic findings and the coexistence of deposition defects and bizarre bronchial deposition
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Fig. 40. Radiographic and scintigraphic mismatch in fibrocalcific tuberculosis. Posteroanterior chest
in a 26-year-old man shows minimal calcified tuberculosis foci in the left parascapular region (arrowheads) and massive collapse of the right upper lobe with cystic change (arrows). Inset a, b
Anterior and posterior lung scans reveal a large defect in the collapsed right upper lobe as anticipated (open arrows) and another prominent photopenic defect in the contralateral parascapular region
(arrowheads). Note the prominence of the scan defect compared to trivial radiographic foci

Pulmonary fibrosis. Pulmonary fibrosis was either localized or diffuse. Radiographically, it was characterized by linear, reticular and granular interstitial or perivascular shadows with obliteration of vessels. We performed scans in several patients
with localized and diffuse pulmonary fibrosis. One case with minimal, focal fibrosis in the posterior aspect of the left upper lobe showed a small but distinct segmental aerosol defect that was as much clear in appearance as the radiographic finding,
attesting to the usefulness and sensitivity of aerosol scan in the study of regional
ventilation in even small, focal pulmonary fibrosis (Fig. 41). No bronchial deposition was seen. The other case with extensive, diffuse fibrosis revealed multiple,
patchy, nonsegmental photon defects but again with little bronchial deposition (Fig.
42). It seemed that the bronchial deposition is inconsequential in this condition regardless of the severity of pathology, an important differential point from COPD. The
main pulmonary arteries dilated due to pulmonary hypertension in the latter case
were imaged as photopenic defects in the hila.

Fig. 41 A-E. Aerosol scan alterations in diffuse idiopathic pulmonary fibrosis. A Posteroanterior
chest of a 67-year-old man with diffuse interstitial fibrosis shows extensive linear, nodular, coarsely
reticular shadows in the entire lung fields. B-E Anterior, posterior and both lateral lung scans reveal patchy photopenic defects with little bronchial deposition. Note relatively well preserved scan
pattern in the presence of overt radiographic alterations, distinguishing from COPD

Fig. 42. Aerosol scan alterations in another case of diffuse pulmonary fibrosis. Posteroanterior
chest of 47-year-old man with idiopathic interstitial fibrosis shows linear, nodular, reticular and
mottled shadows in both lungs. Inset Anterior lung scan shows remarkably well preserved aerosol
deposition pattern with borderline hilar deposition (arrowheads), g denotes gastric fundus
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Diffuse panbronchiolitis. This is a relatively new entity, clinically manifesting
productive cough and exertional dyspnea like COPD. The disease is progressive
in nature and not infrequently fatal in outcome. The radiographic manifestations
included small nodular and mottled densities diffusely scattered throughout both lungs
with some air trapping and occasional cor pulmonale (Fig. 43). The role of high
resolution CT was decisive in making the diagnosis. Characteristically, it demonstrates centrilobular nodules and branched linear shadows of attenuation in the
peripheral lung (Fig. 43). We performed aerosol lung scans in 2 cases with this
disease, and could observe moderately severe, nonsegmental, airspace defects, resembling uncomplicated asthma and diffuse pulmonary fibrosis. In addition and importantly, there were seen fairly intense aerosol deposition in the bronchi in the middle
and peripheral lungs (Fig. 43). Unlike the central localization of the bronchial changes
in COPD, middle and peripheral localization of the airway changes appeared to
be typical of this condition.
Lung edema. Radiographically, edema manifested homogeneous lung opacification due to airspace consolidation, typically in the lower two thirds of the lung.
The lung edema of cardiac or renal origin was attended by cardiomegaly (Fig. 44).
Aeorsol scan showed photon defects in the lung periphery which corresponded to
the lung opacities shown in radiograph when they were larger than a segment in
size (Fig. 44). The aerosol scan in 2 cases showed extremely intense aerosol depositon
in the trachea and the main stem bronchi. In one of them an aerosol scan was made
before sudden development of lung edema, and the scan revealed the tracheobronchial tree to be completely free from such deposition, implying that the subsequent
deposition was due to congestive failure (Fig. 45).
Bronchogenic carcinoma. The tumour in the peripheral lung having a sufficient
dimension, say a few cm or larger, with patent bronchi about it could be depicted
as a well demarcated photopenic defect (Fig. 46). More often than not, however,
because of its bronchial origin, the bronchogenic carcinoma in the central lung tended
to occlude the bronchus at a relatively early stage, readily causing either lung emphysema or collapse. Scintigraphically, such a tumour could not be portrayed as
separate mass even when radiographically obvious. Instead, the entire complex of
the tumour and either emphysemic or collapsed lung was delineated as a single photopenic defect that was much larger in size than each component disease (Figs. 47,
48). The aerosol scan was able to indirectly but clearly indicate bronchial stenosis
with local obstructive emphysema or colllapse, a clinical situation that is not always
easy to assess by radiography (Figs. 47, 48). Thus, on the one hand the emphysema produced by check-valve type bronchial obstruction was radiographically "well
aerated", but was paradoxically photopenic in the scan (Fig. 47). On the other hand,
as in bronchostenosis of other causes, the stenosis was indicated by the aerosol intensely deposited in a prestenotic bronchus (Fig. 48).

Fig. 43 A-D. Aerosol scan alterations in diffuse panbronchiolitis (DPB). A Posteroanterior chest
in a 57-year-old man with DPB shows extensive fibrocystic, nodular and emphysematous changes
in both lungs. B High resolution CT section through the midlung reveals the classic findings of
thickened bronchioli, branching pattern and peripheral atelectasis in the transitional lung zone. C,
D Anterior and posterior lung scans portray irregular aerosol deposition in the middle and outer
zone. In addition, patchy peripheral defects are seen. Note the difference in the site of main pathology
between DPB (transitional zone) and COPD (central and intermediate zone)

Fig. 44. Aerosol scan alterations in pulmonary edema. Posteroanterior chest in 62-year-old woman with acute pulmonary edema shows confluent, patchy densities in both lungs (arrowheads) and
moderate cardiomegaly with prominent hilar vessels. Inset Anterior lung scan reveals diminished
aerosol deposition in the peripheries of the lower lungs (arrowheads) and increased deposition in
the central area. Note prominent aerosol deposition in the trachea and proximal bronchi (arrowheads)
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Fig. 45 A-D. Sudden appearance of intense tracheobronchial aerosol deposition in acute pulmonary edema. A, B Anterior and posterior lung scans obtained before the onset of acute pulmonary
edema show a normal aerosol deposition pattern. Note enlarged heart (arrowheads). C, D Anterior and posterior lung scans taken shortly after sudden development of pulmonary edema portray
very intense aerosol deposition in the trachea and central bronchi (arrows) with perturbed peripheral
deposition

A
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Fig. 46 A-C. Mismatch between aerosol and perfusion scan alterations in bronchogenic cancer.
A Posteroanterior radiograph of right upper lung in a 62-year-old man with bronchogenic carcinoma shows a large, ovoid tumor mass with marked regional pleural thickening and rib destruction
(arrowheads). B Anterior aerosol scan portrays well defined tumor defect (arrowheads). The medial
portion shows some deposition. C Perfusion scan reveals the defect to be more extensive involving
the whole lobe (arrowheads)
Fig. 48 A-C. The prestenotic aerosol deposition sign in radiographically invisible bronchostenosis. A Posteroanterior chest in a 69-year-old man with right hilar cancer shows a tumor mass about
the hilum (arrows). Peripheral lung appears normally aerated and bronchial stenosis is not seen.
B CT scan through the tumor center reveals narrowed bronchus with encircling mass (open arrow). C Anterior lung scan reveals large aerosol deposition defects in both upper and middle lobes
(arrows). The stenosis is clearly indicated by the prestenotic aerosol deposition sign in the main
stem bronchus. Note obvious disparity between radiographic and scan findings

Fig. 47. Bronchogenic carcinoma with lung collapse. Posteroanterior chest in a 69-year-old man
with lung cancer and associated ateiectasis shows a mass in the left suprahilar region (mass) with
homogeneous density with cranially concave lateral border in the left upper lobe, the " S " sign
(arrowheads). Inset a, b Anterior and posterior lung scans reveal large, photopenic defect involving the entire left upper lobe with the prestenotic aerosol deposition sign of bronchial obstruction
(arrows)
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a
Fig. 49. Aerosol scan manifestations of metastatic lung cancer. Posteroanterior chest in a 42-yearold man with extensive "cannon ball" metastases from hepatoma shows multiple, variously sized,
roundish tumors. Inset a, b Anterior and posterior lung scans portray many, well-defined, roundish defects
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Metastatic lung cancer. The metastatic tumours of the lung, measuring a few
cm or more in size, were seen as photopenic masses (Fig. 49). Smaller metastatic
tumours could not be visulalized by this means.

Discussion
Normal and asymptomatic smoker's lung. The aerosol deposition in the alveolar air spaces was indeed uniform throughout the entire lung fields in the normal nonsmokers (Fig. 11). However in a small fraction of cases insignificant, focal
defect was noted. The defects tended to occur in the apical segments of the upper
lobes and the superior and posterior-basal segments of the lower lobes, presumably
due to the combined effects of gravity and their small lung volume and relatively
restricted respiratory movement. In contrast, the smoker's lung demonstrated minimal,
patchy airspace defects with mild to moderate bronchial deposition, denoting bronchitis, an anticipated scan manifestation of the smoker's lung (Figs. 12, 13). We
found that the aerosol scanning is suited for the study of not only the parenchymal
air spaces but also importantly the airways. An excellent ventilation scan study on
both normal life-long nonsmokers and smokers has been published by Barter et al
[8]. Instead of aerosol, they used 81mKr gas which is excellent for the airspace scan
but not for the bronchial scan. Their study clearly showed the uniformity of the
airspace scan pattern in 46 carefully recruited nonsmokers with minimal and focal
defects in 3, but significant scan defects in 19 (41%) of 46 current smokers. The
bronchial tree could not be assessed by their method.
Emphysema is defined as permanent abnormal distension of the air spaces distal
to the terminal bronchioles accompanied by the destruction of alveolar septa, and
without obvious fibrosis [3,9]. Histological characteristics of emphysema include
irreversible destruction and distension of the terminal air spaces with marked increase in airway resistance. The radiographic manifestations in well established cases
include overinflation and hyperlucency of the lung with reduced, attenuated vascular markings and flattened or ventrally retroverted diaphragm (Fig. 1). In the lateral view, widened retrosternal space and kyphotic thoracic spine produce the "barrel
chest" deformity (Fig 1). When severe, the inflated lungs encroach upon both sides
of the heart. With the development of lung hypertension the hilar vessels become
dilated, protruding into the lung. As described by Heitzman [4] pulmonary emphysema can be classified into 3 categories according to the diversion pattern of
the vasculature; the panacinar [panlobular] type with cranial diversion (Fig. 2A),
the centriacinar [centrilobular] type with caudal diversion (Fig. 2B) and the "increasedmarkings" type with central diversion (Fig. 2C).
An early description of the aerosol scan changes in various categories of COPD
was published in 1970 by Isawa et al [10] and several years later Alderson et al
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[11] provided clinical data on the sensitivity of 133Xe ventilation scan that was much
higher than that of radiography in obstructive pulmonary disease. Recently, an extensive study on COPD using 81mKr was presented by Lavender and Finn [12].
The first of the above mentioned groups keenly observed that aerosol tended to deposit
in the central zone [bronchi] in emphysema and in the peripheral zone [air spaces]
in bronchitis. Our observation clearly confirmed the characteristic scan feature of
emsphysema they described, i.e. the conspicuous bronchial deposition. However
the aerosol scan changes of chronic bronchitis we noted were not in complete agreement with theirs as will be described below. In addition, our experience revealed
anew that affected bronchi in emphysema were typically clubbed, bulbous or witheredbough-like in appearance, and such alterations appeared to progressively spread to
the periphery with increasing severity of emphysema. The scan manifestation in
relatively mild case was characterized by patchy defects in the periphery with minimal
bronchial deposition, indeed resembling bronchitis (Fig. 14). The finding was much
similar to that of the 81mKr scan published by Lavender and Finn [12]. It is
however to be emphasized that their radiogas scan did not provide any information
regarding the bronchial tree. The scan alterations frequently overlapped not only
in emphysema and chronic bronchitis but in all four types of COPD. Yet, the aerosol scan pattern in classic emphysema was characteristic enough to indicate the
diagnosis. The large and medium sized, dilated bronchi in emphysema were
portrayed with intense aerosol deposition, and such bronchi showed deviated distribution patterns in the lung depending on the type of the disease, an exact mirror
image of the radiographic vasculature diversion. Thus, it was noted that the bronchial deposition tended to shift cranially in the panacinar emphysema (Fig. 15A),
while it moved caudally in the cenrriacinar emphysema (Fig. 15B). In the third type
with increased markings, the bronchi were localized more or less in the midlung
field (Fig. 15C). A plausible account is that, like the pulmonary blood flow, the
aerosol ingress in the overinflated lung may be facilitated through the airways that
are less resistant. Also it seemed that the intense aerosol deposition in the dilated
bronchi in this condition was largely structural, i.e. bronchiectatic. Interestingly,
Cunningham and Lavender have also noted a "basal distribution of regional defects
in panacinar emphysema" in 81mKr inhalation scan [13].
Chronic bronchitis is defined as a condition associated with excessive tracheobronchial mucus production, causing cough and expectoration [9,14]. The majority of
the cases we studied was simple chronic bronchitis without complication. Clinically, however, some of the cases had "wheezing" [15]. As anticipated chest radiography did play only an ancillary role in the diagnosis of chronic bronchitis [16,17].
Nevertheless, the well-known radiographic signs of chronic bronchitis such as the
"tram-line" shadow, the bronchial cuff and the "dirty lung" were seen in some
patients and air trapping with increased radiolucency and oligemia in others (Fig.
4) [4,17-19]. In still others the diagnosis was established by HRCT (Fig. 5) or bron-
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chography that demonstrated the classic serrated appearance of hypertrophied glands
in the bronchial wall (Fig. 6).
The high sensitivity of aerosol scan in the detection of mild peripheral air trapping in COPD has been described by Alderson et al in 1974 [11]. Our experience
confirmed that aerosol scan is a sensitive indicator of bronchitis and the bronchitic
changes related to cigarette smoking. Thus, abnormal aerosol deposition occurred
not infrequently in the parahilar bronchi in the absence of radiographic abnormality. The aerosol deposition in relatively mild cases was in the central bronchi and
spotty (Fig. 17) and was arboriform in the middle and peripheral bronchi in severe
cases (Fig. 18). In general, mild bronchial deposition was seen in association with
relatively normal air space deposition, whereas prominent bronchial deposition was
seen in association with airspace defects. Occasionally, the "wornout broomstick"
sign was portrayed in the basal lung (Figs. 19, 20). The sign was composed of
"cold" and "hot" streaks, probably reflecting the spastic and dilated bronchi, respectively. Typically, the streaks appeared to be stretched out, imperceptibly blending
into patchy photon defects in the periphery. The sign seemed to be seen in those
with relatively severe scan alterations.
The chronic bronchitics having atypical "wheeze" showed fairly intense aerosol
deposition in the central bronchi that were mildly dilated as well as patchy airspace
defects (Fig. 18). The changes were indeed indistinguishable from those of asthma
(see below). The discrepancy between the radiographic changes and lung scan alterations was not rare.
Asthma is characterized by widespread, reversible, spastic narrowing of the airways in increased response to various stimuli. Clinically, the condition manifests
with paroxysms of dyspnea, wheezing and cough. The disease may be in attack,
in remission or resistant defying treatment [status asthmaticus]. It must not be associated with cardiovascular diseases. The severity of bronchial spasm may change
rapidly over a short period of time spontaneously or in response to bronchodilator
[9]. Pathologically, respiratory epithelial cells may appear in sputum. The paraffin
sections of asthmatic sputum has been shown to contain Curschmann's spirals, which
are basically formed with nonmucoid elements [20]. The chest radiograph may reveal
air trapping that is diffuse in nature (Fig. 7). The lung vessels are attenuated and
the diaphragm may be depressed, but such changes are not regularly seen [21].
The chest radiography is mandatory because it is the most efficient means to exclude pulmonary or cardiac diseases that may clinically simulate asthma.
According to Lavender and Finn [22] the aerosol deposition pattern in asthma
is characterized by a well-defined, lobar or segmental defect with or without perfusion. Our observation confirmed their finding of a segmental or lobar defect in some
cases, but on the whole the deposition patterns in asthma were much complicated
according to the stage, chronicity and severity of the disease. In the relatively fresh,
"uncomplicated" cases without bronchitis or emphysema, the aerosol deposition
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pattern during an attack was simply characterized by irregular, patchy, nonsegmental,
airspace defects scattered throughout the entire lung field, especially in the upper
zones (Fig. 21). With bronchial complications, asthma showed bronchial deposition: in asthma with bronchitis it was confined to the central bronchi and spotty
in appearance (Fig. 22), whereas in asthma with emphysema it was distributed in
the central and middle bronchi and withered-bough-like in appearance (Fig. 23).
In the advanced or resistant asthma the bronchi became grossly dilated and distorted, manifesting very bizarre deposition (Fig. 24). Unlike the radiogas [113Xe and
81m
Kr] scan that primarily visualizes the air spaces the radioaerosol scan is suited
for the study of the bronchial tree. It is postulated that the scan abnormality in the
relatively fresh asthma likely reflects bronchospasm and bronchial obstruction, while
it denotes bronchitic complication in the long-standing form and bronchiectaasis and
emphysema in the resistant form. Thus, the patchy, nonsegmental, airspace defects
in the absence of abnormal bronchial deposition appears characteristic of uncomplicated asthma, but the scan features in the long-standing and resistant forms are rather
similar to other types of COPD. It was noted that the scan changes were rapidly
restored to normal or near normal state or greatly improved in response to bronchodilators (Fig. 25) and that the "broomstick" sign appeared in some milder cases,
denoting underlying chronic bronchitis.
For a semiquantitative assessment of scan findings the aerosol deposition in bronchi
and air spaces was graded as mild, moderate and marked. Using this criteria a reciprocal correlation was noted to exist between the bronchial and airspace depositions;
the more intense the bronchial deposition the less intense was the airspace deposition.
Bronchiectasis is characterized by abnormal and frequently permanent dilatation
of the bronchi [3]. The dilatation is either cylindrical, varicose or cystic in appearance. It is a common sequela of respiratory tract infection, measles, pertussis and
tuberculosis in childhood, and may also result from obstructive bronchial diseases.
Clinical symptoms include coughing with profuse expectoration which is often foulsmelling or bloody. Radiographic manifestations include tubular, cystic or ring-like
shadows with or without air-fluid levels (Figs. 8, 9, 27). The occlusive nature of
the disease makes lung collapse a constant accompaniment. Both bronchography
and CT scan provide conclusive evidence, but the latter examination is prefered
because of its noninvasiveness (Fig. 9).
The aerosol deposition pattern in bronchiectasis also varied greatly according to
the type, extent and stage of the disease. In general, it was quite similar to that
of other COPD. It strongly resembled that of chronic bronchitis or asthma in mild
cases (Fig. 26) and that of emphysema in severe cases (Fig. 27). There seemed
to exist a good correlation between the radiographic changes and the lung scan alterations. However when bronchiectasis was minimal or hidden behind the heart,
aorta or diaphrgam, the simple radiography was unrevealing, while lung scan showed
prominent alterations with intense bronchial deposition (Fig. 28). Thus, it appeared
that the aerosol scan is more sensitive than the radiography in such situations.
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Bronchial obstruction can be caused by a number of diseases including inflammation, infections, tumours, trauma, foreign body and congenital malformations,
with tuberculosis and tumour being the two most common conditions. The bronchial obstruction may be either complete or incomplete with clinically significant
involvement occurring at the segmental or higher level. Complete obstruction is
invariably associted with lung collapse, which manifests radiographically as airlessness, reduced volume and crowded vascular markings. In well penetrated radiographs, the mainstem or major bronchial obstruction can clearly be made out (Fig.
10), but most of the bronchial obstructions at the lobar or segmental level are not
so easy to detect, especially when they are due to fibroproductive tuberculosis or
broncho-occlusive malignant tumours (Figs. 29-32). When obstruction is incomplete a check-valve mechanism may develop, regionally creating segmental or lobar emphysema (Fig. 48). In some cases, atelectatic consolidation due to bronchial
obstruction may strongly resemble pneumonic consolidation making differential diagnosis difficult radiographically (Fig. 33A). However the aerosol lung scan has definite
place in this situation, accurately pointing to the presence of bronchial obstruction
by the prestenotic bronchial deposition sign (Fig. 33B).
The value of the ventilation scan using 133Xe in obstructive pulmonary disease
has been described by Alderson et al [11]. The method was superior to radiography in detecting regional bronchial obstruction. Lavender et al [23] also applied
ventilation scanning with 81mKr to the study of bronchial obstruction, confirming
scan defect. Our study revealed that the aerosol scan is indeed useful in demonstrating bronchial stenosis or obstruction especially at the segmental or lobar level
(Figs. 29-33). It was impressive that in virtually all of cases the characteristic scan
sign was observed, whereas the radiographic change was dubious, or indirect at
most (Fig. 32). Thus, the stenotic or obstruction site was clearly indicated by a
short, segmental deposition in the prestenotic bronchus that was slightly dilated (Figs.
29-33). With the obstruction of a mainstem bronchus aerosol deposition moved to
the trachea and contralateral bronchial tree (Fig. 31). We named the phenomenon
the "prestenotic bronchial deposition" sign, which was indeed useful in detecting
a relatively small obstruction in a bronchus of the middle, lingular and lower lobes.
The phenomenon is probably the results of bronchial damage and deranged
mucociliary movement with transient hold-up of aerosol. The aerosol lung scan played
a key role in the diagnosis of bronchial obstruction. Radiographically, the shrunken
lung is retracted to and concealed behind the mediastinal shadow, hence difficult
to see (Figs. 32, 33). As described by Lavender et al [23], the collapsed lung distal
to the obstruction was shown as a photopenic defect, but the compensatorily overinflated lung showed more or less increased or decreased deposition according to
the size of the lung involved (see below).
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Overinflation or compensatory emphysema is characterized by an excessive
inflation of air spaces without air trapping or alveolar destruction [3]. The condition may occur at various levels of the airways; a segment, a lobe or a lung. Typically, it is seen in a structurally normal lung in compensation for reduced or lost
lung volume as in cicatrical or resorptive atelectasis or surgical resection. The main
radiographic manifestations include increased radiolucency and attenuated lung markings, which, unlike in true emphysema with air trapping, become normalized during expiration, unless it is complicated by secondary COPD. The normal expiratory
deflation in compensatory overinflation can be confirmed readily by either fluoroscopic
observation or comparing inspiratory and expiratory radiographs, which may be
recorded in one film by double exposure technique.
The aerosol scan of overinflated lung was characterized by an increase in lung
size with increased, normal or decreased aerosol deposition. The amount of aerosol
deposited in the compensatorily overinflated lung appeared to largely depend upon
the size of the collapsed lung or the magnitude of the overinflation therefrom resulted.
In effect, the aerosol deposited in the overinflated lung was normal when obstructive collapse was small lobar or segmental (Fig. 34); increased when collapse was
large lobar or multilobar (Fig. 35) and drastically decreased when collapse was multilobar or in a lung with intense bronchial dilatation (Fig. 31). It is presumed that
such a variation of the amount of aerosol deposited in the overinflated lung is the
function of the amount of the aerosol remained available to the overinflated lung
in bronchial obstruction. On the other hand, it was noted that the bronchial deposition was not an essential scan feature in the overinflated lung, unless it was complicated with COPD. For example, minimal bronchial deposition was seen in those
with chronic bronchitis (Fig. 34) and bizarre deposition in those with advanced COPD
(Fig. 31). In 2 cases with overinflation of a whole lung resulted from diffuse, restrictive fibrothorax of the contralateral hemithorax, aerosol deposition appeared uniformly increased in the overinflated lung, while it was decreased in the restricted
side (Fig. 36). The bronchial obstruction responsible for lung collapse and overinflation was again indicated clearly by the prestenotic bronchial deposition (Figs.
34, 35). Atelectatic collapse and bronchial obstruction without collapse as in foreign body aspiration have been reported to produce simple homogeneous defect in
81m
Kr gas scan [12].
Pneumonia and tuberculosis are the two most common infectious lung diseases
that can readily be diagnosed by radiography, usually not necessitating an aerosol
scan. Nevertheless, we performed aerosol scans in a number of selected cases of
pneumonia and tuberculosis to document the aerosol scan pattern in pneumonia and
tuberculosis, and to study the airway alterations such as bronchitis, bronchial obstruction and emphysema and airspace change such as fibrosis and calcification in
tuberculosis.
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As described by Lavender et al [23], the consolidation in pneumonia and
pneumonia-like tuberculosis was photopenic (Figs. 37, 38). The size of consolidation in a segment appeared large enough for a scintigraphic portrayal. In general,
the photopenic defect of pneumonic consoldiation was larger in area than the radiographic lesion, probably due to the contribution of bronchial inflammation and spasm.
Understandably, tuberculosis with fibroproductive alteration, atelectasis and cavity
manifested as photopenic defect, while emphysema and bronchitis or bronchiectasis were indicated by reduced or defective airspace deposition and intense bronchial
deposition, respectively (Fig. 39). Most of cases with advanced tuberculosis was
associated with a bronchial pathology, manifesting bizarre bronchial deposition (Fig.
39). It was noted that even minimal fibrocalcific tuberculosis can produce an obvious scan defect, that is disproportionately large in comparison to the radiographic
alterations (Fig. 40). Mismatch with aborted ventilation and preserved perfusion
was not unusual.
Pulmonary fibrosis may be either localized or diffuse. The aerosol scan appears
not only useful but also sensitive in showing regional ventilation change in pulmonary fibrosis. The causes of pulmonary fibrosis are many, including infection, cystic fibrosis, pneurnoconiosis, asbestosis, farmer's lung, radiation and others. Idiopathic
type is not rare in the diffuse form. The radiographic manifestations are characterized by the irregular meshwork of fine linear, reticular and nodular shadows that
obliterate the pulmonary and hilar vessels (Figs. 41, 42). In some diffuse form,
the lung may show hyperlucency due to air trapping, but eventually becomes shrunken
with the progression of the disease (Fig. 42). Cor pulmonale with the dilatation
of the hilar arteries and right heart may ensue when pulmonary hypertension is severe and long-standing.
The aerosol defects in pulmonary fibrosis were rather distinct compared to the
radiographic change, espeically in the localized form (Figs. 41, 42). Usually, the
bronchial deposition is negligible or insignificant unless complicated with bronchial
disease as in the second case of cystic fibrosis studied with 99mTc-DTPA- aerosol
by Loken et al [24]. That case showed prominent bronchial deposition along with
airspace defects, denoting bronchial affection. Although the number of cases we
studied is limited it is likely that bronchial deposition is not a central feature of simple or uncomplicated interstitial fibrosis regardless of extent: an important differential point from COPD in which the bronchial deposition is an essential feature. The
dilated hilar vessels due to pulmonary hypertension are depicted as photon defects.
Diffuse panbronchiolitis is a relatively new entity originally reported from Japan
[25, 26] and recently also from Korea [27]. Its pathology is characterized by diffuse
chronic bronchiolitis and peribronchiolitis in the transitional zone of the airways,
especially in the lower lungs. When advanced, it may cause secondary ectasia of
the proximal bronchioli. The radiographic manifestations include small nodular
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and irregularly mottled densities scattered throughout both lungs with air trapping
and occasional cor pulmonale (Fig 43). High resolution CT scan has been shown
to be extremely useful in delineating the pathognomonic signs of small centrilobular nodules and branched linear shadows of attenuation in the peripheral lung (Fig,
43) [26, 27]
Our experience with aerosol scans in this condition showed moderately severe,
nonsegmental, airspace defects as in diffuse pulmonary fibrosis and uncomplicated
asthma. In addition and very significantly, fairly intense aerosol deposition was noted
to occur in the peripheral and middle bronchi (Fig, 43). We consider the peripheral
localization to be characteristic of the disease in the transitional zone, sharply constrasting with the central localization of the bronchial deposition in COPD (Figs
15-17, 20, 24).
Lung edema is characterized by focal or diffuse replacement of the air in the
alevoh with fluid. Causes include congestive heart failure, overhydration, azotemie
lung, aspiration and others The essential radiographic change is patchy or large,
homogeneous opacification with occasional air bronchogram sign, typically in the
lower lung (Fig 44). The "butterfly'1 or "bat-wing*1 appearance is a well-known
manifestation of lung edema. Cardiomegaly accompanies the lung edema of cardiac or renal origin.
According to Lavender and Finn [12] the 81niKr-gas inhalation scan was not efficient in revealing lung edema. However our experience showed that the aerosol
scan could portray lung edema as a well-defined defect, well matching with the
radiographic opacity. It appeared that an edema had to be at least segmental in size
for its proper portrayal in the aerosol scan (Fig. 44). Muhtple, small, patchy edemas were indicated by irregularly mottled aerosol defects. Basically, the defect was
nonspecific and exactly the same as that of pneumonic consolidation or tumour mass,
but its peripheral localization and presentation along with cardiomegaly were helpful. It was interesting to observe an extremely intense aerosol deposition in the trachea
and mainstem bronchi in the 2 cases of acute lung edema we studied In one case
an aerosol scan was obtained before the onset of acute lung edema, and it showed
the airways to be completely free from aerosol deposition, but with the development of diffuse lung edema an intense tracheobronchial deposition suddenly became
manifest (Fig. 45). It is postulated that such a tracheobronchial deposition may have
resulted from perturbed mucociliary function and profuse secretion. The perfusion
scan defects were larger in size and a bit more prominent than the ventilation scan
defects
Lung cancer is not an ordinary indication for aerosol study. However it may
be applicable in some important situations. One good indication is the unresectable
bronchogenic carcinomas whose response to radiation therapy is difficult to radiographically assess.. The combined inhalation and perfusion scans of the lung have
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been shown to he a sensitive indicator of tumoral change with improved aeration
and blood flow following irradiation [28]. The perfusion scan alone has also been
reported to be useful in screening the central lung cancer [29] and both inhalation
and perfusion scans are valuable means to demonstrate that lung perfusion can more
seriosuly be impeded than the ventilation in bronchogenic carcinoma. The rumour
in the lung periphery could be delineated as a well-demarcated scan defect when
sufficiently large and surrounded by open bronchi and aerated lung (Fig 46). The
next situation is probably the bronchial tumour with incomplete obstruction that may
create focal emphysema through the check-valve mechanism This sort of emphysema
was denoted by little or no aerosol deposition in the radiographically well-aerated
lung, a paradox (Fig. 47). In addition, the causative bronchostenosis that is usually
not easy to recognize in radiograph could accurately be indicated by the "prestenotic
bronchial deposition" sign- The tumours with lung collapse were also portrayed
as scan defect, but such a defect was much larger in size than the tumour itself
due to the entering of the collapsed lung into the defect formation (Fig- 481.
Like primary carcinomas, metastatic tumours measuring a few cm or more in
size could be portrayed as photopenic defects, typically with sharp demarcation (Pig
49),

Conclusion
Our experience with radioaerosol inhalation scan in COPD and a number of other
bronchopulmonary conditions indicated that it is indeed a useful, inexpensive, practical
tool of clinical diagnosis and research Appropriately performed, spending adequate
acquisition time, the aerosol scan can be refined into a state-of-the-art imaging modality, which can provide very unique information concerning both the anatomic
and functional situations of pulmonary airways and airspaces in both normal and
pathologic conditions.
It appears that the assessment of bronchial aerosol deposition patterns in COPD
and other related diseases is as much important as the assessment of alveolar deposition pattern In COPD, various combinations of the bronchial and alveolar air
space scan alterations were portrayed, helping to distinguish to some extent one
form of COPD from the other: for example, emphysema from simple bronchitis,
asthma from bronchiectasis and bronchiectasis from bronchostenosis when the individual diseases were not further complicated In addition, it was possible to sort
out a few useful diagnostic features. They included the "wornout broomstick" sign
of spastic and dilated peripheral bronchi in bronchitis and asthma and the "withered
bough" sign of dilated bronchi in emphysema and bronchiectasis, Bronchial obstruction or bronchostenosis could accurately be diagnosed by the peculiar, prestenotic,
bronchial deposition. The over inflated lung in compensatory emphysema showed
either increased, normal or decreased aerosol deposition depending on the extent
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of pathology. Pneumonic consolidation, tuberculosis and lung edema were portrayed
as photopenic defects. Pulmonary fibrosis, both segmental and diffuse, was rather
clearly indicated by airspace defect with little or no bronchial deposition unless complicated with COPD. Diffuse panbronchiolitis was characterized by the aerosol deposition in the middle and peripheral airways, accurately reflecting the transitional airway
localization of the disease. Aerosol scan was shown to be a useful noninvsive means to test bronchial patency, to detect obstruction or stenosis with lung collapse
or emphysema and to localize tumour in bronchogenic carcinoma. Mismatch of the
ventilation and perfiision scans was confirmed in pneumonia and primary lung cancer.
It seems warranted to state that with the refinement of technique and clearer display, the aerosol lung scan can be utilized for systematic investigation of not only
COPD but many other lung diseases. Finally, the value and importance of side-byside, correlative reading of aerosol scans with chest radiographs is reemphasized.
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Clinical Application of Radioaerosol Studies — pulmonary
embolism, inhalation burns and glue-sniffers and COPD
Felix Sundram, M.D.

Introduction
The alveolar epithelium and the capillary endothelium together form the alveolar capillary membrane. Fluid exchange occurs across this membrane, and is dependent on intravascular and interstitial hydrostatic and oncotic pressures, and on
permeability of this membrane. Damage to either the avleolar or capillary component can result in a high permeability pulmonary oedema, even though the alveolar epithelium forms an extremely tight membrane which is ten times less
permeable than the capillary endothelium [1].
Nuclear medicine methods can be used to observe changes in integrity of pulmonary capillary endothelium (with first pass dual-indicator dilution technique using
successive injections of radiotracer [2]), and of alveolar epithelium, and it is important that the damage should be detected before patients develop clinical pulmonary oedema, so that intensive therapy can be instituted early. We have used
99m
Tc DTPA radioaerosol to measure alteration in pulmonary epithelial permeability and to image the distribution of ventilation in normal and some pathologicl
states. In some clinical studies Tc-99m (tin) colloid radioaerosol has been used to
obtain the ventilation images.

Methods
Ventilation studies with radioaeorols for pulmonary embolism have been done
routinely in Nuclear Medicine Department, Singapore General Hospital since 1986.
Most of the patients who had a high clinical suspicion e.g. calf pain and swelling
had bipedal radionuclide venograms done using 99mTc colloid or the lung perfusion agent, 99mTc MAA. The ventilation scan is generally done first followed by
the perfusion scan. The high count-rate from "mTc MAA permits adequate images without significant shine-through from the radioaerosol ventilation study. Clearance measurements of " m T c DTPA aerosol across the alveolar capillary membrane
were done initially in 12 normal volunteers (army personnel) and in 8 patients with
low suspicion of inhalation burns i.e. exposure to fire only at limb extremeties.
Subsequently in 1987, all patients with burns who were entered into a study protocol for burns also had the radioaerosol clearance study, and to date 48 patients
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with suspicion of inhalation burns have been studied.
In the same period we studied 10 cigarette smokers to confirm the rapid radioaerosol clearance from the lungs in this group. 20 young hardcore glue sniffers
from the Sembawang Detention Centre were studied to note any alveolar-capillary
membrane damage from inhalant abuse. Most of these young men were smokers,
and since smoking and glue-sniffing was forbidden at the Centre, we were also
able to study the effects of cessation for varying periods on the clearance rate of
the radioaerosol from the lungs in glue-sniffing. In 1988 we participated in a
programme with the International Atomic Energy Agency (IAEA) to image the ventilation of the lung in chronic obstructive pulmonary disease (COPD) with 99m Tc
tin colloid aerosol, and to compare this with perfusion of the lung using " m T c macroaggregated albumin (MAA). We took this opportunity to study also the lung clearance of 99m Tc DTPA radioaerosol in 8 of these patients. In these COPD patients
we noted the deposition pattern of inhaled radiocolloid aerosol to help differentiate
the nature of the obstructive airways disease. Chest X-ray was done routinely and
all of them had lung function tests done, with only those patients having a FEV
1 of < 70% being entered into the study.
The subjects breathe a submicronic aerosol of " m T c DTPA ( l u m mean mass
aerodynamic diameter, CADEMA, USA, or BARC Generator, India) for 2-3 min
after instillation of 20-25 mCi (740-925 MBq) of freshly prepared 99mTc DTPA
into the nebuliser. The radioactive solute was prepared by adding the technetium-99m
dose in 2 ml physiological saline into a commercial vial of DTPA (Amersham UK),
and the binding of 99mTc to DTPA was about 95% using paper chromatography.
The nebuliser was connected to the wall oxygen supply and a flow rate of 10 L/min
was used. Immediately following the radioaerosol inhalation in a lying position,
a dynamic acquisition was started using an Elscint Apex 4O9A gamma camera/computer system with the patient supine and the gamma-cameral placed posteriorly over
the lungs. 20 frames at 1 minute per frame were acquired over the 20 minute period using a 6 4 x 6 4 spatial resolution. Subsequent reframing was done to produce
a single refrained image and regions of interest (ROI'S) were drawn around each
lung or parts of the lung. Time-activity curves were then obtained for each region/lung
and an exponential fit was performed on the time-activity curves to obtain a clearance half-time (T1/?) i.e. time for 50% of the radioaerosol to clear from the lung.
Retention images were also generated to note any discrepancy in regional lung clearance of " m T c DTPA aerosol. No corrections were made for contribution of circulating and tissue radioactivity to the total counts detected over the lung field i.e.
non-lung parenchymal radioactivity, as this is usually minimal.
The ventilation study was generally done within 3 days of admission in the burns
patients. Serial studies were done in some patients in hospital and as outpatients.
Fibreoptic bronchoscopy was usually done within a day of the burns, using on
Olympus bronchofibrescope BF Type B2. The severity of damage noted at bron-
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choscopy was graded as follows:
0=normal
l=mild oedema and hyperemia
2=moderate oedema, hyperemia and secretions
3=severe oedema, inflammation, ulceration and slough
Twelve of the burns patients studied were Koreans who were involved in an ammonia tank explosion on board a ship. The remaining 36 were patients from Singapore who were exposed accidentally to kerosine stove fires or gas explosions, or
who had attempted suicide.

Results
1. Pulmonary Embolism
An average of 250 ventilation/perfusion lung scans are done per year in the
department for pulmonary embolism. Approximately 100 radionuclide venograms
are done. The incidence of V/Q mismatch is about 40% and using Biello's criteria [4], about 15% were high probability scans for pulmonary embolism. We have
not done any comparative studies between V/Q scanning and pulmonary angiography, or between radionuclide and contrast venograms. An example of V/Q mismatch is shown in Figure 1.

Table 1. Summary of Bronchoscopy and Ventilation Study Results (Burns Patients)
Total number of patients = 65
No of poatients with bronchoscopy and ventilation study = 42
Normal subjects: TV2 = 66±1SD of 12 min
(No = 20)
Burns Patients: TV2 = 35±1SD of 12 min
(No = 42)
Bronchoscopy
Normal TV2
(mean = 60 mins)
Abnormal TV2
(mean = 31 mins)
Total No

Grade 0+1

Grade 2

Grade 3

Total No

No = 16

4

4

24

No =

4

2

12

18

20

6

16

42
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2. Inhalation Burns
Table 1 summarises the findings in the study of normals and in patients with
suspected inhalation burns, while Table 2 notes the change in clearance rates over
a period of time in three patients with inhalation burns. Figure 2 and Figure 3
show the time-activity clearance curves and the retention images in a normal and
abnormal study respectively.
In the 12 normal, non-smoking adult volunteers and in the 8 patients with a
low suspicion of inhalation injury, the TV2 ranged from 47 to 78 min with a mean
of 66 min±lSD of 12 min. The volunteers were in their twenties while the patients were in the 30-45 age group. There were no significant differences in clearance between right and left lungs.
In the group of 65 patients with suspicion of inhalation injury, only 42 had both
bronchoscopy and ventilation study; of these 42, 12 were Korean males in their
thirties. They were exposed to ammonia from an ammonia thank explosion on
board a ship in the South China Sea and they were flown to the Singapore General Hospital the same day and managed by the burns Unit in this hospital. An inhalation injury caused by chemicals was presumed and though 15 were transferred
from the ship to hospital only 12 were able to have the aerosol studies done. All
these twelve also had bronchoscopy done mostly within a day after admission,
though in one of them the delay was 5 days. There were 30 local patients, who
had both bronchoscopy and ventilation study done. This group of patients was
exposed to thermal injury or products of combustion.
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Table 2. Change in clearance rates with time (Burns Patients)

Name

Date

BJU

16.12.87
31.12.87

29 min
33 min

24 min
25 min

Normal.
Patchy bilateral opacities.

20.01.88

35 min

35 min

Patchy bilateral opacities.

15.12.87

25 min

31 min

Increased markings right
lower zone.

2.01.88

18 min

18 min

Increased markings right
lower zone.

4.01.88

23 min

24 min

Right lower zone effusion
and patchy left lower
zone.

16.12.87
30.12.87

40 min
70 min

34 min
50 min

Normal.
Normal.

KMS

JUB

Right Lung TV2 Left Lung TV2

Chest X-ray

Table 3. COPD Ventilation Perfusion Study

Clinical Diagnosis

Emphysema (E)
Bronchitis (B)
Mixed

No of Aerosol Deposition
Patients
Pattern
9
7
8

Central (C)
Peripheral (P)
C+P

Perfusion
Scan
AN N
9
5
8

Chest X-ray

0
2
0

AN = Abnormal
HIL = hyperinflated lung
N = Normal
ILM = increased lung markings
Clearance T-h in 18 patients (9E, 9B) = 78±1SD 14 min.

HIL
ILM
both
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The retention images in normal subjects showed more clearance of tracer in
the apices and edges of the lung fields at the end of the study period. Similarly
in the patients with abnormal bronchoscopic findings the ventilation images generally
showed patchy radioaerosol distribution in both lungs, while the retention images
showed obvious increased regional clearance in only a few patients with high likelihood of lung parenchymal damage. Chest X-rays were normal in most of the patients at time of ventilation study, though subsequent films did show evidence of
bilateral patchy infiltration (pneumonitis) or oedema, particularly in the basal areas.
Pulmonary function measurement was done in only a few patients and no analysis
could be done. There was no correlation between the partial pressure of arterial
oxygen PaC^, and the grading of bronchoscopic findings or the ventilation study
TV2 results.

3. Chronic Obstructive Pulmonary Disease (COPD)
Table 3 summarises the results of aerosol deposition pattern and clearance times
in patients with COPD. It is to be noted that the radioaerosol deposition tends
to be central in patients with emphysema, and more peripheral in bronchitic patients, while a fair number of patients will tend to show a mixed pattern. The chest
X ray can be normal in some of these patients. The mean TV2 from " m T c DTPA
clearance in these patients was 78 min. The perfusion images largely matched the
ventilation images in these patients with COPD.
Figures 4 and 5 show patterns of aerosol deposition in moderate and severe COPD
together with clearance curves.

4. Smokers and Glue-Sniffers
In this group, there were 10 smokers (Volunteers) and 20 glue-sniffers from Sembawang Detention Centre. The smokers had an abnormally rapid mean TV2 clearance time of 20 min; as can be seen from Figure 6, in the glue sniffers, the longer
the period of abstinence from cigarettes, the larger the TV2 clearance times obtained. In only 1 of the gluesniffers who was always a non-smoker, and stopped
glue sniffing for 30 days, was the T1/? abnormal i.e. 36 min, indicating that there
is some alveolar-capillary damage in long-term hard-core glue-sniffers. It also appears that the recovery of clearance times to normal on cessation of smoking is
prolonged in the glue-sniffers, apart from neurological damage.
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Discussion
Normals
Our group of 12 normal volunteers and 8 patients with burns at limb extremeties
was fairly young i.e. mean age=26. The mean clearance TV2 obtained was 66 min,
and this is slightly lower than that reported from other centres, where older volunteers were studied. A previous study [3] has shown a variation in clearnance TV2
with age, with younger volunteers showing a more rapid clearance; this accounts
for our slightly lower normal values.

Pulmonary Embolism
Pulmonary embolism is probably underdiagnosed in our Asian countries partly due
to varied presentation and partly due to inadequate equipment for ventilation lung
scanning, particularly the lack of cheap radioaerosol delivery systems. This has been
overcome with the BARC Generator from Bombay, India. There is also a general
belief that DVT and PE occur infrequently in our Asian populations.
Though we generally do the ventilation scan first, it is possible to use low dose
99m
Tc MAA for perfusion scanning, and to proceed with the ventilation study only
if the perfusion scan is abnormal. This could be done especially in patients in whom
the chest X-ray is normal with the patient having a low clinical suspicion of pulmonary embolism [5]. It has been shown that normal and high-probability lung scans
correlate well with pulmonary angiography, while the low probability lung scan
is a good marker of those patients at a very low risk of recurrent thromboembolic
events when left untreated [6].
Surface contamination in rooms where radioaerosol studies are done may be significant and hence due care must be taken to ensure proper technique and to monitor equipment and persoinnel with wipe tests [7]. This would not appear to be a
significant problem with the BARC Generator. We have no experience with
Technegas.

Smokers and glue-sniffers
Cigarette smoking is known to cause increased 99mTc DTPA pulmonary clearance [8,9], and this has been borne out in our study of 10 smokers where the mean
TV2 is considerably reduced to 20 min. Studies on regular smokers who stopped
smoking have shown that the increased clearance rate returned towards normal, with
a significant improvement (decreased rate) in TV2 as early as 24 hr [10]. However
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in our study of young hard-core glue-sniffers this does not appear to be so. We
have studied the pulmonary clearance in these 20 young men from the Sembawang
Detention Centre, where they were off cigarettes and glue-sniffing for periods ranging
from 1 day to 30 days. Unfortunately, owing to transport and detention logistics,
there are not many in each group of days off smoking, but it appears that even
up to one week, the clearance-rates are faster than normal. As can be seen from
Figure 6 even at four weeks, the clearance-rates are just about approaching the normal
range. This indicates that with the superimposition of inhalant abuse on smoking,
there is prolonged alteration of the alveolar capillary membrane permeability. Only
one out of the 20 men was a regular non-smoker whom we studied at day 30, and
he had an abnormal TV2 of 36 min, suggesting altered alveolar-capillary permeability from inhalant abuse alone. The information in Figure 6 can be utilised in antismoking clinics and in rehabilitation of glue-sniffers.

CHANGE OF T1/2 WITH
PERIODS OF NON SMOKING & GLUE SNIFFING

0
0
Days Off Smoking and Glue Sniffing
• = Non Smoker
Fig. 6
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Inhalation burns
Inhalation injuries resulting from fires are uncommon in the lower airways and
lung parenchyma, unless there is steam exposure. Chemical injuries to the respiratory tract depend on the chemical involved, the concentration of the chemical, its
solubility and duration of exposure. Ammonia for example tends to dissolve in the
upper respiratory tract and cause injury there but when the concentration is high
or the exposure is prolonged, there may be damage to the lower respiratory tract
as evidenced by our study of the 12 patients exposed to an ammonia tank explosion, when both the bronchoscopy and ventilation study showed abnormal findings
in 9 of 12 patients.
Fibreoptic bronchoscopy, Xenon-133 lung scans and pulmonary functions tests
have been useful objective tests in the diagnosis of inhalation burn injury [11]. Bronchoscopy is safe and accurate and it is possible to visualise larynx, trachea, carina
and main stem and segmental bronchi. Xenon-133 lung scans are not available in
our part of the world, and is expensive for us to use routinely; hence our decision
to use 99mTc DTPA aerosol. Both the aerosol and the Xenon lung scan have the
limitation of false positives and false negatives in patients with pre-existing lung
disease, and if they are smokers. Our patients were healthy young persons who
had no proven lung disease previously, though some of them in the ammonia burns
group may have been smokers. The damage caused by the ammonia was probably
worse than the efrects or smoking as proven by the bronchoscopy findings. Pulmonary function tests such as FEV1, and MEFV (maximum expiratory flow volume)
were not done routineiy as it would have been difficult for most of these patients
to cooperate. A previous study done at this hopital [11] did not show any correlation between severity of bronchoscopic changes and PaCk or the severity of the skin
burn. The single false negative radioaerosol ventilation result was possibly due to
this investigation being done one week after the bronchoscopy, while the single false
positive was either due to effect of smoking, or due to the delayed bronchoscopy
5 days after the ventilation scan.
It would appear that the retention images produced to obtain an index of regional
lung ventilation and damage, are not useful in most cases. Serial studies in a few
patients with lung parenchymal damage from inhalation burns have shown progressive improvement, deterioration, or no change in regional ventilation and clearance
times of the radioaerosol, as shown in Table 2. Most of the Koreans were flown
back to Korea soon after the accident and hence it was not possible to get long-term
serial studies.
Studies using the plain chest film after smoke inhalation [12], have pointed to
bronchial wall thickening and subglottic oedema, as heralding more serious respiratory
damage both to the upper airways and to the lung parenchyma. We have not been
able to correlate the radioaerosol clearance times with the chest X-ray findings.
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An increase in the rate of submicronic aerosol of 99m Tc DTPA clearance from
the lungs has been reported in normal persons breathing at high lung volumes [13],
healthy cigarette smokers [10], patients with chronic interstitial lung disease [14]
and in patients with adult respiratory distress syndrome [15] and in assessing lung
damage in AIDS [16]. Hence there is a belief that measuring altered respioratory
epithelial permeability using clearance rate of " m T c DTPA radioaerosol is not
spoecific enough for use in the clinical situation [17]. In otherwise healthy, particularly young patients with no pre-existing lung disease and who are non-smokers
(as is often the case here), there is a useful role for simple radioaerosol studies in
assessing the lung parenchymal damage from respiratory burns.
More recent studies [18] stress the need for early diagnosis of the inhalation burn
so that adequate treatment may be instituted early. Our preliminary studies [19,20]
indicate that there is a definite role for DTPA clearance study in suspected inhalation burns.

Chronic Obstructive Pulmonary Disease (COPD)
We used a non-diffusible tracer (" m Tc (tin) colloid) to image the pattern of ventilation of the lungs in COPD, and compared the inhalation images to the perfiision
images that were subsequently acquired using i.v. 99mTc macroaggregated albumin
(MAA). In general, the study indicated that in COPD, there were matched ventilation and perfusion abnormalities, confirming that regional ventilation regulates regional
perfusion. The deposition patterns of the inhaled aerosol also help in differentiating
the nature of the COPD; from the study we noted that the aerosol deposition tended
to be central in emphysema, and peripheral in bronchitis, though obviously there
will be mixed patterns in some patients. It is possible that abnormal deposition patterns may be noted earlier than changes in chest X-ray.
The " m T c DTPA clearance study was done in eight of these patients with
COPD; there was no reduction in clearance TV2. If at all the TV2 was slightly increased, due in part to the central tracer deposition with poor clearance from this
site. The mean TV2 was 78 min which is close to our normal range. Previous studies
have also shown that COPD per se does not cause an increase in the rate of 99mTc
DTPA clearance [14].
In summary the radioaerosols are useful in producing inhalation images of the
lung, and in studying pulmonary epithelial permeability in various types of lung
pathology.
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Summary
Ventilation lung scans have been performed using Xenon-133 gas, Krypton-81m,
and more recently with radioaerosols using Technetium-99m DTPA or colloid aerosol, and technetium-99m carbon particles (technegas). Compared to gases, the
radioaerosols remain in the lung for a longer time and this enables multiple views
of the lung. Quantitative studies of alveolar-capillary permeability can also be done,
using soluble tracers such as 99mTc DTPA. This report deals with clinical studies
using radioaerosols in pulmonary embolism, and with imaging and quantitative clearance studies using 99m Tc DTPA in patients with suspected inhalation burns, in
smokers and glue-sniffers and in patients with chronic obstructive pulmonary disease (COPD).
In the normal volunteers, the time taken for 50% of inhaled 99mTc DTPA to be
cleared from the lungs (TV2) was 66 minutes ±1SD of 12 min. The smokers had
a mean TV2 of 20 min+lSD 4 min. In the hard-core glue-sniffing group, the majority
were smokers who had stopped smoking and glue-sniffing for periods varying from
1 day to 42 days and it was possible to note the changes in clearance times against
period of abstinence.
In the patients with inhalation burns, besides the TV2, restention images of uncleared 99mTc DTPA in the lungs were obtained to note regional differences, if
any, in lung clearance arising from pulmonary epithelial damage; these patients
showed increased rate of clearance (short TV2) with mean TVz of 36 min+lSD
of 11 min, while the retention images revealed regional lung damage in moderately
severe inhalation burns. 24 patients with COPD had inhalation scans done with
99m
Tc tin colloid radioaerosol, and these images were compared with the perfusion lung scans done with 99mTc macroaggregated albumin (MAA); in general the
perfusion images matched the defects noted in the inhalation scans. The " m T c
DTPA clearance rate in these patients was normal i.e. T 1 /2=78±14 min.
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Case Presentations by Participants

Each of 10 member institutions has provided well performed, beautiful scans of
various COPD in abundance. However, as explained in the Introduction of Clinical
Applications of Radioaerosol Scan, because of the limited space and the need for
avoiding overlap only a handful of representative cases were chosen by the Editorial
Committee convened in Singapore to be presented in this forum. The clinical data
filed by the individual participants were epitomized and formularized by editors.
[Bangladesh] A 62-year-old man with COPD, atelectasis and compensatory overinflation complained chronic, productive cough and exertional dyspnea. Chest radiograph showed emphysema with increased vascular markings in the right lung,
bronchiectasis with lung collapse in the left lower lobe and compensatory overinflation in the left upper lobe. The heart was somewhat enlarged.
Aerosol scan portrays irregular airspace defects and prominent, central, bronchial
deposition in the right lung, indicating emphysema (Fig. 1). There is a large photopenic defect in the left lower lobe that is collapsed due to bronchiectasis. A spotty
deposition is seen in the prestenotic segment of the left mainstem bronchus. The
aerosol deposition is moderately diminished in the compensatorily overinflated left
upper lobe.
[China] A 62-year-old man with lung emphysema, decreased breath sound, dyspnea, complained of shortness of breath, cough and sputum of 20 years' duration.
Chest radiograph showed increased radiolucency, increased vascular markings and
lowered diaphragm with "barrel chest" deformity.
Aerosol scan shows prominent bronchial deposition with typical central pattern
as well as multiple, nonsegmental, patchy airspace defects (Fig. 2). The bronchial
deposition occurs also mainly in the central lung, the aerosol scan version of vascular centralization in the emphysema with "increased markings."
[India] A 45-year-old man, former smoker, with clinical diagnosis of chronic bronchitis complained of moderate exertional dyspnea of 14 years' duration. The patient
was on Betnelan. Chest radiograph was unremarkable.
Aerosol scan shows mild irregularity in airspace deposition and minimal, central,
bronchial deposition, suggesting chronic bronchitis (Fig. 3). In the left lateral view
there is seen broom-stick sign in the lower lingular segment. Perfusion scan revealed
a bit more prominent, unmatched defects.
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[Indonesia] A 35-year-old man, nonsmoker, with clinical diagnosis of bronchial
asthma in attack complained of productive cough of 5 years' duration. Chest radiograph showed diffuse air trapping of moderate grade with lowered hemidiaphragms.
Aerosol lung scan shows prominent central and middle bronchial deposition with
multiple, nonsegmental, peripheral scan defects (Fig. 4).
[Pakistan] A 75-year-old man with clinical diagnosis of bronchial asthma in attack complained of paroxysmal, productive cough and dyspnea of 18 years' duration. Chest radiograph showed increased pulmonary vasculature in the right lung
with cystic change in the left lower lobe.
Aerosol scan shows irregular, nonsegmental, patchy defects throughout the entire
lung fields with a large photopenic defect in the left lung base, corresponding to
the area of cystic change (Fig. 5). No bronchial deposition is noted. The scan alterations are typical of relatively fresh asthma in attack.
[Philippines] A 44-year-old male, smoker (30 pack years) presented with productive
cough of 10 years duration and dyspnea even at rest diagnosed clinically as COPD
(emphysema). Chest radiograph showed bilateral emphysema; spirometry revealed
severe airway obstruction with FEV1 — 0.85 L (23% predicted) which improved
after bronchodilator therapy.
Aerosol scan shows large irregular patches of radioactivity located centrally with
minimal tracer deposition in peripheral lung areas.
[Thailand] A 62-year-old man, smoking for 40 years, with a history of asthma
of the same duration complained of dyspnea and expectoration. Chest radiograph
demonstrated prominent, centralized, pulmonary vasculature with some air trapping.
Aerosol scan shows intense bronchial deposition in the medial two thirds of the
lung bilaterally. The visualized bronchi are markedly dilated, giving the "withered
bough" sign of severe COPD, emphysema in particular (Fig. 6). The airspace deposition is severely perturbed. This is the case of long-standing asthma, probably resistant
in type, with complicating COPD.
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Fig. 1 A-D. [Bangladesh] Anterior (A), right lateral (B), left lateral (C) and posterior (D) lung
scans in a 62-year-old man with COPD, atelectasis and overinflation show moderate, central, bronchial deposition (arrows) and a large photopenic defect in the left lower lobe which is atelectatic
due to bronchiectasis (arrowheads). The aerosol deposition in the upper left lung is diffusely reduced,
denoting overinflation

Fig. 2. [China] Anterior, right lateral, right posterior oblique, posterior, left lateral and left posterior
oblique lung scans in a 64-year-old man with emphysema and productive cough show moderate
central bronchial deposition bilaterally. There are irregular, peripheral, patchy defects. Observe
the clear and unobstructed demonstration of each lung in oblique scans
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Fig. 3 A-D. [India] Anterior (A), right lateral (B), posterior (C) and left lateral (D) lung scans
in a 45-year-old man with chronic bronchitis show minimal perihilar bronchial deposition (arrowheads)

Fig. 4 A-D. [Indonesia] Anterior (A), right lateral (B), left lateral (C) and posterior (D) lung scans
in a 35-year-old man with asthmatic bronchitis for 5 years show prominent central bronchial deposition with patchy peripheral deposition defects, denoting established COPD with emphysema
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Fig. 5 A-D. [Pakistan] Anterior (A), posterior (B), right lateral (C) and left lateral (D) lung scans
in a 75-year-old man with bronchial asthma in attack show irregular photopenic defects throughout
both lungs with the largest defect in the left lower lobe (arrowheads). Note the absence of significant airways deposition

Fig. 6 A-D. [Thailand] Anterior (A), Posterior (B), right lateral (C), left lateral (D) lungs scans
in a 62-year-old man with a history of asthma for 40 years show conspicuous aerosol deposition
in markedly dilated bronchi in the central and middle zones, giving the "withered bough" appearance of severe COPD. Peripheral lungs show grossly inadequate deposition
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Epilogue
Gopinathan Nair, M.D.
Head, Nuclear Medicine Section
I.A.E.A.

There had been other publications of scintigraphic lung images. But this one has
special significance for the International Atomic Energy Agency (IAEA) for more
than one reason. Firstly, it epitomises the collaboration and close co-operation of
about a dozen scientists from as many countries who had established a kind of emotional link during the span of five years by working together in the Agency's coordinated research programme on radioaersol lung imaging. Secondly, this was the
first time that a radioaerosol delivery system was fabricated totally indigenously in
one of the developing countries and its efficiency and efficacy were tested and validated against other well-known systems by renowned experts in this field. Thirdly,
the expertise gained through the use of radioaerosol for ventilation imaging lead
to its further research applications in non-respiratory lung functions such as mucociliary
transport and lung permeability. And fourthly, this monograph will serve as an educational and research aid to many nuclear medicine specialists in developing countries
who cannot afford costly publications from industrialized countries. It was also shown
that radioaerosol studies can replace the costly and not too easily available radiogases such as Xenon-133 for routine investigation of lung diseases. This work truly
represents an example of technology transfer and its sustainable development to reach
wider applications in the course of time. It has indeed been my good fortune to
be associated with this group of eminent nuclear medicine specialists during the
closing phase of this co-ordinated research programme when I took charge of the
same from my predecessor Dr. Ganatra who nurtured and managed it from its very
start like a "friendly ghost". On behalf of the IAEA, I wish to thank all the contributors, particularly Professor Bahk and Dr. Isawa, for their untiring efforts in bringing
out this publication.

