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The lung functions as a gas exchanger of oxygen and 

carbon dioxide, which we call respiration. Respiration 

consists of perfusion, ventilation, and diffusion 

(Fig. 22.1). Oxygen delivered to the peripheral tissues 

and cells, including the cells in the lungs, is mainly 

utilized through mitochondrial cytochrome oxidase 

to generate ATP (Fisher and Forman 1985). In addi

tion to its respiratory function, the lung is responsi

ble for such nonrespiratory functions as mucociliary 

clearance (an important body defense), maintenance 
of pulmonary epithelial permeability, uptake of vari

ous substances, cellular upkeep metabolism, and so 
on (Fig. 22.2). 

This chapter will describe nuclear medicine tech

niques, nuclear imaging in particular, in the elucida

tion of lung function and its diagnostic applications. 
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Perfusion 

i) ii) iii) 
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Fig. 22.1. Respiratory lung function. Perfusion in the lung 
can be studied with particulates such as 99mTc_MAA, or 
with radioactive gases such as dissolved 133Xe or 81mKr, or 
with positron emitters. Ventilation can be investigated with 

22.2 
Lung Function in Respiration 

22.2.1 
Ventilation 

22.2.1.1 

Airways 

The airways are passages for air ventilation for gas 
exchange. Gas exchange takes place in the terminal 
respiratory units, the alveoli. The major function of 
gas exchange is to oxygenize the mixed venous blood. 
A volume of oxygen equal to that used by the body 
must be supplied continuously to the alveoli and 
(and thence to the pulmonary capillary beds) by ven
tilation; a volume of carbon dioxide nearly equal to 
that of the entire lung must be continuously removed 
by ventilation. 

22.2.1.1.1 

Anatomic Dead Space 

The extrapulmonary airways in the thorax are the 
trachea, carina, and proximal part of the main 
bronchi. Following the dichotomous (less frequently, 
trichotomous) branching of the intrapulmonary air
ways, the airways become narrower, shorter, and 
more numerous as they penetrate deeply into the 
lung unit until they become terminal bronchioles. 

Ventilation Diffusion 

GASES AEROSOL 11CO 
81m 

Kr 99mTc-DTPA 15 
CO 

133Xe ,127Xe 99mTc-ALBUMIN 

13N2 

radioactive gases or radioaerosols such as 99mTc-human se
rum albumin or 99mTc_DTPA, and diffusion by carbon mon
oxide labeled with positron emitters 

Characteristically, the airways proximal to the termi
nal bronchioles are ciliated and reinforced by the car
tilage. According to Weibel, branching is repeated an 
average of 16 times before the airway becomes a ter
minal bronchiole (Weibel 1963). The airways lead the 
inspired gas to the gas-exchanging units of the lung 
distal to the terminal bronchiole. Since no gas ex
change takes place in airways proximal to the termi
nal bronchioles, these conduits represent anatomic 
dead space (Weibel 1963). 

22.2.1.1.2 

Acinus or Respiratory Zone 

The terminal bronchiole divides into respiratory 
bronchioles that have alveoli on their walls. After the 
respiratory bronchioles branch several times, the al
veolar ducts are reached, which are surrounded by 
the alveolar sacs, consisting of the alveoli. The acinus, 
that is, the transitional or respiratory zone, consists 
of all of the lung structure distal to and subtended 
from the terminal bronchiole, namely, the respiratory 
bronchioles, alveolar ducts, alveolar sacs, and alveoli 
(Groskin 1993). 

The acinus can be as large as 8.5 mm; the distance 
from the terminal bronchiole to the distal acinar edge 
is approximately 5-10 mm (Groskin 1993). Roentgen
ologically the acinus is considered as a functional or 
respiratory unit, in contrast to the conductive airways 
proximal to the terminal bronchiole. 
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Fig. 22.2. Nonrespiratory lung function. Mucociliary clear
ance can be evaluated by inhaled radioaerosols such as 
99mTc_human serum albumin, vascular endothelial perme
ability by injecting 99mTc_human serum albumin, pulmo 

Although the distance from the terminal bronchi
ole to the most distal alveolus is very short, the respi
ratory zone makes up most of the lung volume (total 
lung volume minus the anatomic dead space). When 
the cross-sectional area of the airways of each 
branching (generation) is calculated, there is rela
tively little change found before the terminal bronch
ioles (Weibel 1963). As this level is reached the cross
sectional area increases very rapidly, West et al. 
(1964) compare the shape as the airway becomes aci
nus to that of a trumpet, or even a thumbtack. Be
cause of this rapid change of cross-sectional area, the 
convective or bulk flow in the conductive zone of the 
airways becomes diffusive in the neighborhood of the 
terminal bronchioles. 

This means that inhaled aerosols reaching the termi
nal bronchioles in convective flow tend to become de
posited at or near the terminal bronchioles. Non-diffus
ible suspended or particulate matter fails to reach the 
alveolar walls and is expelled in the subsequent expira
tion (Altshuler et al. 1959). This is why it is difficult to 
deposit radioactive particulates or aerosols on the al
veolar walls, and why large inspired volumes and breath 
holding are important for obtaining efficient alveolar 
deposition of inhaled radio aerosols, especially of aero
sols smaller than 1 micrometer (J.1m) or micron (J.1). 

22.2.1.1.3 

Cilia 

Ciliated epithelial cells occur at all levels in the tra
chea, bronchi, and bronchioles, all the way down to 
the respiratory bronchioles, but are not found in the 

123 !-IMP 

nary epithelial permeability by inhaling 99mTc_DTPA aero
sols, and other nonrespiratory functions by injected or in
haled radioactive substances like 1231_ IMP 

alveoli. In the smaller bronchioles ciliated cells be
come less frequent and their cilia shorter (Greenwood 
and Holland 1972). Mucus-secreting goblet cells are 
abundant in the epithelium of the trachea and larger 
bronchial airways but also become less frequent in 
the smaller airways, disappearing at the level of or 
distal to the terminal bronchioles in normal subjects. 
The respiratory bronchioles lack mucus-secreting 
cells but have other secretory cells that are believed 
to produce a serous secretion; this watery fluid was 
shown by Gil and Weibel in electron microscopic 
studies (1971) to be coated at the liquid-air interface 
with an osmophilic film that they believe to be of the 
same nature as the surfactant film coating the alveo
lar surface, but thicker. 

22.2.1.2 

Dead Spaces 

From functional standpoint, there is a portion of lung 
that is wasted, does not participate in gas exchange. 
This is called dead space, and may be divided into 
the anatomic and the physiological. 

Anatomic dead space is simply the volume of the 
conducting airways, as described above, and it in
creases with the size of the lung or the functional re
sidual capacity (FRC). The portion of inspired air 
that traverses the airways to enter the alveoli is called 
alveolar ventilation, measured in volume per minute. 
Not all of the alveolar ventilation is equally effective 
in oxygenizing mixed venous blood. 

Inspired air that enters alveoli lacking a pulmo
nary capillary blood supply is also wasted and is 
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called "alveolar dead space:' When the inspired air 
enters alveoli with reduced blood supply, a corre
sponding portion of the inspired gas is likewise 
wasted, and is again considered "alveolar dead space:' 
While the anatomic dead space is determined by the 
anatomy of the lung, determining physiological dead 
space requires a functional measurement of the lung's 
efficiency in eliminating carbon dioxide. This can be 
calculated by the following equation (rewritten Bohr's 
equation): 

VD/Vr = (Paco, - PEco,)/Paco, 

VD refers to dead space volume, Paco" carbon di
oxide tension of the arterial blood, and PEeo" carbon 
dioxide tension in the expired gas. Here we assume 
that Paco, is equal to the Pea, of alveolar gas (Forster 
et al. 1986). 

When the lung is normal, physiological dead space 
is virtually the equivalent of anatomic dead space. 
Physiological dead space is increased in the presence 
of ventilation-perfusion inequality. The concept of 
physiological dead space is important in understand
ing mismatching of ventilation and perfusion in the 
lung. 

22.2.1.3 
Inequality of Ventilation 

Measurements of ventilation distribution in the up
right position show more ventilation near the lung 
bases than above, while those in the supine position 

show less difference between the lung apex and the 
base (West 1965). In the lateral decubitus position the 
lower lung has more ventilation than the upper coun
terpart (lsawa et al. 1969). 

Why does this inequality occur? Because of the 
lung's own weight the intrapleural pressure becomes 
more negative toward the lung apex in the upright 
position, and the transpulmonary pressure, or the 
pressure to expand the lung, increases toward the 
lung apex and decreases near the lung base. An ana
logy can be found in a coiling spring. When the 
spring is hung from the ceiling, the distance between 
the coils becomes greater in the upper part of the 
spring than the lower part due to the weight of the 
spring itself. When an additional weight is applied at 
the lower end of the spring, the distance between the 
coils in the lower part of the spring also becomes 
larger. This type of inequality of ventilation is thus 
due to a gravitational effect (Milic-Emili et al. 1966). 
Further reasons for inequality in lung ventilation in
clude uneven time constants (Otis et al. 1956), asym
metry of the structure of the small lung units (Engel 
1978), series inequality (Cumming et a1. 1966), and 
closing volume (Sutherland et al. 1968). 

22.2.1.4 
Effect of Perfusion Blockade on Ventilation 

It has been believed that once the pulmonary circula
tion is blocked, ventilation is decreased in the lung 
region distal to the vascular blockade due to hypo
ventilation induced by a shift of ventilation to the 

Perfusion scan 
(control) 

Chest X-ray Perfusion scan 
(after left p.a. occlusion) 

Dog 1571 

Fig. 22.3. Left: perfusion lung image (posterior) of a dog 
(#1571) in the prone position. Middle: chest x-ray of same 
dog with a balloon catheter in the left main pulmonary 

artery. Right: perfusion lung image (posterior) immediately 
after left pulmonary artery occlusion by inflating the bal
loon 
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Fig. 22.4. Left panel: 133Xe gas inhalation studies (wash-in 
and washout phases) of the same dog (#1571) during con
trol period. Middle panel: \33Xe gas inhalation studies 
(wash-in and washout phases) of the same dog (#1571) at 
5 min following occlusion of the left pulmonary artery. Note 
hypoventilation of the left lung during wash-in phase and 
retention of \33Xe gas in the left lung during washout phase 
with air, indicating the presence of bronchoconstriction of 

healthy lung regions (Venrath et al. 1952; Severing
haus et al. 1961; Swenson et al. 1961; Thomas et al. 
1964). When a unilateral pulmonary artery of a dog 
is mechanically blocked by a balloon catheter, 133Xe 
gas inhalation studies show that ventilation of the 
perfusion-blocked lung is reduced and that washout 
of inhaled 133Xe gas from the perfusion-blocked lung 
is delayed, indicating that bronchoconstriction occurs 
there (Figs. 22.3, 22.4). Severinghaus and others have 
described hypoventilation and bronchoconstriction in 
animal and human studies (Severinghaus et al. 1961; 

Swenson et al. 1961). They explain that these phe
nomena occur because the alveolar tension of the 
bronchodilator carbon dioxide is decreased. When 
8% CO2 in pure oxygen was inhaled, hypoventilation 
was somewhat ameliorated, probably due to stimula
tion of the respiratory center by hyperventilation-in
ducing carbon dioxide. Bronchoconstriction per
sisted, although to a lesser degree, under the condi
tion of 8%-COz-in-02 inhalation in our study 
(Fig. 22.4; lsawa et al. 1972). 

When the blockade lasts longer than 6 h in dogs, 
however, both hypoventilation and bronchoconstric-

(8% CO2 in O2) 

the left lung. Right panel: when 8% carbon dioxide in oxy
gen is inhaled with \33Xe gas, hypoventilation of the left 
lung is not manifest because of hyperventilation due to car
bon dioxide inhalation, but washout of inhaled 133Xe gas is 
still delayed in the left lung as compared with that in the 
right lung, indicating bronchoconstriction is not completely 
recovered 

tion disappear. Normal ventilation and normal wash
out of inhaled 133Xe gas are observed in the perfu
sion-blocked lung as shown in Figs. 22.5, 22.6, and 
22.7. As shown in Figs. 22.6 and 22.7, no evidence 
either of hypoventilation or bronchoconstriction ex
ists in the left lung when the perfusion blockade lasts 
for longer than 6 h. Bronchoconstriction following 
perfusion blockade thus seems to be a transient, 
time-dependent phenomenon (lsawa et al. 1972). 

22.2.2 
Perfusion (Pulmonary Arterial Blood Flow) 

Exchange of oxygen and carbon dioxide occurs in the 
lung as ventilation and perfusion (pulmonary arterial 
blood flow) meet. The perfusion distribution in the 
lung can be easily assessed using radioactive particu
lates such as 99ffiTc-Iabeled macroaggregated human 
serum albumin (MAA) or dissolved radioactive gases 
such as 133Xe or 81ffiKr. 
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6 hours 8 days 57 days 

Dog 658 

Fig. 22.5. Chest x-rays of a normal dog (#658). Left: at 6 h 
following perfusion blockade of the left lung by inserting a 
latex balloon filled with contrast medium into the left main 
pulmonary artery. Middle: when the balloon was pulled up 
from the left pulmonary artery to the jugular vein on the 

wash-in wash-out wash-in 

8th day. Right: for some reason the string attached to the 
balloon was severed and the balloon strayed into the right 
lower lobe pulmonary artery on the 19th day. The chest x
ray was taken on the 57th day just before sacrifice 

wash-out wash-in wash-out 

R L R L R L R L R L 

57 days 

R 

Control 6 hours 

Dog 658 

Fig. 22.6. Xenon-133 gas inhalation studies of the same dog 
(#658). Left panel: control period. Wash-in and washout of 
133Xe gas in the right and left lungs. Middle panel: at 6 h 
after occlusion of the left pulmonary artery by inserting the 
contrast-medium fIlled balloon. There is no evidence either 
of hypoventilation or bronchoconstriction in the left lung 

as compared with the right lung. Right panel: on the 57th 
day after occlusion of the left pulmonary artery by inserting 
the contrast medium-filled balloon. There is no evidence 
either of hypoventilation or bronchoconstriction in the left 
lung as compared with the right lung 
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Ventilation (Tc-99m Albumin Aerosol) 

Dog 658 

Fig. 22.7. Upper panel: perfusion lung images before, at 6 h, 
and on the 12th and 57th day after occlusion of the left pul
monary artery by inserting the contrast medium-filled bal
loon. Perfusion in the left lung is absent at 6 h after occlusion. 
Perfusion in the left lung is also absent on the 12th day even 

22.2.2.1 
Gravitational Effect 

Because the pulmonary circulation is a low-pres
sure system, with systolic pressure normally being 
25 mmHg, diastolic pressure 8 mmHg, and mean pres
sure 15 mmHg (Criley and Ross 1971), the distribution 
of the pulmonary arterial blood flow is affected by 
body posture. The adult lung is approximately 30 em 
long, and a hydrostatic pressure between the lung apex 
and the base is 30 cm blood, or 23 mmHg. 

Because the lung resembles a manometer, when a 
tracer is injected with the subject in the upright posi
tion, the distribution of radioactivity represents the 
perfusion distribution in the lung at the same upright 
position. When the tracer is injected in the supine 
position, the distribution of radioactivity represents 
the perfusion distribution in the lung in that posi
tion. Due to the hydrostatic pressure difference when 
upright, the lower lung shows greater perfusion per 
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12 days 57 days 

though the balloon was removed from the left pulmonary 
artery on the 8th day. On the 57th day perfusion in the 
right lower lobe was also absent Lower panel: Correspond
ing ventilation in the left lung is not affected at 6 hr or on 
12 and 57 days by occlusion of the left pulmonary artery 

unit lung volume than does the upper lung, while in 
the supine position there is only but difference in the 
perfusion distribution. This is the "gravitational ef
fect" on perfusion in the lung. 

Topographical relationships between alveolar pres
sure (P A), pulmonary arterial pressure (P a), and pul
monary venous pressure (Pv) in the upright lung are 
well explained by West's zone theory (West 1965). In 
the lowermost zone (zone 4) interstitial pressure (PI) 
plays an important role in the regulation of perfusion 
(Hughes et al. 1967). The reversal of perfusion in mi
tral valvular diseases is considered to be due to the 
increase in the interstitial pressure. 

22.2.2.2 
Pathologic Factors Affecting Perfusion Distribution 
in the Lung 

Pathological factors that affect perfusion distribution 
in the lungs are: 
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• Vascular obstruction such as pulmonary embolism 
where perfusion distal to the vascular obstruction 
is either absent or extremely diminished 

• Parenchymal lung diseases such as pneumonia, 
pulmonary tuberculosis, lung abscess, pulmonary 
interstitial fibrosis, and cyst and bulla formation 
where local perfusion is decreased 

• Vascular compression and/or invasion by a tumor 
such as bronchogenic carcinoma, especially a hilar 
type of carcinoma which can reduce the blood 
flow to an entire lung by compressing a main 
branch of the pulmonary artery 

• Pulmonary vascular stenosis or agenesis, where 
perfusion distally is diminished or absent. 

22.2.2.3 
Effect of Alveolar Hypoxia on Regional Perfusion 

In addition to the above pathological factors, the 
physiological factor of alveolar hypoxia (low oxygen 
tension in the alveoli), mostly associated with ventila
tory disturbance, plays a crucial role: 
• In obstructive airway diseases such as pulmonary 

emphysema, bronchitis, bronchial asthma, pan
bronchiolitis, and bronchiectasis where regional 
perfusion is decreased 

• In bronchial obstruction due to intraluminal tu
mors or foreign substances such as a swallowed 
foreign body, leaving perfusion distal to the ob
struction diminished or absent 

• Experimentally when one lung (the left) is given a 
hypoxic gas the oxygen concentration of which is 
lower than that of the air, while the other is given 
100% oxygen; it is observed that the more hypoxic 
the inspired gas, the less the perfusion in the en
tire left lung (Fig. 22.8), while 8% CO2 in air given 
to that lung did not induce any difference in per
fusion distribution (Isawa et al. 1967) 

To study the effect of regional oxygen concentration 
on regional perfusion distribution, the right upper 
lobe (RUL) of a dog was isolated in vivo by a balloon 
catheter, as shown in Fig. 22.9, and artificially venti
lated with nitrogen 10% O2 in N 2, air, 40% O2 in N 2, 

60% O2 in N 2, 100% 02> and 10% CO2 in air, while 
the rest of the right lung and the left lung maintained 
spontaneous breathing of ambient air. The regional 
perfusion ratio in the RUL significantly decreased, 
when it was artificially ventilated with hypoxic gas 
mixtures like N2 and 10% O2 in N 2• Perfusion ratios 
increased with increasing O2 concentration in the gas 

AIR BREATHING 100% O2 HYPOXIC GA S 

R R 2%02 

H 

Fig. 22.S. Upper panel: Left: perfusion lung image when the 
right and left lungs are breathing air. Right: the right lung 
is breathing 100% oxygen, while the left lung is breathing 
2% oxygen in nitrogen. Middle panel: Left: perfusion lung 
image when the right and left lungs are breathing air. Right: 
the right lung is breathing 100% oxygen, while the left lung 
is breathing S% oxygen in nitrogen. Lower panel: Left: per
fusion lung image when the right and left lungs are breath
ing air. Right: the right lung is breathing 100% oxygen, 
while the left lung is breathing 15% oxygen in nitrogen 

mixtures but, interestingly, perfusion ratios were sim
ilar to those seen when the RUL spontaneously 
breathed air without using the balloon catheter. For 
comparison, Fig. 22.10 illustrates the regional perfu
sion ratios in the RUL of the normal and reim
planted, denervated lungs (the right lung was surgi
cally removed once and, denervated, reimplanted.) 
Patterns of regional perfusion change in the RUL 
were similar in the normal and the reimplanted, de
nervated lung. Hypoxic gas mixtures induced region
ally diminished perfusion, while hyperoxic gas in
duced increased regional perfusion distribution. The 
perfusion partition to the right lung as a whole, how
ever, showed few, if any, changes as O2 concentration 
varied in the exchange gas mixture for the RUL, indi
cating shifting of perfusion from the RUL to the re
mainder of the right lung, and vice versa. These re
sults indicate that regional hypoxia induces regional 
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Fig. 22.9. The RUL bronchus of a dog is artificially venti
lated through a balloon catheter with a gas of different oxy
gen concentration, while the remainder of the lungs is 
breathing oxygen 

Io£AN I 1 5.E. _ rid.1 ~ango _ 

18U 1211 610 13 11 

Fig. 22.10. Relative perfusion ratios in the RUL of the normal 
right lung (not shaded) and the reimplanted (denervated) 
right lung (shaded) are compared when the RUL is artificially 
ventilated with gas mixtures as indicated on the x-axis. The 
perfusion ratios are not significantly different between the 
reimplanted, denervated lungs and the normal lungs 
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pulmonary vasoconstriction, and that regional hyper
oxia encourages recruitment of the regional pulmo
nary vascular beds. The O2 sensitivity of the pulmo
nary vascular beds was found to decrease as the O2 

concentration in the exchange gas exceeds 60%, or 
the alveolar oxygen tension exceeds 250 mmHg. Pul
monary vascular responses to alveolar hypoxia and 
hyperoxia seem to be purely local phenomena, and 
nervous integrity is not essential (Isawa et al. 
1978a, b). 

What causes hypoxic pulmonary vasoconstriction? 
Theories have been proposed: (1) hypoxia acts direct-
1y to constrict the smooth muscle of the vascular 
beds (Staub 1963; Bergofsky and Holtzman 1967); (2) 
contractile interstitial cells (Kapanci et al. 1974) or 
neuroendocrine cells (Pack and Weddicombe 1984) 
act upon sensing alveolar hypoxia to induce vasocon
striction. Pulmonary vascular endothelium secretes 
various substances including vasoconstricting or va
sodilating substances in response to various stimuli. 
The vasodilating substance has been called endotheli
um-derived relaxing factor, EDRF, identified as nitric 
oxide (NO)(Luscher and Vanhoutte 1988), capable of 
reversing hypoxic pulmonary vasoconstriction (Spra
gue et al. 1992; Frostell et al. 1993). Endothelium-de
rived endothelin 1 is a potent vasoconstricting sub
stance (Hemsen et al. 1990). NO is considered to re
strict the production and release of endothelin from 
the endothelium (Boulanger and Luscher 1990). 

It is reported that mast cells are involved in pul
monary vasoconstriction by secreting histamine and 
serotonin (Haas and Bergofsky 1972). Involvement of 
leukotriene has also been suggested (Morgenroth et 
al. 1984). Hypoxic pulmonary vasoconstriction has 
been found to occur not only in the pulmonary arte
rial side but also in the pulmonary veins (Westbrook 
et al. 1969). 

22.2.2.4 
Effect of Alveolar Hypercapnia (High CO2 Tension) 
on Regional Perfusion 

Alveolar hypercapnia reduced regional perfusion only 
in the presence of extreme alveolar hyperoxia in the 
normal dog. In the reimplanted denervated lung 
regional perfusion increases even in the presence of 
hypercapnia under alveolar hyperoxia (Isawa et al. 
1980 b). The reason is not clear. 
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22.2.2.5 
Effect of Ventilation Blockade by Bronchial 
Occlusion on Regional Perfusion 

When the dog's right and left lungs were divided by a 
tracheal divider and breathed air, one side was oc
cluded at the end of normal inspiration to maintain 
as much lung volume on that side as physiologically 
possible. After a given period of time, a suspension 
of either 99mTc_ or l3lI-MAA was injected intra

venously. Three minutes after injection, bronchial 
occlusion was released, and the complete separation 
of the right and left lungs confirmed. 

Two of the three dogs subjected to 30 s right bron
chial occlusion showed manifestly decreased perfu
sion in the occluded lung as compared to control val
ues, indicating that perfusion adjustment to bronchial 
occlusion begins as soon as airflow stops and/or di
minution in alveolar O2 tension takes place (true in 
the reimplanted, denervated lung as well as in the in
tact dog lung). In all dogs whose unilateral bronchus 
was occluded for one minute or longer there was a 
marked decrease in perfusion on the occluded side. 
The gradual decrease in perfusion to the occluded 
right lung is clearly visualized by the serial images 
shown in Fig. 22.11. All dogs with reimplantation 
showed decreased perfusion in the reimplanted lobes 
or lungs and further decrease followed bronchial oc-

clusion. When the normal right lung bronchus of a 
dog was occluded, there was a slight decrease in per
fusion and the dog became slightly hyperpneic and 
cyanotic. All these results seem to suggest that hyp
oxic pulmonary vasoconstriction occurs regionally in 
the lung tissue without requiring nervous system in
tegrity (lsawa et al. 1971a). 

The clinical implications derived from these stud
ies are that obstructive airway disorders associated 
with localized ventilatory impairment can easily cause 
regional pulmonary ischemia. Localized ventilatory 
impairment can be induced by many conditions, e.g., 
conditions of increased bronchial secretions such as 
bronchitis, bronchial spasm as in bronchial asthma, 
mucosal edema as in acute and chronic respiratory 
infections, bronchial collapse as in pulmonary em
physema, etc. It appears that under these conditions 
reduced regional perfusion can occur promptly. 

22.2.2.6 
Effect of Alveolar Pressure on Regional Perfusion 

When the RUL of a dog is ventilated through a bal
loon catheter under increased alveolar pressure, the 
regional perfusion decreases as the alveolar pressure 
increases. Regional perfusion was least at a maximum 
alveolar pressure of 14 to 19 cmH20, while it was the 
greatest at the tidal maximal alveolar pressure of 1 to 
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Fig. 22.11. When ventilation of the right lung of a normal 
dog (no. 754, posterior view) is blocked while the left lung 
is spontaneously breathing air, perfusion in the ventilation-

15min 20min 

blocked lung is diminished. The indicated time below each 
image is the duration of ventilation blockade 



-1 cmH20 when the RUL was artificially ventilated 
either with air or N2 (Isawa et al. 1978a). Regional 
pulmonary vasculature in low-pressure system thus 
appears to be compressed by increased alveolar pres
sure (Whittenberger et al. 1960). 

22.2.2.7 
Pharmacological Effects on Regional Perfusion 

22.2.2.7.1 
Aminophylline 

When the RUL of the normal dog lung was artificially 
ventilated with N2, air, 60% O2 in N2, and 60% O2 in 
20% CO2 in N2 (while the rest of the lungs main
tained spontaneous breathing of ambient air) amino
phylline (0.24 mg/kg/min) did not show a vasodilat
ing action under alveolar hypoxia [alveolar oxygen 
tension (PA02) ca. 40 mmHg]. On the contrary, it 
seemed to potentiate pulmonary vasoconstriction un
der severe alveolar hypoxia. When the regional PA02 

became less hypoxic (PA02 ca. 70 mmHg) or higher 
than that in the rest of the lungs (still spontaneously 
breathing ambient air), aminophylline did show a 
definite vasodilating action. This agent also showed a 
vasodilating action in alveolar hypercapnia in the 
presence of alveolar hyperoxia (Fig. 22.12; Isawa et al. 
1979). It has been reported elsewhere that aminophyl
line does not inhibit canine hypoxic pulmonary vaso
constriction (Benumof and Trousdale 1982). 

22.2.2.7.2 
Isoproterenol and Propranolol 

Using the same animal model, when the RUL was ar
tificially ventilated with N2 regional pulmonary perfu
sion increased in the hypoxic RUL following adminis
tration of isoproterenol (0.2 l1g1kglmin), but the in
crease was not observed when isoproterenol was ad
ministered following pretreatment with propranolol. 
When the RUL was artificially ventilated either with 
air or 60% O2 in N 2> no change in regional perfusion 
occurred by adding isoproterenol. Pretreatment with 
propranolol before isoproterenol administration did 
nothing to perfusion in the RUL under the latter cir
cumstances. 

Isoproterenol did reverse regional hypoxic pulmo
nary vasoconstriction, but its action was blocked by 
pretreatment with propranolol. Propranolol per se 
showed no effect on pulmonary vascular responses to 
different alveolar oxygen tensions (Isawa et al. 1981a). 
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Fig. 22.12. Comparison of regional perfusion before (left 
bar, small dots) and after (right bar, large dots) aminophyl
line injection. When the RUL of a normal dog is artificially 
ventilated with the gas mixtures indicated on the x-axis, 
aminophylline injection induces significantly more reduced 
perfusion in the RUL after aminophylline injection when 
RUL is ventilated with nitrogen. Aminophylline increases 
regional perfusion when the region is ventilated with air or 
gas mixtures of higher oxygen concentration. This is clini
cally important, suggesting that aminophylline works better 
when regional ventilation is well maintained 

In the reimplanted, denervated dog lung, however, 
pretreatment with propranolol did not block the ac
tion of isoproterenol to increase regional perfusion 
distribution in the hypoxic RUL (Isawa et al. 1982). 

22.2.2.7.3 
Dopamine 

While the RUL was artificially ventilated with N2, air, 
and 60% O2 in N2, dopamine was administered at the 
rate of 20 l1g/kg/min. There was no change in the re
gional vascular responses to the different alveolar 
oxygen tensions in the RUL before and after dopa
mine administration (Isawa et al. 1981 b). Furman 
and coworkers have reported that isoproterenol and 
dobutamine inhibited hypoxic pulmonary vasocon
striction but dopamine had no effect (Furman et al. 
1982). 
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22.2.3 
Diffusion 

The exchange of oxygen and carbon dioxide takes 
place by diffusion between the blood in the pulmo
nary capillary beds and the air inhaled into the alveo
li. The lung functions most efficiently when ventila
tion and blood flow are matched. Mismatching of 
ventilation and perfusion is the most common cause 
of hypoxemia. 

Fig. 22.13. a Perfusion distribution. Xenon-133 dissolved in 
saline was injected into a healthy normal 53-year-old man 
at TLC (total lung capacity) level with breath held in the sit
ting position. The distribution of radioactivity indicates 
perfusion at TLC. Note more perfusion distribution at the 
lung base than at the apex. b Ventilation distribution. Xe
non-133 gas was inhaled from RV (residual volume) to TLC 
and breath was held. The distribution of radioactivity indi
cates ventilation distribution at TLC. The distribution of 
radioactivity is more uniform than in a, but still indicates 
more radioactivity in the lung base than at the apex 

22.2.4 
Ventilation-Perfusion Relationships 

The introduction by West (1965) of radioisotopes to 
elucidate the topographical distribution of ventilation 
and perfusion marked a substantial innovation in 
pulmonary physiology. 

22.2.4.1 
Normal Relationships 

It has been found that both ventilation and perfusion 
per unit lung volume decrease from the lung base to 
the apex of the upright lung (Fig. 22.13 a), although 
the gravity effect is less for ventilation than for perfu
sion (Fig. 22.13b). The upper lung zone (zone 1) is 
overventilated and underperfused, while the lung base 
(zone 3) is overperfused and underventilated, as 
shown in Fig. 22.13 a, b. 

The use of 133Xe gas following the procedures illus
trated in Fig. 22.14 can clarify the ventilation distrib-
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Fig. 22.14. Respiratory maneuver to obtain the perfusion 
(Q) image, ventilation (V) image, and lung volume image 
(1) at the same lung volume, here at TLC. The inhalation of 
133Xe was provided via a closed-circuit container. Dissolved 
133Xe was injected intravenously while the subject holds 
breath at TLC (B, Q). Injected 133Xe is washed out from the 
lungs by breathing air. The subject inhaled 133Xe from a 
closed circuit from residual volume to TLC and held breath 
(D, V). The subject continues breathing from the closed cir
cuit, and when radioactivity in the lungs and the closed cir
cuit reached equilibrium, the subject breathed from the 
closed circuit to TLC level and held breath (F, V) 



Fig. 22.15. Upper left: the distribution of !33Xe in the lungs 
after equilibrium is reached between the radioactivity in the 
lungs and !33Xe in the closed circuit, indicating the lung vol
ume (V) at TLC: Upper right: perfusion versus lung volume 

ution per lung volume, perfusion distribution per 

lung volume, and ventilation/perfusion relationships 

(Fig. 22.15). Perfusion distribution can be studied by 
injecting 99mTc_MAA instead of dissolved !33Xe gas. 

Ventilation distribution can be studied by inhaling 
!33Xe gas, 81mKr gas, or Technegas (Vita Medical Ltd., 

Lucas Heights, NSW, Australia; Burch et a1. 1986). 

22.2.4.2 

Pulmonary Embolism 

22.2.4.2.1 
Natural History and Diagnostic Trials 

Pulmonary embolism is a relatively common disorder 

that is potentially fatal without adequate treatment. 

Because of the nonspecific nature of clinical, labora

tory, and radiographic findings, the accurate diagno

sis of pulmonary embolism is difficult without perfu

sion and ventilation lung imaging. The mortality in 

patients with pulmonary embolism who are not 

treated is reported to be as high as 30% (Dalen and 

Alpert 1975), while the mortality becomes between 
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(0/V); Lower left: ventilation versus lung volume VIV). Low
er right: ventilation versus perfusion (VIO) or topographical 
ventilation-perfusion relationships in the lungs, indicating a 
larger VIO ratio at the lung apex than the lung base 

2.5% and 8% if correctly diagnosed and treated (Al

pert et a1. 1976; Carson et a1. 1992). Since anticoagu

lant therapy is not without risks (Porter and lick 

1977; Mant et a1. 1977), accurate diagnosis is very im

portant. Several reports about the occurrence of deep 

vein thrombosis (DVT) and pulmonary embolism 

have led to the term "economy class syndrome" (Ho

mans 1954; Symington and Stack 1977), a reference 
to commercial flight in which passengers are cramped 

with their legs dependent and all but motionless for 

long stretches of time. 

22.2.4.2.2 

Mismatch between Perfusion 

and Ventilation Lung Images 

Mismatch between perfusion and ventilation, or absent 

perfusion in the normally ventilated lung tissue, is the 

diagnostic hallmark of pulmonary vascular disease or 

pulmonary embolism when clinical signs and symp

toms are compatible with the diagnosis (Fig. 22.16). 

Ventilation/perfusion (V/Q) lung imaging has been 

shown to be a safe noninvasive technique to study re-
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Fig. 22.16. Lung images (posterior) of a 23-year-old woman 
complaining of chest pain and dyspnea whose chest x-rays 
were within normal limits. Upper panel: Left: perfusion lung 
image. Perfusion in the left lung was virtually absent. Right: 
aerosol inhalation lung image immediately following perfu
sion imaging. Note perfusion and ventilation mismatch in 

gional perfusion and ventilation. As has been de
scribed, virtually all parenchymal and obstructive 
lung diseases can cause not only decreased perfusion 
but also abnormal ventilation within the affected por
tions of lung. In pulmonary embolism, regional per
fusion is either absent or decreased while ventilation 
is preserved. 

The first large scale study, the Urokinase Pulmo
nary Embolism Trial (UPET Investigators 1973), 

established perfusion lung scanning as an effective 
technique for the diagnosis of pulmonary embolism. 
Recovery of perfusion following pulmonary embolism 
was the additional subject of a study based on V/Q 
lung imaging and pulmonary angiography on 755 pa
tients suspected of pulmonary embolism [Prospective 
Investigation of Pulmonary Embolism Diagnosis 
(PIOPED) Investigators 1990]. This study and subse
quent comprehensive analysis established the sensitiv
ity and specificity of V/Q lung imaging for high, in
termediate, and low probability and emphasized the 

the left lung. Lower panel: one day after the upper studies 
were done. Left: perfusion lung image. Middle: 10 s breath
holding image following a single breath of !33Xe gas inhala
tion. Right: washout phase (60-90 s) with air. Note again 
perfusion and ventilation mismatch in the left lung and 
there no evidence of !33Xe gas in the left lung 

importance of incorporating the clinical assessment 
(PIOPED Investigators 1990; Worsley and Alavi 1995). 

Trials to improve the diagnostic accuracy of PIOPED 
have subsequently been undertaken (Freitas et al. 
1995; Goldberg et al. 1996; Gottschalk et al. 1996). 

In ventilation-perfusion scintigraphy a "stripe sign" 
is proposed as a useful diagnostic sign to rule out pul
monary embolism (Sostman and Gottschalk 1982; 

Sostman and Gottschalk 1992). 

Great care must be taken in interpreting ventila
tion and perfusion lung images in patients with con
genital heart disease (Cook and Fogelman 1996). 

Right to left shunts through pulmonary arteriovenous 
anastomoses and/or through dilated pulmonary capil
laries is reported (Panoutsopoulos et al. 2000). 

A phenomenon of "reverse ventilation-perfusion 
mismatch" is described in which some perfusion is 
present in a lung region with no or disturbed ventila
tion. It has been observed in patients with mucus 
plugging of a unilateral lung (Shih and Bognar 1999), 



individuals on positive pressure ventilatory support 
(Slavin et al. 1985; Kim and Heyman 1989), patients 
with intrapulmonary functional shunting due to lung 
cancer (Wartski et al. 1998), and in transplanted 
lungs (Kuni et al. 1993). 

22.2.4.2.3 

Bronchoconstriction in the Early Phase 
of Pulmonary Embolism 

Retention of inhaled 133Xe gas has provided evidence 
of bronchoconstriction in the early phase of pulmo
nary embolism. Bronchoconstriction in fact was seen 
to appear immediately after unilateral pulmonary ar
tery occlusion. This phenomenon, however, disap
pears shortly and is documented to disappear in the 
dog in 6 h, indicating a transient phenomenon (lsawa 
et al. 1972). 

22.2.4.2.4 

Regional Ischemia of Functional Origin or Spurious 
Scintigraphic Recurrence 

Perfusion defects due to pulmonary embolism are re
solved through thrombolysis and fragmentation of 
thrombi by anticoagulant therapy during the recovery 
course, but interestingly one often sees new perfusion 
abnormalities lung regions where pulmonary embo
lism was not originally suspected or unlikely to have 
affected. This phenomenon has been called "regional 
pulmonary ischemia of functional origin" (lsawa et 
al. 1970 b) and "spurious scintigraphic recurrence" of 
pulmonary emboli (Moser et al. 1973). 

22.2.4.2.5 

Chronic Perfusion Defects Mimicking 
Acute Pulmonary Embolism 

Another important fact in pulmonary embolism is 
that a significant chronic perfusion defect tends to re
main after acute pulmonary embolism. Such patients 
can develop serious complications, e.g., intracerebral 
bleeding, from unnecessary anticoagulant therapy. 
The need for a control perfusion lung scans at com
pletion of anticoagulant therapy for acute pulmonary 
embolism, even in patients with full resolution of 
symptoms, is stressed. Anyone with a V/Q abnormal
ity should receive a copy of the scan either on a com
puter diskette or as an analogue image to facilitate fu
ture care (Gottschalk 2000; Wartski and Collignon 
2000). 
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22.2.4.3 

Deep Vein Thrombosis 

Detection of deep vein thrombosis (DVT) is impor
tant because it often precedes pulmonary embolism. 
Recently 99ffiTc-apcitide (99ffiTc_P280), a small syn
thetic peptide binding to the GPIIb/IIIa, a receptor 
expressed on activated platelets, was reported to have 
a high enough affinity to effectively compete with en
dogenous fibrinogen (Taillefer et al. 1999). This agent 
would seem to have the potential of becoming a new 
gold standard for biochemical detection of DVT. 

A prospective study of 788 patients with venous 
thrombosis, using controls with similar symptoms 
but in whom the disease had been excluded, has 
documented no increased risk of DVT among travel
ers (the "economy class syndrome") (Kraaijenhagen 
et al. 2000) and the evidence for the risk of venous 
thromboembolism has been seen to be only circum
stantial (Geroulakos 2001). 

22.2.4.4 

Lung Transplantation and Lung Reduction Surgery 

Nuclear medicine procedures have special indications 
in the follow-up of lung-transplanted patients. Ventila
tion and perfusion lung imaging before and after trans
plantation affords invaluable information regarding not 
only perfusion and ventilation partitions to the trans
planted lung(s) or V/Q relationships but also sequential 
changes in V/Q relationships to warn of early rejection 
signs. Both ventilation and perfusion of the trans
planted lungs were greater when replacing those with 
pulmonary fibrosis and chronic airway disease, but rel
ative ventilation of the transplanted lung was signifi
cantly greater in patients treated for airway disease 
than in those with pulmonary fibrosis (Chacon et al. 
1998). Most of the ventilation and perfusion was found 
to go to the new lung graft (Levine et al. 1994). For in
stance, at rest 75±130/0 of perfusion was directed to the 
transplanted lung and 67±140/0 of the ventilation; no 
significant change in fractional perfusion and ventila
tion was appreciated during exercise (Ross et al. 
1993), the mild V/Q mismatch being retained. Patients 
reported improvement in quality of life. Hypoxic pul
monary vasoconstriction has been reported to be a sig
nificant problem in most unilateral lung transplants 
(Kuni et al. 1993). Using 133Xe radiospirometry, lkonen 
et al. (1996, 1997) demonstrated clinically and experi
mentally that the relative perfusion (Qtx) decreased 
and V/Qtx increased during acute rejection. 
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Because ventilation and perfusion lung imaging is 
noninvasive, V/Q imaging is also noted to be useful 
in the functional evaluation after surgical lung reduc
tion procedures in patients with severe emphysema 
(Cooper et al. 1996). 

22.2.5 
Airway Diseases 

22.2.5.1 
Matching of Perfusion and Ventilation Lung Images 

Matching of ventilation and perfusion can be seen in 
airway disease as shown in Fig. 22.17 a, b. In paren
chymal lung disease such as pneumonia, too, match
ing of ventilation and perfusion is observed in lung 
regions corresponding to abnormal densities on chest 
x-rays. Thus ventilation and perfusion relationships 
can be called a hallmark in studying either airways 
disease or parenchymal lung disease. 

22.2.5.2 
Radioactive Gases versus Radioaerosols 

Since Knipping's Isotopen-Thorakographie using 
133Xe gas (Knipping et al. 1955), radioactive gases 
such as 133Xe, 81mKr, cyclotron-produced 150, l1C and 
13N have been used to assess regional lung function. 
The advantages of these gases are manifold, but their 
utility has mostly been limited due to high cost and 
limited availability. An alternative to the use of radio
active gases to study regional ventilation is the use of 
inhaled radioactive particulates or aerosol (radioaero
sol) originally developed by Taplin and Poe (1965) 
and Pircher et al. (1965) who used aerosols made of 
either 198 Au colloid or 1311_HSA. 

Regarding the comparison of radioactive gases 
with radioaerosols: (1) Radioaerosols are less expen
sive to produce; (2) radio aerosols are produced by 
generators from easily available radiopharmaceuticals, 
(3) inhaled radio aerosols stay in the lungs for a long
er time (radioactive gases disappear without breath
holding), making a study of the lungs from multiple 
projections possible; (4) direct comparison of aerosol 
inhalation lung images with corresponding perfusion 
images is possible with good statistics; (5) dynamic 
aspects of lung function, such as locating "slow 
spaces" or determining if a bullous region communi
cates with an airway, can be studied only with radio
active gases; (6) repeated studies can be easily done 

using a short half-life gas such as 81mKr gas (or a cy
clotron-produced positron gas if facilities permit); 
again (7) breath-holding is necessary with gases, not 
with aerosols; thus only one projection can be studied 
at a time with gases; (8) due to characteristic deposi
tion patterns, obstructive airway diseases can be rec
ognized with aerosol inhalation lung imaging; and 
(9) by using aerosols generated from non-absorbable 
radiopharmaceuticals, mucociliary clearance can be 
studied as well as ventilatory aspects (Isawa 1995). 

22.2.5.3 
Aerosol Generation 

Radioaerosols can be generated by a jet nebulizer, an 
ultrasonic nebulizer, and other inhalation instru
ments. Agents generally used for aerosol generation 
are 99mTc-labeled human serum albumin (HSA), 
99mTc-phytate, 99ffiTc-sulfur colloid, and 99mTc-diethy_ 
lene triamine pentaacetate (DTPA; Isawa 1995). The 
size of radio aerosols usable in ventilation studies is 
1-3 11 or less in "activity median aerodynamic diame
ter" (AMAD). 

Recently Technegas, which allegedly has dual char
acteristics of both radioactive gas and aerosol, has 
been introduced for clinical use (Burch et al. 1986). 
Technegas is generated under 100% argon (Ar) gas 
from simmered pertechnetate e9ffiTc04) in a carbon 
crucible at 2500°C , is composed of technetium crys
tals covered with carbon, and each particle is 5-60 
nanometer (nm) in diameter (Figs. 22.18, 22.19; Isawa 
et al. 1996; Senden et al. 1997). Because of its small 
size, it is advisable to inhale Technegas deeply fol
lowed by a few seconds of breath-holding. 

22.2.5.4 
Aerosol Deposition Patterns 

Deposition of inhaled aerosol in the nonsmoking nor
mal lungs is homogeneous and almost indistinguish
able from the perfusion counterpart. In normal sub
jects nearly 40 to 50% of inhaled 99mHSA aerosols 
whose AMADs range from 1 to 3 11 (with respective 
geometric standard deviation [GSD (ag)] close to l.7) 
deposits in the nonciliated distal lung spaces includ
ing the alveoli during tidal resting breathing through 
the mouth (Miki et al. 1992). 

In chronic obstructive pulmonary diseases (COPD) 
characteristic deposition patterns are recognized; cen
tral deposition patterns in typical emphysema pa
tients and peripheral patchy patterns in typical 
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Fig. 22.17. a Perfusion (left) and aerosol 
inhalation (right) lung images from an 
IS-year-old woman complaining of 
chest pain, dyspnea, and wheezing who 
had been treated for pulmonary embo
lism at another hospital. Note the 
matched perfusion and ventilation 
images indicating the airway disease. 
Above, posterior views; below, left lateral 
views. b Perfusion (left) and aerosol in
halation (right) lung images from the 
same patient after 2 weeks' treatment 
with a bronchodilator and antibiotics 
under the diagnosis of asthmatic bron
chitis. Perfusion and inhalation lung 
images returned normal. Above, posteri
or views; below, left lateral views 
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Fig. 22.1Sa, b. High-resolution electron micrographs of 
Technegas. The large dark regions in a and b are techne
tium crystals covered with carbon, and the small dark re
gions embedded in the carbon contrast, some of which are 
indicated by arrowheads, are also small technetium crystals. 
(for A, B, and C see Fig. 22.19) 

bronchitic patients, but in most patients with COPD 
central and peripheral patterns coexist (Fig. 22.20; 
lsawa et al. 1970a). 

In pulmonary emphysema, an aerosol tends to de
posit on the central large airways (Fig. 22.21) near 
the hilum, probably because the large airways col
lapse on deep expiration due to decreased elastic 
recoil of the airways, as was observed with cine
bronchography by Fraser (1961). In chronic bronchi
tis, edema and/or anatomical remodeling of the bron
chial walls, hypersecretion and retention of bronchial 
mucus, and so on, may contribute to the formation of 
multiple hot spots, while the difference in aerosol size 
does not markedly affect the lung images in a normal 
subject (Miki et al. 1992). Generally speaking, the 
larger the size of aerosol, the more aerosol tends to 
deposit in the central larger airways than in the smal
ler ones in the lung parenchyma (Miki et al. 1992). In 
bronchiectasis both ventilation and perfusion are di
minished in bronchiectatic lung regions, forming 

Fig. 22.19a-c. Enlarged micrographs of regions A, B, and C 
in Fig. 22.1S. Lattice fringes 0.21 nm in diameter can be 
seen in the technetium crystals. In b), twin boundaries 
(T.B.) are observed. The technetium particle in c is covered 
by a thin carbon layer with lattice fringes 0.35 nm in diam
eter 

multiple hot spots by aerosol inhalation lung scintig
raphy (Bass et al. 1968; Windheim 1970; lsawa et al. 
1990 a). Radioaerosol inhalation lung scintigraphy has 
been used not only for detecting V/Q mismatch in 
patients with suspected pulmonary embolism (lsawa 
et al. 1971; Biello et al. 1979), but also for studying 
aerosol deposition patterns or mucociliary clearance 
mechanisms in the lungs of patients with various 
chest diseases (lsawa et al. 1984b, 1986a, 1988). 

There are various factors which determine the site 
of aerosol deposition in the lungs including the parti
cle size of inhaled aerosol, the inspiratory and expira
tory flow rate, the composition and physicochemical 
properties of the carrier gases, the shape and struc
ture of the airways, the body position during inhala
tion, and so on (Morrow et al. 1966; Morrow 1974; 
Foord et al. 1978; Agnew 1984). Because different 
aerosol deposition patterns can be obtained, espe
cially in subjects suffering from various forms of lung 
disease, by altering inhaled aerosol size, selection of 
inhaled aerosol particle size is important according 
to the purpose of the study (Miki et al. 1992). 
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Fig. 22.20. Aerosol inhalation lung images of a 77-year-old 
patient with squamous cell carcinoma of the RUL compli
cated with chronic obstructive pulmonary disease. His pul
monary function tests indicated a moderate airway obstruc
tion with vital capacity of 127%, forced expiratory volume 
in 1 s (FEVl.o%) of 47.9% and maximal mid-expiratory flow 
(MMF) of 0.55 lis. In addition to inhomogeneous distribu
tion of inhaled aerosol, multiple hot spots were seen 
throughout the lung for all three nebulizers. BARe (AMAD 
0.84 Il, ag 1.73; Bhabha Atomic Research Centre, Bombay, 

22.2.5.5 

Difference between Technegas and Genuine Gas 

Comparing the distribution of inhaled 81mKr gas and 

Technegas in the lungs at total lung capacity, there 

was little difference in the distribution ratios in the 

right and left lungs. However, there was a statistically 

significant difference in the lung regions of both nor

mal subjects and patients with pulmonary disease. 

Technegas tended to deposit more in the lung bases 

than did 81mKr gas. Despite these statistical differ

ences, they were visually or qualitatively very similar. 

77 MCOPD 
Lung cancer 

VC 127% 

FEV 1.0 1.741 

FEV 1.0% 47.9% 

MMF 0.551/5 

India) showed the best penetration of inhaled aerosol to the 
lung periphery, followed by mtra Vent (AMAD 1.04 Il, ag 
1.71; Mallinckrodt Inc., St. Louis, Mo., USA). Mistogen 
(AMAD 1.93 Il, ag 1.52; Mistogen Equipment, Oakland, Ca
lif., USA) produced almost bronchogram-like images, indi
cating poor penetration of inhaled aerosol to the lung pe
riphery. Inhaled aerosols deposited in the central large air
ways as well as in the peripheral lung fields. Central deposi
tion patterns are most prominent with Mistogen 

Thus Technegas is clinically useful as an inhalation 

agent, unless strictly quantitative analyses are re

quired (lsawa et al. 1994). 

Susskind et al. compared pulmonary distribution 
of inhaled 99mTc_DTPA aerosol and 81mKr gas in coal 

miners with nonembolic pulmonary disease. They 

found that the 81mKr gas tended to be preferentially 

distributed in the apical regions of the lungs, whereas 

the 99mTc_DTPA aerosol tended to be deposited in the 

lung bases, an effect attributable to gravity since the 
particles of 99mTc_DTPA are heavier than 81mKr gas 

molecules (Susskind et a1. 1986). Technegas, far 
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Fig. 22.21. Aerosol inhalation and perfusion lung images of 
an IS-year-old patient with Swyer-James syndrome (unilat
eral emphysema). The emphysematous left lung shows aero
sol deposition in the central large airways and no perfusion, 
while the normal right lung shows normal ventilation and 

smaller in size than 99mTc_DTPA aerosol, also showed 
a significantly larger distribution in the lower third 
of the left lung than 81mKr gas. 

Thus Technegas, though a nanometer-sized radio
aerosol, retains the characteristics of a particulate 
material and can never substitute for a radioactive 
gas. It cannot be used as a ventilation agent to study 
the dynamic aspects of ventilation as can 133Xe gas. 

22.2.5.6 

Significance of Hot Spots or Excessive Radioactive 
Deposition 

Inhaled aerosol deposits both in the conductive air
ways and functioning gas-exchanging space of the 
lung by impaction, sedimentation, and diffusion. In 
the functioning lung, or alveolar, space, diffusion of 
inhaled aerosols takes place. For relatively low inhala
tion flow rates, such as those in tidal breathing, the 
distribution of inhaled air normally depends in 
roughly equal measure on airway resistance and lung 
compliance (Milic-Emili 1977). Here airway resistance 

Posterior 

perfusion. Upper panel: aerosol inhalation lung images, 
anterior and posterior. Note: only the central large airways 
are depicted in the left lung. Lower panel: perfusion lung 
images, anterior and posterior 

is defined, when airflow is laminar, as the pressure 
difference between the mouth pressure and the alveo
lar pressure divided by the airflow rate. When the 
airflow is disturbed to become turbulent, airway re
sistance further increases and chances of aerosol de
position on the airways increase. Reynolds number 
(Re) is useful index in this regard. Re=2RFpl1'/, where 
R is diameter of the airway, F is mean flow rate, and 
p and 1'/ are density and viscosity of air, respectively. 
Roughly speaking, when Re exceeds 2000, the flow 
becomes turbulent. In other words, inhaled aerosol 
then has more chance of impaction and sedimenta
tion. Compliance is a measure, roughly, of the lung's 
tendency to conform to the shape of the bony chest, 
the 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 and the 
functional residual capacity (FRC) increases. There
fore, when the lungs become more compliant with in
creased airway resistance, the distribution of inhaled 
aerosol in the lungs is also more disturbed. 



patency stenosl& obstrucUon 

Fig. 22.22. Conceptual diagram of hot spot formation in 
aerosol inhalation lung imaging 

Thus when the airway is patent and ventilation is 
normal, inhaled aerosol reaches the alveoli without 
depositing in the airway. When an airway obstruction 
occurs, the distal region shows no deposition of in
haled aerosol. When the airway is partially stenotic, a 
hot spot is generated due to inertial impaction of the 
inhaled aerosol. The more stenotic the airway be
comes and the faster the airflow, the greater are the 
chances of impaction resulting in an airway hot spot 
and less alveolar deposition of inhaled aerosol. Chung 
et al. have described prestenotic bronchial deposition 
of inhaled aerosol as a new ventilation scan sign of 
bronchial obstruction (Chung et al. 1997). Hot spots 
thus indicate that while regional ventilation still ex
ists, it is disturbed. When stenosis become excessive, 
the airflow at the stenotic site diminishes and a hot 
spot is no longer formed. Figure 22.22 conceptualizes 
the relationship between aerosol deposition or hot 
spot formation and the status of the bronchial lumen 
(Horikoshi et al. 2000). 

Proteolysis of the alveolar walls due to impaired neu
trophil elastase (NE)-anti NE balance seems to be a ma
jor cause of emphysema. Neutrophils may increase in 
number as a result of smoking (Hunninghake and Crys
tal 1983). NE is balanced by an excess of antiproteases, 
principally aI-antitrypsin (AT), providing anti-NE pro
tection to the lung parenchyma. Oxidants associated 
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with smoking also play havoc with the lung. Molecular 
basis of aI-AT has been clarified (Bradley et al. 1988). 

22.3 
Nuclear Medicine for Nonrespiratory Lung Function 

Nonrespiratory lung functions are those not directly 
related to gas exchange function of the lung 
(Fig. 22.2). Pulmonary epithelial permeability and 
mucociliary clearance will be considered here. 

22.3.1 
Pulmonary Epithelial Permeability 

The aerosol 99mTc_DTPA was first used as an inhala
tion agent in 1968 for studying regional diffusing ca
pacity of the lung in patients with pulmonary sarcoi
dosis and alveolar proteinosis. It was expected that in 
these patients with decreased carbon monoxide dif
fusing capacity, clearance of inhaled 99mTc_DTPA 
aerosols from the lung would be slower; however, the 
result was opposite. Clearance from the lung seemed 
very rapid, although no quantification was feasible 
(Taplin and lsawa 1968). 

Using computers for data analysis, Taplin et al. 
later found that the clearance of inhaled 99mTc_DTPA 
aerosol from the lung was accelerated in patients with 
interstitial lung diseases (Rinderknecht et al. 1980). 

Minty et al. found that the pulmonary clearance of 
inhaled 99mTc_DTPA aerosols from the lung is also ac
celerated in smokers (Jones et al. 1980, 1983), but it 
rapidly normalizes after cessation of smoking (Minty 
et al. 1981). The 99mTc-DTPA-aerosol inhalation meth
od is now widely accepted as a useful test for evaluat
ing pulmonary epithelial permeability. 

A "modified Technegas" or "Pertechnegas", gener
ated under an atmosphere of 3% O2 and 97% Ar gas 
instead of 100% Ar was once claimed to be usable in 
place of 99mTc_DTPA aerosol (Monaghan et al. 1990, 

1991). Clearance of inhaled Pertechnegas differed, 
however, from that of 99mTc_DTPA aerosol and was 
similar to that of inhaled 99mTc-pertechnetate 
e9mTcO:;:) aerosol (lsawa et al. 1995). High-resolution 
electron microscopic observation revealed that Per
technegas, unlike Technegas, has no carbon coating 
surrounding the technetium crystals (Figs. 22.18, 
22.19; lsawa et al. 1996). 
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22.3.1.1 
Pathophysiological 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 
(Staub 1983). Pulmonary epithelium forms an extreme
ly tight barrier that is one-tenth as permeable as capil
lary endothelium for hydrophilic molecules and pre
vents the alveolar lumen from being flooded (Gorin 
and Stewart 1979). Permeability is likely related to 
the intercellular junctions, which are the main sites 
where hydrophilic molecules cross the membranes. 
The pore radius of the alveolar epithelial tight junctions 
is reported to be 0.4-1.0 nm whereas that of the capil
lary endothelium is 0.4-8.0 nm (Taylor and Gaar 1970). 

After 99mTc_DTPA aerosol is inhaled, its rate of 
clearance depends upon integrity of the lung. When 
the alveolar epithelium is intact, it produces resis
tance to 99mTc_DTPA particles passing through the in
tercellular epithelial junctions; however, when the in
tercellular epithelial junctions are widened due to 
some pathological conditions, 99mTc_DTPA is cleared 
more rapidly. Positive end-respiratory pressure is re
ported to help clear inhaled 99mTc_DTPA more rapid
ly (Chopra et al. 1979; Marks et al. 1985; Nolop et al. 
1986; Peterson et al. 1988). 

22.3.1.2 
Clinical Evaluation 

22.3.1.2.1 
Normal Subjects 

In normal nonsmokers (n=23) clearance half-time 
(t1/2) is 78.7±18.5 min when they inhale 99mTc_DTPA 
aerosol with AMAD of 0.86 I! and ag of 1.75. The 
corresponding value with 99mTc_DTPA aerosol of 
1.00 I! AMAD and 1.78 ag is 58.5±23.0 min (n=10; 

Anazawa et al. 1991). Smaller aerosol particles tend 
to prolong t1/2, although the difference is not statisti
cally significant. 

22.3.1.2.2 
Smokers 

Clearance of inhaled 99mTc_DTPA aerosols has been 
found to be faster in smokers (Jones et al. 1980, 
1983). Our study showed that when seven smokers 
(average cigarette consumption 16 pack-years or 
Brinkman Index of 160) inhaled 99mTc_DTPA aerosol 

with 0.86 I! AMAD and 1.75 ag, the t1/2 was 
25.7±15.8 min. The difference in t1/2 between non
smokers and smokers was statistically significant; it 
is not known why smoking induces this more rapid 
clearance. Horseradish peroxidase labeled with trans
ferrin and instilled into the alveoli of dogs was ob
served to increase in the intercellular junctions after 
smoking, indicating a widening of these junctions 
(Boucher et al. 1980; Hogg 1983). Within 3 weeks 
after cessation of smoking clearance acceleration has 
been found to normalize (Minty et al. 1981). 

22.3.1.2.3 
Interstitial lung Diseases 

Patients with biopsy-proven idiopathic interstitial 
pneumonia show significantly faster clearance of in
haled 99mTc_DTPA aerosol than do nonsmoking normal 
subjects, but there is no correlation between clearance 
of 99mTc_DTPA aerosol and diffusing capacity mea
sured by carbon monoxide (DLco; Anazawa et al. 
1991). Clearance is also accelerated in interstitial pneu
monia due to sarcoidosis (Rinderknecht et al. 1980), 
systemic sclerosis (Chopra et al. 1979), radiation pneu
monitis, and radiation fibrosis (Anazawa et al. 1992 a). 

It has been speculated that increased retractile 
forces due to fibrosis (Chopra et al. 1979) widen the 
intercellular junctions, and that the increase precedes 
alveolitis or a residue of subsiding active disease in 
sarcoidosis (Jacob et al. 1965). According to our 
study in which experimental fibrosis was induced in 
rat by bleomycin, clearance of 99mTc_DTPA aerosols 
definitely increased 2 weeks after instillation of bleo
mycin. Electron microscopic examination indicated 
that there was thinning, detachment, or denudation 
of the alveolar epithelium, and that the basement 
membrane was directly exposed to the alveolar sur
face. The widening of the intercellular junctions was, 
however, not confirmed. We believe that the epithelial 
damage and loss of epithelial covering of the base
ment membrane contribute to some extent to the 
faster clearance of inhaled 99mTc-DTPA-aerosol (Ana
zawa et al. 1992b). 

22.3.1.2.4 
Other Pathological Conditions 

Increase in pulmonary clearance of inhaled 99mTc_ 
DTPA aerosol is consistently reported with noncardio
genic pulmonary edema such as in adult respiratory 
distress syndrome (ARDS) and infantile respiratory 
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(min) 
100.-----------------------------------. 

Fig. 22.23. Clearance half-time (t 112) of 
99mTc_DTPA aerosol (AMAD 0.84 11, ag 
1.73) in normal nonsmokers is acceler
ated as the level of total suspended par
ticulates (TSP) increases. The names of 
the cities indicate the places where the 
measurements in the normal subjects 
were done. Singapore (Singapore), Sen
dai (Japan), Seoul (Korea), Bandung 
(Indonesia), Manila (Philippines), Bom
bay (India), Lahore (Pakistan), Dacca 
(Bangladesh), Beijing (China) 
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distress syndrome (IRDS) (Braude et al. 1983, 1985; 
Mason et al. 1985; Royston et al. 1985; Coates and 
O'Brodovich 1986), but the increase is not a uniform 
finding in cardiogenic pulmonary edema. Depletion 
of surfactant also seems responsible for increased per
meability in ARDS (Wollmer et al. 1986). The respira
tory bronchioli are suggested as being the sites where 
permeability is accelerated (Mason et al. 1985). 

In radiation pneumonitis clearance is accelerated 
not only in the pneumonic lesions but also in the 
contralateral lung where no radiological abnormali
ties are observed (Anazawa et al. 1992a). Radiation 
pneumonitis is thought to be caused by alveolar dam
age and alveolar edema (Gross 1977). As radiation 
pneumonitis resolves with steroid therapy, clearance 
of inhaled 99mTc_DTPA aerosol becomes normalized. 

Accelerated clearance of inhaled 99mTc_DTPA aero
sol from the lung has also been reported in hyaline 
membrane disease (Jefferies et al. 1984), long-term 
free-base cocaine use (Susskind et al. 1991), glue 
sniffing (Sundram 1995), and pneumocystis carinii 
pneumonia complicated with AIDS or HIV-positive 
hemophilia in nonsmokers (Mason et al. 1987; 
Meignan et al. 1990; O'Doherty et al. 1990; Van der 
Wall et al. 1991; Rosso et al. 1992). Especially in 
pneumocystis carinii pneumonia, clearance of inhaled 
99mTc_DTPA aerosol returns toward normal with re
sponse to therapy. A clearance study of this aerosol is 
reported to demonstrate its superior diagnostic use
fulness to 67 -gallium (67 Ga) chest scans in detecting 
pneumocystis carinii pneumonia when chest x-rays 
and/or Pa02 are within normal limits. 

22.3.1.2.5 
Urban Pollution 
and Pulmonary Epithelial Permeability 

The t1/2 following 99mTc_DTPA aerosol inhalation also 
differs in nonsmoking normal subjects living in dif
ferent locations. An international cooperative study 
has shown that t1/2 in healthy nonsmokers depends 
on the severity of air pollution, especially on the 
amount of suspended particulates in the air. The 
study was carried out under auspices of the Interna
tional Atomic Energy Agency (IAEA) in ten cities in 
eastern, southern, and southeastern countries of Asia 
using the same aerosol generator (Bhabha Atomic Re
search Centre, Bombay, BARC; Kotrappa et al. 1977) 
and the same agent 99mTc_DTPA for aerosol genera
tion (Nair et al. not yet published). Highly significant 
correlations were noted between t 112 and total sus
pended particulates (TSP; Fig. 22.23) and between t1l2 
and total pollutants. 

22.3.2 
Mucociliary Clearance 

22.3.2.1 
Airway Mucus and Cilia 

Mucociliary clearance is the first line of defense in 
the respiratory system. The mucus overlying the 
epithelial surface of the respiratory tract is propelled 
upward toward the larynx by coordinated beating of 
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the cilia of the airway epithelium. The cilia line the 
epithelium of the respiratory mucosa from the nasal 
passages to the terminal bronchioles, and are absent 
or poorly developed distal thereto (Sleigh 1977). 

The cilia of the bronchial tree are dipped in sur
rounding periciliary fluid, above which there is a mu
cus layer. A coordinated ciliary motion at the rate of 
about 1000/min normally transports the mucus layer 
toward the oropharynx, a salient feature in the or
chestration of interaction between mucus and cilia in 
the accomplishment of mucociliary clearance (Lucas 
and Douglas 1934; Wanner 1977). Ciliary action at 
the molecular level has been described in detail by 
Baum et al. (1998). 

22.3.2.2 

Principles of Mucociliary Imaging 

22.3.2.2.1 

Agents used for Mucociliary Clearance Studies 

22.3.2.2.1.1 

Radioactive Droplet 

Any agent that stays on the airway mucus layer follow
ing placement through bronchoscopy can be used for 
mucociliary imaging, including 99mTc0'4, 99mTc_HSA, 
99mTc-millimicrosphere, 99mTc-albumin microsphere, 
and 99mTc_MAA. Anyone of these with a particle size 
on the order of 0.025-0.05 m1 and placed through a 
tube inserted into the bronchoscope, is practical and 
convenient (Hirano 1988). 

Anesthesia of the airway mucosa and oropharynx 
is required for inserting a bronchoscope and placing 
a radioactive droplet on the tracheal or bronchial mu
cosa. This is tedious and cumbersome and inflicts so 
much discomfort on the patient that the actual clini
cal application of this method is limited. 

22.3.2.2.1.2 

Radioaerosol 

Radioaerosol generated either by a jet nebulizer, an 
ultrasonic nebulizer, a spinning-disc atomizer under 
special circumstances, or by other such devices, is in
haled through a mouthpiece with the nose clipped. 
An agent that is not absorbed or dispersed through 
the airway mucosa is ideal. Either 99mTc-sulfur col
loid, 99mTc-phytate, or 99mTc_HSA can be used to 
study mucociliary clearance mechanisms. We gener
ally use 99mTc_ HSA aerosol generated by a jet nebuliz-

er or an ultrasonic nebulizer. Aerosol with ug of 1.1 

or less are termed monodisperse aerosols, while those 
with ug greater than 1.1 are called polydisperse aero
sols. The size of inhaled radio aerosol, hygroscopy, 
and breathing pattern determine the sites of deposi
tion in the lungs as described elsewhere (Isawa et al. 
1970a; Mild et al. 1992). 

We adopt normal tidal breathing for inhaling 
radio aerosol. In studying mucociliary clearance aero
sols of less than 5-6~, but greater than 1 ~ in 
AMAD, is most suitable, as has been shown by Mor
row and Yu (1993). We have personally used 99mTc_ 
HSA aerosol of AMAD of 1.93 ~ with ug of 1.52 in
haled by the normal tidal breathing for studying mu
cociliary clearance. 

22.3.2.3 

How to Study Mucociliary Clearance 

22.3.2.3.1 

Placement of Radioactive Droplet 
or Radiopaque Material 

Bronchoscopic and radiographic methods have been 
used to study mucociliary clearance mechanisms, but 
these are generally invasive and require anesthesia of 
the airways and insertion of a bronchoscope, thus 
making these methods not feasible for clinical pur
poses (Hilding 1957; Berke and Roslinski 1971; Sack
ner et al. 1973; Friedman et al. 1977). For external 
measurement of mucociliary clearance, radioactive 
materials are placed on the mucosal surface of the 
airways and sequential imaging is performed (Baetjer 
1967; Sakakura and Proctor 1972; Isawa et al. 1980a). 
Transport of the radioactivity placed on the mucus 
layer is equivalent to that of the mucus itself. 

Acute toxicity of cigarette smoke to mucociliary 
clearance has been evaluated in dogs by this method. 
The transport or migration of the droplet on the mu
cus in the trachea is disturbed by forced smoking in 
a dose-response manner in the dog. Removing parti
culates in the cigarette smoke by glass fiber did not 
prevent the mucus transport from being disturbed 
(Figs. 22.24, 22.25; Isawa et al. 1980a). A large field
of-view gamma camera is used for this imaging. 

Radioactivity is introduced onto the mucosal sur
face either in a radioactive droplet or via inhaled 
radioaerosols. As a clinical method to study mucocili
ary clearance the former is invasive and not practical, 
whereas the latter is noninvasive and readily applica
ble. 
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Fig. 22.24. Migrating (transport) dis
tance of a tracer material on the dog 
trachea. The x-axis denotes the time after 
smoking is completed and the y-axis, the 
distance the tracer material is trans
ported. The shaded area indicates one SD 
of the linear regression in the non
smoking normal control dogs (n= 17). 
The gradient of a line means mucociliary 
transport velocity of a particular dog. 
Upper panel: when five non-filtered ci
garettes were (forcibly) smoked. Lower 
panel: when eight non-filtered cigarettes 
were smoked. As the number of cigarettes 
smoked increases, the migrating (trans
port) distance of the tracer material de
creases 
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22.3.2.3.2 

Radioaerosol Inhalation Studies 

22.3.2.3.2.1 

Delayed or Follow-up Imaging 

When delayed imaging is repeated after radioaerosol 
inhalation in patients with bronchogenic carcinoma, 
some show a hot spot which either remains constant 
in size or grows larger than that on an image acquired 
immediately after inhalation (Fig. 22.26), while in 
others a hot spot observed on an immediate image dis
appears on delayed or follow-up images. An inevitable 
disadvantage of this delayed, follow-up imaging meth
od, however, is that it is not always known how the 
radioactivity is cleared from the airways with time be
cause there is no guarantee that the radioactivity under 
consideration is the same as that on previous images, 
and whether a hot spot on subsequent images is the 
same as that on previous images is difficult to ascer
tain. Figure 22.27 illustrates such a puzzling case. 

50 60 

Immediately after aerosol inhalation there was no 
radioactivity on the left main bronchus. Delayed 
imaging at 1 h showed a radioactive glob on the left 
main bronchus, which disappeared within 2 h follow
ing inhalation. If mucus is always transported cepha
lad, it is difficult to interpret the presence of radioac
tivity in the left main bronchus. This finding suggests 
that there must be some inherent defect in this de
layed imaging method for studying mucociliary clear
ance. Continuous measurement of radioactivity fol
lowing radioaerosol inhalation instead of spotty fol
low-up imaging is mandatory to determine precisely 
what happens to the inhaled aerosols in terms of mu
co ciliary clearance. 

22.3.2.3.2.2 

Radioaerosol Inhalation Lung Cine-Scintigraphy 

To avoid the above drawback, radioactivity of the en
tire thorax including the trachea is measured con
tinuously from immediately following radioaerosol 
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Fig. 22.25. Upper panel: when dogs 
smoke five cigarettes through a glass fi
ber filter which takes up more than 
99.5% of particulates matter, the gradi
ents tend to become steeper than when 
five cigarettes were smoked directly 
without using the filter. Lower panel: 
when cigarettes smoked through the 
glass filter are eight in number, a lesser 
effect of the filter becomes evident 
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inhalation for 80-120 min in sequential 10 s frame 
mode in 64 x 64 matrix. Each sequential 10 s data is 
recorded and stored in a computer. The raw data are 
either compiled for cinematographic display, referred 
to as "radioaerosol inhalation lung cine-scintigraphy:' 
or used for quantitative analysis, or both (lsawa et al. 
1981 c, 1984a, b). "Radio aerosol inhalation lung cine
scintigraphy" is displayed in cine-mode on a cathode 
ray tube screen at the rate of 18 frames/s, and the ci
nematographic display is recorded by a movie camera 
or on videotape. This cinematographic display en
ables visualization of the features of actual mucus 
transport on the airways in vivo (lsawa et al. 1981 c, 
1984a, b; Teshima et al. 1989). 

50 

D = 0.131 

60 

22.3.2.4 

Quantitative Evaluation of Mucociliary Clearance 

22.3.2.4.1 

Extrapulmonary Airways 

When a radioactive droplet is placed on the tracheal 
mucosal surface, transport velocity of a radioactive 
droplet (equivalent to the tracheal mucociliary clear
ance velocity) can be assessed by timing the passage 
of the peak radioactivity of the droplet between two 
measuring points, then performing the appropriate 
arithmetic. This method is valid only when transport 
is straight, upward, and constant in velocity. But, as 
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Fig. 22.26. A hot spot at the site of cancer invasion on the 
left main bronchus persists for 2 h or longer, indicating dis 

before, bronchoscopy is required and the method is 
not clinically feasible, nor is transport always straight 
and upward in direction, thus the development of 
radioaerosol inhalation lung cine-scintigraphy. Var
ious patterns of mucus transport have been observed 
by the latter (Isawa et a1. 1980a, 1981 c, 1984a, b). 

22.3.2.4.1.1 

Condensed Image Mode 

Quantitative analysis followed the method of Teshima 
et al. (1989): The tracheal portion of each frame data 
is selected and arranged sequentially on a computer 
(Fig. 22.28) and displayed on the cathode ray tube 
with time on the x-axis and distance on the y-axis. 
When mucus transport is cephalad and straight in di
rection and constant in velocity, the transport is seen 
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turbed mucociliary clearance. A 55-year-old man with large 
cell carcinoma 

as a diagonal line (Fig. 22.29 a). When mucus trans
port is greatly disturbed, and velocity is at virtual 
standstill, the line becomes horizontal (Fig. 22.29 b). 
With radio aerosol inhalation, wide bands of trajec
tories are depicted. 

22.3.2.4.1.2 

Trajectory Mode 

To analyze the transport of a mucus glob more accu
rately and quantitatively, the following method was de
vised and termed "trajectory mode" (Teshima et al. 
1989). First, a point of interest (POI) is set at a "hot 
spot" on a frame data magnified from the original 
64x64 matrix data by interpolation, and its location 
is determined mathematically and recorded in a com
puter. On the next frame, also similarly magnified by 
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Fig. 22.27. Immediately after radioaerosol inhalation no 
radioactivity deposits in the left main bronchus, indicating 
no ventilation in the left lung. However, by 1 h a hot spot 
has appeared in the left main bronchus. In 3 h, the hot spot 

interpolation, the change in hot spot location is mea
sured mathematically and recorded. This procedure is 
repeated frame by frame, and each mathematicalloca
tion is connected using B spline function, which makes 
a trajectory of the transport of the hot spot (Fig. 22.30). 
This trajectory enables a detailed analysis of mucocili
ary transport in the trachea (Teshima et al. 1989). 

Vector analysis becomes possible by using this tra
jectory, as illustrated in Fig. 22.31, and various pa
rameters can be calculated as indicated below: 
• Effective transport velocity (Veff) = SIT 
• Apparent transport velocity (Vapp) = sIT 
• Traveling pathway index (a) = sIS 
• Stasis ratio (SR) = L,[number of times (As i = O)/N] 

Figure 22.32 compares tracheal mucus transport veloc
ity (effective velocity and apparent velocity) in normal 
nonsmokers, smokers, and patients with chronic ob
structive pulmonary diseases (COPD). 

Fractions of forward transport, backward transport 
and stasis in mucus transport can also be easily calcu
lated. Stasis ratio (SR) between healthy smokers, non-

has completely disappeared. A 50-year-old man with adeno
carcinoma. The left lung shows a blackout on chest x-ray 
and absent perfusion on perfusion lung imaging 

smokers, and patients with COPD are shown in 
Fig. 22.33. 

22.3.2.4.1.3 

Iso-Count Display 

Iso-count display of a hot spot in sequential frames is 
also possible by delineating iso-count lines in each 
frame. The direction of transport can be assessed, 
but this method, too, is reasonable only when a 
radioactive droplet is placed on the trachea. Thus this 
method is not practically applicable to aerosol inhala
tion studies (Teshima et al. 1989). 

22.3.2.4.2 

Ciliated Airways in Lung Parenchyma 

When radioaerosol is inhaled, radioactivity deposits in 
(A) extrapulmonary ciliated airways, (B) intrapulmon
ary ciliated airways, (C) non ciliated small airways in-
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Fig. 22.28. Diagram of condensed image mode. Only the tracheal portion is arranged sequentially and a hot spot is imaged 

eluding the alveolar space, and (D) esophagus and gas
trointestinal tract (Fig. 22.34; Isawa et al. 1984a, b). 

Disregarding the radioactivity in the gastrointesti
nal tract, the radioactivity at time zero, immediately 
after aerosol inhalation, can be written as follows: 

compartments. At time t, radioactivity in the com
partments would be: 

(22.2) 

Ao + Bo + Co = To 

If radioactivity is corrected for physical decay, 
(22.1) Eq. 22.2 becomes: 

where A, B, C represent the compartments in 
Fig. 22.34 and T the total radioactivity in all three 

(22.3) 
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Fig. 22.29. a Transport of a radioactive droplet with mucus 
of a normal dog from the carina to the vocal cord by con
densed image mode. b Transport of a radioactive droplet 
with mucus of a normal dog forced to smoke five cigarettes. 
Mucus transport is greatly disturbed 

If we define the radioactivity remaining in the lung 
at 24 h later as the amount of radioactivity deposited 
in the nonciliated space of the lung, Co, corrected for 
physical decay should be the same as Ctc (Co = Ctc). 

Practically speaking, it is extremely difficult to 
measure At without including the contamination by 
radioactivity (being swallowed) in the esophagus be
hind the trachea. In evaluating the clearance of radio
activity over time from the lung parenchyma, which 
is simply mucociliary clearance in the intrapulmo
nary ciliated airways, only radioactivity in the extra
pulmonary airways should be taken into considera
tion. Thus the above formulae should be rewritten as 
follows: 

Bo + Co = To (22.1') 

(22.2') 

(22.3') 

Sequential measurements of radioactivity in the lung 
parenchyma (or in the thorax excluding the extrapul
monary mediastinal region) over 24 h are all that is 
required to calculate the indices that follow. 

• Lung Retention Ratio (LRR). LRR expresses the 
amount of radioactivity remaining in the lungs at 
time t relative to the total radioactivity initially de
posited: 

LRR(%) = Ttc/To x 100 

• Airway Deposition Ratio (ADR). ADR indicates 
the amount of radioactivity throughout the ciliated 
airways relative to the total radioactivity initially de
posited in the lungs: 

ADR(%) = Btc/To x 100 = (Ttc - Co)/To x 100 

• Airway Retention Ratio (ARR). ARR measures the 
proportion of radioactivity initially deposited in the 
ciliated airways that still remains there at time t: 

ARR(%)=Btc/Box 100 = {(Ttc-Co)/(To-Co)}x100 

• Airway Clearance Efficiency (ACE). ACE is the 
proportion of radioactivity initially deposited on the 
ciliated airways that has been cleared by time t: 

ACE(%) = (Bo - Btc)/Bo x 100 

= {(To - Ttc)/(To - Co)} x 100 

• Alveolar Deposition Ratio (ALDR). ALDR indi
cates the proportion of total initial radioactivity re
maining in the lung parenchyma at 24 h, or the pro
portion of radioactivity deposited in the nonciliated 
space of the lungs including the alveolar space at the 
completion of aerosol inhalation. This compartment 
Clacks mucociliary clearance: 

ALDR(%) = Co/To x 100 

Normal values using 99mTc_HSA aerosol with AMAD of 
1.9 Il and ag of 1.7 are detailed elsewhere (lsawa et al. 
1989). The normal ALDR with this aerosol is about 
40%, but ALDR values may differ with the size of the 
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Fig. 22.30. Diagram showing the princi
ple of the trajectory mode. The location 
of the point of interest is sequentially 
determined frame by frame, and each 
mathematical location is connected 
using B spline function 

Original sequential images 

CIIJ.kl 

Interpolated magnification 

JOO\ t!}1 00 -- -m 
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Trajectory display 

aerosol inhaled such that the smaller the aerosol size, 
the higher the ALDR (Miki et al. 1992). It is ideal to es
tablish the normal ranges of each parameter at each 
laboratory according to the aerosol size used. 

22.3.2.5 

Mucociliary Clearance in Health and Disease 

22.3.2.5.1 

Large Airways: Trachea and Major Bronchi 

22.3.2.5.1.1 

Normal Subjects 

According to observations by radio aerosol inhalation 
lung cine-scintigraphy, the transport of inhaled radio
aerosol deposited in the airways in nonsmoking nor-
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o x 

Il s, = (Il SXi, Il Syi ), 

where i = 1 to N. 
S = (8x,8y) 
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Fig. 22.31. Vector analysis of a trajectory. From START to 
END the actual pathway is comprised of 51' 52>C SN' although 
macroscopically it resembles a straight line between START 
and END. Each 51' 52'C 5N is a vector and mathematical cal
culation is possible 
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Fig. 22.32. Although there is no statistically significant dif
ference in effective velocity (Veff) between nonsmokers, 
smokers, and patients with chronic obstructive pulmonary 
disease (COPD), apparent velocity (Vapp) significantly dif
fers between normal subjects (smokers and nonsmokers) 
and patients with COPD 

mal subjects is always axial and cephalad in direction, 
steady and constant in its transport velocity, and 
without stagnation of radioactivity in the trachea or 
bronchi. In smokers and some former smokers with
out manifest symptoms, a temporary collection of 
radioactive mucus is seen over the bronchi near or 
over the carina, although radioactive transport is still 
cephalad in direction with transport velocity nearly 
constant (lsawa et al. 1984a). Such stasis, if present, 
never persists long. Visible in patients with obstruc
tive airways disease are retrograde transport (retreat), 
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Fig. 22.33. Stasis ratio (SR) significantly differs between 
normal (smokers and nonsmokers) and patients with COPD 
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Fig. 22.34. Diagram of deposition sites of inhaled aerosol 
such as the trachea and the proximal portion of the major 
bronchi (A), the intrapulmonary ciliated airways (B), the non
ciliated airways including the alveolar space (C), and the di
gestive tract such as mouth, esophagus, stomach, etc. (D) 

stasis, or stagnation of mucus globs, frequent up
and-down motions of radioactive globs in the trachea 
or bronchi, and/or migration into the other regions 
of the same lung or into the bronchus of the opposite 
lung (lsawa et al. 1984b). 

In trajectory mode, the trajectory in a normal sub
ject is seen to be tortuous and complex, indicating 
that microscopically mixed forward and retrograde 



transports are combined with stasis, the overall trans
port direction, however, remaining oropharyngeal 
(Isawa et al. 1984b). 

22.3.2.5.1.2 

Obstructive Airway Diseases 

In those with obstructive airway disease, mucus 
transport over the trachea and the major bronchi is 
extremely protean in its direction and transport pat
tern. Of 21 patients with obstructive airways disease 
studied by radio aerosol inhalation lung cine-scintig
raphy, 14 showed temporary but frequent stopping 
and starting of radioactivity in the airways in the 
course of lung clearance. Even after mucus begins to 
migrate up the trachea, it tends to stop on the way. 
This stopping and renewed migration were repeated 
many times in the course of mucus transport. Migra
tion is often accelerated by coughing and/or clearing 
the throat, the radioactive mucus finally being swal
lowed into the stomach or expectorated. Sometimes 
radioactivity remains at the same spot without mi
gration until cleared by coughing. In this sense 
coughing appears to be the only means of upward 
propulsion of the mucus. In 10 patients there was re
versal of mucus flow, in 5 migration or straying or 
radioactivity from one bronchus to that of the oppo
site lung, bypassing the trachea, followed by shuttling 
between the right and left main bronchus, finally 
coughed up. In 4 there was spiral or zigzag transport 
of radioactivity as shown in Fig. 22.35. 

In other series of patients with obstructive airways 
disease, radioaerosol inhalation lung cine-scintigraphy 
frequently showed not only the shuttling of mucus be
tween the right and left main bronchus but also migra
tions of mucus from one region of the lung into the dif
ferent regions of the same lung (Isawa et al. 1984b). 

I II ill 
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By trajectory mode, analysis in patients with 
COPD reveals a simpler shape than that in normal 
subjects because the stasis ratio becomes higher as 
shown in Fig. 22.33 (Teshima et al. 1989). 

22.3.2.5.1.3 

Bronchiectasis 

In bronchiectatic lung regions, the deposition of in
haled radioaerosols is diminished and inhomoge
neous. Radioaerosol inhalation lung cine-scintigraphy 
has revealed that transport of inhaled radioactivity 
from bronchiectatic regions is greatly deranged. Re
gional stasis was observed in 12 of the 20 patients 
studied, regurgitation or reversed transport in 14, 
straying in 8, and spiral or zigzag motion in 1. The 
transport patterns were more or less a combination 
of these four basic abnormal patterns. When coughs 
occur, regurgitation and straying become more 
marked in the bronchiectatic regions. Only coughs 
can force radioactive mucus from inside the bronchi
ectatic regions to outside, mucociliary clearance from 
these areas being very inefficient without the help of 
coughing. These regional abnormalities in mucocili
ary transport seem to be responsible for the develop
ment of infections and hemoptysis in the bronchiec
tatic regions (Isawa et al. 1990 a). 

Genetic disorders, autosomal recessive, such as 
primary ciliary dysfunction including Kartagener 
syndrome (Eliasson et al. 1977), Young's syndrome 
(Greenstone et al. 1988), and cystic fibrosis (CF; Zie
lenski and Tsui 1995) culminate in bronchiectasis due 
to mucociliary dysfunction. The gene for CF has been 
identified on chromosome 7. The encoded gene prod
uct, named cystic fibrosis transmembrane conduc
tance regulator (CFTR), corresponds to a cAMP-regu
lated chloride channel found almost exclusively in the 

N 

I REGURGITATION] ~ ~ \SPIRAL MOTIONI 

Fig. 22.35. Four abnormal mucus trans
port patterns in the trachea (I-IV). 
Although steady transport cephalad in 
direction is seen in normal nonsmokers, 
the four abnormal mucus transport pat
terns are observed in combination in 
pathological states. In straying, shuttling 
transport from one region to a different 
portion inside the same lung is also 
seen. The numbers below indicate fre
quency observed in 20 patients with 
COPD 

10/21 5121 14/21 4121 
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secretory epithelial cells (Zielenski and Tsui 1995). At
tempts have been made to transfer the normal human 
CFTR cDNA to the epithelium of patients with CF 
(Harvey et al. 1999). 

22.3.2.5.1.4 

Bronchogenic Carcinoma 

Abnormal mucociliary transport patterns such as re
gurgitation, straying, stasis, and spiral or zigzag mo-

. tions are seen in bronchogenic carcinoma, especially 
in patients with complicating COPD. Abnormal mu
cus transport patterns have nothing to do with the 
histological diagnosis of bronchogenic carcinoma but 
with the degrees of functional and anatomical airways 
obstruction. 

Bronchial invasions or protrusions of cancer into 
large airways are often recognized as "hot spots"; 
these persist or disappear over time depending on the 
degree of mucosal damage. When a tumor is covered 
with intact ciliated mucosa, the hot spots eventually 
disappear, but they persist when the bronchial mucus 
is denuded by the tumor (lsawa et al. 1986c). 

22.3.2.5.1.5 

Idiopathic Interstitial Fibrosis and Pulmonary 
Vascular Disease 

Transport in the large airways does not differ in these 
conditions from that in normal subjects unless com
plicated with COPD, in which case similar transport 
patterns are seen to those in patients with COPD 
(lsawa et al. 1986a). 

22.3.2.5.2 

Ciliated Airways in Lung Parenchyma 

22.3.2.5.2.1 

Normal Subjects 

Using 99mTc_HSA aerosol whose AMAD is 1.93 !! with 
ag of 1.52, the following findings have been obtained: 
• LRR is 85-90%, 80-85%, and 75-80% at 30, 60, 

and 90 min, respectively. 
• ALDR is equivalent to the LRR at 24 hand 

amounts to about 40%. 
• ADR immediately after inhalation is about 60% 

and decreases with time to 50%, 45%, and 40% at 
30, 60, and 90 min, respectively. 

• ARR is 80-85%, 65-70%, 60-65% at 30, 60, and 
90 min, respectively. 

• ACE is 15-20%, 30-35%, 35-40% at 30, 60, and 
90 min, respectively. 

• Otherwise normal smokers show a slightly faster 
clearance than nonsmokers. ALDR values are sig
nificantly larger in normal nonsmokers than in 
normal smokers (lsawa et al. 1989). 

22.3.2.5.2.2 

Obstructive Airway Diseases 

As shown in Fig. 22.36, LRR itself is not distinguish
able from the normal range, but ALDR is significantly 
less than normal range. Both ADR and ARR are high
er and ACE lower than the normal range, indicating 
that a larger proportion of inhaled aerosol deposits in 
ciliated airways and that mucociliary clearance is less 
efficient (lsawa et al. 1984 b). 

22.3.2.5.2.3 

Idiopathic Interstitial Fibrosis 
and Pulmonary Vascular Disease 

All the parameters remain in the normal range in 
these conditions (lsawa et al. 1986 a, 1988). 

22.3.2.6 

Pharmacological Effects 

The clinical effects of mucolytic agents and broncho
dilators have mostly been evaluated thus far rather 
subjectively on the basis of patients' sense of improve
ment. Quantitative and objective evaluation is possi
ble with the present methods of radioaerosol inhala
tion and subsequent sequential imaging, with mea
surement of radioactivity of the lungs. Reports thus 
far regarding drug effects are rather conflicting (Sack
ner 1978; Matthys and Koehler 1980; Wanner 1981; 
Pavia et al. 1983). 

22.3.2.6.1 

Bromhexine 

Bromhexine is claimed to liquefy mucus by breaking 
the mucopolysaccharide chains in the mucus, thus 
facilitating its removal. ACE was evaluated by 
radioaerosol inhalation lung scintigraphy in ten pa
tients with various chest diseases before and after 7 
days of 8 mg oral bromhexine administered three 
times per day. 

ACE was barely significantly improved by l test 
(p= 0.05). Pulmonary function tests revealed little 
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LUNG RETE 'TION RATIO AIRWAY DEPOSITION RATIO 

Fig. 22.36. Five parameters in patients 
with COPD. ALDR equivalent to LRR at 
24 h and ACE are significantly de
creased, and ADR and ARR increased. 
LRR remains within normal limits. 
Bands, means and 95% confidence in
tervals 
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change before and after the administration except for 
a slight increase in maximum mid-expiratory flow 
rate and a slight decrease in the ratio of residual vol
ume to total lung capacity (lsawa et al. 1984c). 

22.3.2.6.2 

PrStimulators 

It is known that ciliary beat frequency in vitro is in
creased by the administration of salbutamol (Van As 
1974). Oral administration of salbutamol 8 mg three 
times per day for 7 days did not change either radio
aerosol inhalation lung images or quantitative param
eters compared with baseline, although pulmonary 
function tests showed significant bronchodilation 
after 7 days' administration (Isawa et al. 1986b). 

In the midst of radioactive measurement following 
inhalation of 99mTc_ HAS aerosol, procaterol, a Prstim-

24 
HR 

ulator was inhaled to determine whether change ap
peared in the time-activity curve. If the curve over 
the lungs becomes steeper, we judge that the muco
ciliary clearance is accelerated by the medication. 
However, we found neither a significant change in 
the slope of time-activity curves nor in any quantitative 
parameters in patients with bronchial asthma in remis
sion, although spirometry indicated significant 
bronchodilation (Isawa et al. 1990b). 

22.3.2.6.3 

Aminophylline and PrStimulators 

Radioaerosol inhalation lung cine-scintigraphy and 
pulmonary function tests were performed on ten pa
tients with bronchial asthma in remission before and 
after 250 mg aminophylline infusion followed by in
halation of salbutamol. The bronchodilating effect of 
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the combined treatment was significant; inhaled aero
sol deposited more homogeneously and less centrally 
in the lungs. The penetration index increased from 
31%±3% to 49%±7% and the ALDR from 29%±2% 
to 39%±1%. The ADR decreased from 72%±2% to 
61 %± 1 % immediately after the treatment. Spirometry 
revealed significant bronchodilation. However, there 
was little quantitative improvement in mucociliary 
clearance after the treatment (lsawa et al. 1987). 
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