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ABSTRACT

Ultrastructural studies ot the alveolar-capillary
membrane show that changes which may alter 1ts permeability
characteristics are an early and consistent teature ot
radiation lung injury. To assess changes in pulmonary
permeability at weekly 1intervals tollowing thoracic
irradiation (20 Gy rad to a 5 X 7 cm area in the right lower
zone) in 12 doys, we measured the regional pulmonary
clearance rates of aerosolized sodium pertechnetate (TC04—)
and technetium-labeled diethylenetriaminepenta-acetate
(DTPA). Chest roentgenograms (Cxray) and F9mp
macroaggregated albumin (MAA) pertusion scans were also
pertormed weekly and computerized tomographic (CT) Lung
scans biweekly for comparison. Doys were sacriticed at the
end of the study for lung complliance measurements and
morphology. Before irradiation there were no side to side
differences in pulmonary clearance rates of the solutes; fo‘p

.

TcO,, right = 4.19 & 0.72 min, left = 4.33 x 0.71 min (t s,
mean + SD); for DTPA, right = 2.99 + 0.74 %/min, left = 3.3
+ 0.98 %/min (% fall per min, mean t SD). Following
irradiation, pulmonary clearance rates of both solutes were
reduced on the irradiated side and these were statistically
different from those of the non-irradiated side from the
second week onwards. Cxray, MAA and CT scans did not become
abnormal until much later 8.22 + 2.64, 8.0 # 3.08 and 7.11 %
.2.76 weeks post-irradiation respectively (mean x SD). At

autopsy, all dogs showed histological evidence of radiation

iv

<



pneumonitis but the compliance of excised right lower lobes
was not altered. However two separate doygs sacrificed at
the onset ot abnormal TCU4— clearance showed normal luny
histology. Thege results indicate that pulmonary
permeability is reduced in experimental radiation lung
injury and that this occurs before widespread morphological,
radiological and perfusion abnormalities become detectable.
Therefore the radioéérosol scanning technigue which can
detect regional changes in pulmonary permeability has

potential value in the early detection of radiation lumg

injury.
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CHAPTER 1

THE PROBLEM



& CLBackground to the provlen
Rédlatl<w1’vaatnwﬂn 1s an ettective modality 1n the
management of malignancy. [ts ability to reduce tumour mass
and relieve symptoms has been demonstrated i1n a wide variety

of cancers, both primary and secondary. Despite this
\ :
usetulness a major limitation has been 1ts 1nability to
discﬁiminate between gealthy and malignant tissue. In
treatment schedules tQ‘the‘thorax, for instance, the ettect
 0£ radiation on the lungs has been the major limitinyg
tactor. Since the tirst reports of radiation lung 1njury 1in
1922, trom Groover, Chri?tie and Merrltt,(l) many ot the
factors in its pathogenesls have been elucidated. Thus, 1t
is now possible by using dose fractionation, the avoidance
ot exacerbating tactors, and improving dose distributions to
reduce the toxic eftects ot radg?tion on normal luny
’
tissue. Nevertheless, radiation lung 1njury still occurs
with significant morbidity and mortality.(Z) In addition
there is considerable variability in response between
patients on the same radiation therapy protocol. It 1s
therefore difticult to determine a priore or during .
treatmgnt who will and who will not develop alsevere
reaction. Two sfndromes have been described: radiation
pneumonitis, an exudative lung reaction occurring acutely 3-
6 months after irradiation; and radiation fibrosis, a
bd .
"healiflg" reaction occurring months or even years later.

Although far less common than fibrosis, radiation

pneumonitis accounts for most, of the morbidity and mortality



seen 10 radiation lung 1njutry. At the present time 1ts
diagnosis 1s based largely upon symptomat ology and chest
radiography. Steroids, antibilotics and ant 1coagulants have
all been used in the management of pneumon1tis.(3) Ot these
three, steroid treatment has been the only one which has
shown any benefit in animal studies.(;) Alt hough there arve

(4)

anecdotal reports ot benetit 1in humans there have been no
controlled clinical trials and most physicians tavour
supportive therapy alone.

1t is clear, theretore, that despite 1ts usetulness
both alone and in combination with chemotherapy and surgery,
the ettectiveness ot radlation treatment 1n the mdm‘dg(:mkﬂlt

of cancer is compromised by the need t()J consider or reverse

its ettects on normal tilssue.



Statement of the probloem
Although the clinitcal and radiographic teatures ot
radiat ton pneumonitis do not appear until 3-6 months atter

irradiation it is likely that lung damage 1s almost
immediate.(s_ll) Indeed ultrastructural studies have shown
changes within the first 24-48 hours 1n rats given 20 Gy to
the left CheS(.(S) A latent interval therefore exists
between irradiation and the onset ot symptoms and
radiographic abnormalities. .During this 1interval the
ultrastructural changes either progress to produce an
exudative reaction (radiation pneumonitis) or heal, leadiny
to tibrous scarring (radiation tibrosis). The tactors whilch
influence the direction the lung injury takes have not been
fully established althouygh radiation parameters (e.g. dose
aAd volume) are important. The early changes seem to be
centered upon the alveolar epilthelium and/or the capilllary
endothelium with initial swelling and eventual sloughing of
cells. Clearly whatever mechanisms are responsible, their
effects persist during the latent interval. At the present
time, no non-invasive method exists to adequately assess
this early damage. Moreover, in the clinical setting,
repeated lung biopsies during this interval would be clearly
impractical. By the time symptoms and radiographic
abnormalities develop, it is often too late tor eftective
intervention. A non-invasive test 1is required to detect

early changes, to predict the likelihood of developing

pneumonitis, and to assess the effectiveness of



Intervent ton., Such a test could be used to tollow patients

during and atter radiotherapy and to help optimize this

potent treatment modal ity.



Research Hypothesis

The early damage tollowilng radiation therapy 1s
centered upon the alveolar epithelium and capillary
end()thelium.(s-l1) As these two linings make up the major
components of the alveolar-capillary membrane(lz) it 1s
postulated that damage to them alters 1ts permeability
characteristics. A non-invasive assessment of pulmonary
permeability tollowing radiation therapy may theretore
provide a test which can be used to monitor damage 1n
patients atter radiation treatment. It changes 1n pulmonary
permeability occur early this test may be able to identity
damage earlier than chest radiography, tomography or
clinical examination. It 1s also possible that this
alteration in barrier properties 1s an 1mportant early step
in the pathoyenesis of radiation pneumonitis and 1its
assessment may provide turther clues as to the chain ot
events that follow.

N \



(4)

Objectives of the study
The objectives ot thils study were as tollows:

To document changes in pulmonary permeability in vivo
tollowing thoracic irradiation 1n dogs, using a
radioaerosol scanning procedure.

To identity the time ot onset ot these changes by
seriar‘assessment of pulmonary permeability atter
irradiation.

To determine the value ot this test in the early
detection of radiation lung injury by comparison with

9ngechnetlum labeled

serial chest radiographs,
macroaggregated albumin (MAA) perfusion and x-ray
computerized tomographic (CT) lung scans.

To document the deygree ot radiation damage produced by

the measurement of the compliance ot irradiated lobes

and morphological examination of the lungs.



CHAPTER TI

A REVIEW OF THE LITERATURE




Introduction
In order to tully comprehend the ettects ot radiation
on pulmonary permeability, it 1s lmportant to have a basic
understanding ot the air-blood barrier and 1ts permeability
. . & . ) : :
characteristics. In the literature review which follows,
A Y
theretore, the alveolar-capillary membrane is considered 1n ;
some depth. Many reviews ot radiation lung 1njury already
exist,(2'13) and tor the purposes ot this thesis, only the
o -
effects of radiation on the alveolar-capillary membrane will
be considered. Throughout this literature review emphasis

has been placed on what is relevant to the experimental

section and to the objectives ot the study.



Ultrastructure ot the alveolar-capillary membrane

The alveolar-capillary membrane 1s a unlque structure
which provides a large surface area for gas exchangye yet
also acts as a barrier against the indiscriminate leakage ot
tluid from capillary to alveolus. A number of adaptatiohs

exist which assist the membrane 1in its barrier tunctions.

These include: - (1) a pulmonary capl*lary pressure which 1is
below the oncotic pressure ot serum proteins; (2) an

-y
interstitial pressure which is subatmospheric; (3) a

surtactant system which reduces 1Intralveolar surtace
tension; and (4T an efficient lymphatic drainage system.
However, theﬂlntrinsic structure ot the alveolar-capillary
megmbrane itself, does provide an effective barrier at the
air-blood intertace and any discussion of alveolar capillary
membrane permeability must take this into account.

when lunygs are fixed by vascylar pertusion, electron
micrographs show the alveolar-capillary membrane to be

)

composed ot the following structures ygoing trom alveolus to
capillary(14) {Plate 1): surfactant layer, alveolar
epithelium and its basal lamina, interstitium, the basal
lamina of the capillary endothelium and finally the
capillary endothelium itself. The alveolar septum is

7
composed of a thick and a thin side, the difference beiny

due to the amoUnt of interstitium present. On the thick
side the basal laminae are separated by portions of

interstitial cells and scattered connective tissue

fibrils. oOn the thin side the basal laminae are often fused

10



Plate 1 - An example of the alveolar-capillary membrane from

an isolated perfused dog lung after perfusion-fixation.

"o

Surfactant is visible (in the pleated "corner" ot the

\
alveolus (A), and layers of the alveolar-capillary membrane
can be seen. The capillary (C) 1n the upper létt lies on
the thick side of the septum and the portion of the
*capillary in the lower right lies on the thin side.

Reproduced with permission from Am. Rev. Resplr. Dis.(14)

“
‘§
with very little intervening connective tissue. The thick
and thin sides appear to be adapted for different functions;

the thin side provides a thin barrier for gas exchange and

the thick side provides a reservoir for excess ,interstitial

11



tluld which appears to preterentially sequester on that
side.(15)  The thickness of the thick sides varies depending
on luny Size,(lb’l7) but that ot the thin side appear to be
similar in all mammalian lunygs 6wing to the similar
thicknesses ot the alveolar epithelium and capillary
endothelium. In the human I@ng, the air-blood barrier may
be as little as 0.5 um 1in thickness.(lg)
The capillary endothelium 1is continuous and non-
fenestrated and the cells contain numerous pinocytotic
vesicles. These are the most conspicuous features of the
cytoplasm and mitochondria, endoplésmic reticulum, and golgl
complexes are only rarely seen. (197200 phe celd body
containing the nucleus 1s usually fqund towards the thick
side ot the septum. Th¢ capillary endothelial cells are
attached to each other by junctions in which a portion of
the intercellular space 1is generally obliterated. However,
some of these junctions have gaps approximately 4 nm in
width which separate adjacent endotheliaGCéfls.(ZI) [he
presence of these gaps sugygest that the capillary
endothelium does not provide a totally imperﬁeable seal
between blood and alveolus. Indeed various workers have
shown that these gaps known as tight junctions are the major

sites of macromolecular translocation across the

endothelium,(zz) and that they can be widened by various

disease processes.(23'24)

The alveolar epithelium is composed of a continuous

layer of membranous, type I and granular, type II

12



pneumocytes., Type [ pneumocytes are characterized by broad
cytogkismic extensions (0.1-0.3 pm thick) which cover

(25) Type II1

approximately 95% ot the alveolar surface.
pneunocytes, although slightly more pumerous than type I
pneumocytes, cover only the remaiﬁing 5%. The apparent
paradox is due to the cuboidal nature ot the type I[ cells
compared to the tlat, spread-out nature ot the type |1
cells. The type I alveolar epithelial cells resemble the
capillary endothelial cells in that they have numerous
plnocytotic vesicles but are otherwise devold ot
intracellular organelles. The type Il cells, 1n contrast
have numerous multivesicular bodies, multilamellar

(27,28)

(26)

bodies mitochondria peroxisomes

reticulum and a prominent golgi apparatus. Type II cells

|

are responsible for ﬁulmonary surfactant Synthesis(29’30)

and also serve as the progenitor ot alveolar epilthelial

(31) These functions

regeneration after pathological insult.
are of special importance when considering the eftects ot
radiation lung injury.

The alveblar epithelial cells, both type 1 and type 1I
are joined to each other by tight junctions in a similar
fashion to the endothelial cells. However, the tight
junctions in the alveolar epithelium appear to be much
tighter than those 1in the capillary endothelilum, and of the
2 components of the alveolar-capillary membrane, the
alveolar epithelium is the limiting strﬁcture in terms of

(32-34)

molecular flux. This was suggested in particular by

rough endoplasmic

13
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the work ot Taylor and Garr who, using the concept ot
reflection coetficients, showed that the pores in alveolar
epithelium (most likely representing tight junctions) were

about 0.8-1.0 nm in radius, and those in the capillary

(34)

endothelium, 4.0-8.0 nm. various technigues have shown

that clearance rates of solutes across the alveolar-
caplllary membrane are inversely related to molecular

weight. Figure 1 shows that this inverse relationship 1is

0

roughly maintained in a number ot animal species regardless

(35)

of the methoq of administration. This hindrance ot t1ux

has 1+ s1ze <Criteria 1s compatible

-
o a RAT
X RADSST
PN i o DOC
. .C"l 8 a a SHeEP
RTAL LAVS
‘C‘) 4 ‘ v a A ; « DOC, ABROSOL
En—l = 4 a tA“ a*
of e N .
2 A :
o} - '
a -
v I o o o 8—0
web 8 oo
" o o
s 1 A A — s 3
w3 102 0’ wt 0 Mw
MOLECULAR WEIGHT (daltons)

Figure 1 - Relationship between solute clearance from the

lungs and molecular welght. Bars indicate range of

molecular weights or rance measurements. Clearances

generally decline witd i creasing molecular weight and are

higher in rats and followl
‘. . *
aerosols. Reproduced with permission from Am. Rev. Respir.

Dis. (35)



Wwith a dittusive mechanism. The work ot Taylovr and Gat
suggests that, at least ftor the dittusive transfer ot
hydrophilic solutes, the alveolar epithelium 1s 5-8 times
less permeable than the capillary endothel ium.

Part ot the difterence in the permeability of the 2
layers may be due to the differing nature of the
corresponding basal laminae: the epitﬁelial basal lamina
has a dense homogenous network ot collagen fibres with fine
3-5 nm flaments running perpendicularly between basal lamina
and the epithelial basal surface. Type IV and AB, collagen,
heparan sultfate proteoglycans and assoclated ylycoproteins
(e.g. tibronectin and laminin) are the principal

(36)

constituents ot the epithelial basal lamina. In

contrast, the endothelial basal lamina contains a less dense
and, more irregular array of heparan sulfate proteoyglycans

and as such displays only one fifth the number of anionic

(36)

~

basement membrane, heparan sulfate proteoglycans strongly

(37)

sites as the epithelial basal lamina. In the glemerular

influence basal lamina permeability and 1t fhis is
matched in the alveolar-capillary membrane, thgt j:“
proteoglycans may be partially responsible for Lhi;J
differential permeability.

The luminal surface of the alveolar epithelium 1s

coated by the surfactant lining layer. On electron-

:a?crographs this appears as a finely granular contour with a

mean thickness of approximately 4 nm (Plate 1). The lining

is made up of 2 parts - a surface film composed of highly

| J




L] A3

surtace actave phospholipids (mainly dipalmitoyl lecithin)
and a deeper hypophase layer containing phospholipid,
carbohydrate and protein.(;8_4”) This surtactant layer,

which may be missed, it the lung 1s not tixed 1n the

appropriate manner(14), 1s ot particular i1mportance in

A\l

radiation lung Injuryy and may also be important in

alveolar-capillary membrane permeability changes 1n disease
»
&

°

states.
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The intercellular junctilons between alveolar epirthelial
and capillary endothelial cells have been the subject of

much 1nterest over the last 10-15 years. Unt 1l the early

«

1970's, it was tirmly belleved that the intercellular
junctions - also known as tight junctions or zonula
occludens, formed a complete seal bBetween adjacent cells and
that the transcellular route was the only way across the

epithelium. This theory came tumbling down in 1972 when

.. ¢
Fromter, on the baslis ot electrophysiologlcal studies on the

Necturus géll bladder, concluded that Y0-95% ot the passive

ion tlux across the' tissue passed between cells.(4}’42)

Frbmter and Diamond(4l)

i

were turther able to classity
various epithelia as either leaky (e.g. gall bladder,
intestine, renal proximal tubule and choroid plexus) ot
tight (e.g. urinary bladder, stomach and trog skin) based on

(43)

the degree of ion flux. Machen and co-workers usiny

o
ionic lanthanum as a tracer across the tight junctions were
also able to classify epithelia as either leaky or tight
‘depending on the degréé)ot penetration ot the tracer. Iﬁ
general there appeared to be a good correlation between the,
two classifications.(44)
When a tight junction is examined by transmission
electron microscopy, the plasma membranes from adjacent

cells appear to fuse at several points alony the length. It

has been possible, using a freeze fracturing technique to



examlne the 1nner aspects ot the membranes, especlally at

the points ot tusion.(45> Freeze tracturing ot the
junctions shows that at the points ot membrane tusion, there
are tibrils within the membranes. These tibrils form an

(45)

irregular lace-like network and seem to ditfter in

various epithelia and also 1in ditterent parts of the same
eplthelium or end()thelium.(46)

The most frequently seen tight junction in the
pulmonary capillary bed of mouse lung consists of 1-3
parallel, sometimes interconnected rows ot particles present
on a low ridge of the P face, and in a shallow groove on the
E face. Because they are the most commonly seen type of
junction, they have been tentatively identitied as belny 1n
the capillary segment ot the pulmonary vascular bed.(IZ)
Simionescu et al have shown that there 1is a similarity in
the appearance of the tight junction between various parts
of the pulmonary vasculature and various parts ot the
mesenteric vasculature.(47) By comparison with mesenteric
tight junctions, &he difterent types of tight junction seen
in the pulmonary vasculature have been tentatively
identified as beinyg either in the arteriolar or venular
end. Of the three types of tight junction seen (capillary,
arteriolar ana venular), that of the arteriolar end appears
to be the most complex and probably the tightest.

The tight junctions of the alveolar epithelium are much

more complex and tighter than any seen in the pulmonary

¢
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vasculature. They appear as a complex network ot 3-6
smooth, continuous interconnect ing fibrils on the P tace and
particle-tree grooves on the B tace. These appearances are
similar to those seen 1n epithella that are moderately

(48)

impermeable to hydrophilic solutes. similar

observations to those described above 1n mouse lung have

also been made in treeze tractured doy 1ungs.(49)

various investigators have attempted to correlate the

"tightness"” of the junction with its treeze-tractured

appearance.(48’50) The correlation appears to be tar from

(44) 404 this has lead to the sugygestion that 1t may

pertect
be the nature ot the strands rather than t he number which
governs tightness. Vvan Deurs and Koehler tor instance have
suggested that it is the discontinuities in the fibrils that
allow ions to navigate their way between the cells. (Ol
Cytochemical techniques have, to date, failled to
elucidate the chemical nature of the tight junctlons.
.However, they appear to behave like fixed-charged gels with
negative sites. This is of some ilmportance in solute and
especially ion translocation. For example in froyg choroid
plexus, these negyative sites make the junctions more

(52)

permeable to cations than to anions. Olver and Strany

4

have further shown that in fetal lamb lungs, cations
traverse the epithelium more readily than do anions. (%3)
Tight junctions, then, appear to be important in any

discussion of alveolar-capillary membrane permeability.

That they can be altered by chemicals, mechanical stress and



dl1sease prucesses(lz"qh) with a resulting change 1n solute

permeability 1s especially relevant and will be discussed in

a subsequent section.
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Pathways tor solute and tluild permeation

“The permeability ot the alveolar-capillary membirane 13
primari}y dependent upon the lipid solubility ot the
translocating substance. Slipid soluble solutes and gases
(possibly after dissolving in fluid lining the alveolus)
translocate at a rate dependent on their lipid partition
coefficients. This property is common to all epithelia and
Figure 2 shows that this relationship holds for toad urinary
bladder and a wide variety of substances ot differing

(54) It should be nbted, however,

partition coetficients.
that small molecules have a higher permeability coetficient
than can be explained by thelr partitlion coetticients. This
is COASidefed in more detail below.

Signiticant restriction to permeation across the
alveolar-capillary membrane, therefore exists only tor
substances which are poorly lipid soluble. For these
substances, 3 possible pathways across the alveolar-
gapillary membrane have heen proposed. These are shown
diagrammatically in Figure 3.(12)

The transcellular route, which clearly 1s the largest
in terms of surface area is mainly for the passage of gases
and lipid soluble substances mentioned above.(%%)  yhen
permeability is related to molecular volume, there appears
to be a steep inverse relationship between these 2 below 80
cc/mole. This has been taken as evidence for the presence
of small aqueous pores approximately 0.45 nm in

(54)

radius. It has been suggested that these pores, may be



100,000
22 '
°
10,000
21
. ®
14 18
1,000 |- © o o
7 -
Px10 200017
{cm/sec)
100 +
8
q O
10 +-o g
‘ ' 1 A 1 A l A J
107 1073 1072 10° 1
Koul
Figure 2 - Experimental relationshilp between permeabllity

coefficients (P) and partition coefficients (K) for the toad

urinary bladder. The line of identity was drawn to exclude

small molecules (<60 cc/mole) which appear to have higher

P's than predicted. The molecules are urea(5), ethylene

glycol(6), water(7), acetamide(8), 1,3-propanediol(10), 1,4~

butanediol(1l), nicotinamide(12), 1,6-hexandediol(13),

methanol(14), n-butyramide(15),

iso-butyramide(l6), 1,7~

heptanediol(17), ethanol(18), antipyrine(19), catfeine(20),

n-propanol(21) and butanol(22).

and Wright(54) with permission.

Reproduced from Bindslev
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CAPNLLARY
LUMEN

ALVEOL AR

Figure 3 - A diagrammatic representation of the alveolar-
capillary membrane. Pathways 1 and 2 represent the
transcellular and intercellular routes, respectively.
Pathway 3 represents the vesicular transport system
operating across both epithelial and endothelial cells.

Reproduced with permission from Fed. Proc. (12)

the sites of passive water (and possibly other small
hydrophilic solutes) flux across the epithelium. Active
transport mechanisms (considered below) probably also

operate across the cells.

t
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Although transcellular i1n nature, the plnocytotlc rouate

is considered a separate pathway by many workeurs. AS

ment ioned 1n an ea}ller'sectiun pinocytotic vesicles are
present in both the alveolar epithelial and capillary
endothelial cells. They are probably the major pathway tor
protein and macromolecular tlux across t he alveﬁidr—
capillary membrane in health. The extent of this tlux 1is
controversial and will be considered below, but the
consensus now appears to be that protein tlux 15 small but
finite. Schneeberger and co-workers documented the presence
ot horseradish peroxidase 1n epithelial pilnocytotlic vesiclesg,
atter intratracheal instillation 1In newborn mice.(26)
similafly, tollowing intravenous injection ot horseradish
peroxidade into adult mice, they showeq the presence ot the
(21)

enzyme in endothellal vesicles. sapin and colleaygues

clearly showed that the pinocytotic vesicles of both type |

pneumocytes and endothelial cells contain serum proteins(57)

and that such proteins are present in the hypoph?se of the

surfactant layer.(SB)

These findings %upport the concept ot
bidirectional vesicular transport of macromolecules across
the alveolar-capillary membrane. However, the extent to
which small hydrophilic solutes are carried by pinocytosis
is not presently known.

The third pathway across the ma@brane is via the tight

£
junctions. The structural features of the "tight junctions

*

have already béden considered.,in some detail. Landis and

Pappenheimer, in some*classical studies(2?) showed that



nontenestrated endothella behave as though they contaln
water—-filled pores 4 nm in radius. Michel, using the model
ot trog mesenteric capillaries, showed that these pores may
be located in the tight junctions and that dittusion of 1ons

and small hydrophilic molecules occurred 1n the area of the

(60)

tight junctions. Fromter ayso showed that in epithelia,

the majority ot lon tlux occurred through the intercellular

(42)

junctions. As previously mentioned, Taylor and Garr

demonstrated that pulmonary endothelium contains pores of 4~

5.8 nm in radius, while those in alveolar epithélium measurc

only 0.6-1 nm.(34)

various workers have shown that the intercellular

junction and its permeability characteristics are

Susc;;Z?q&e to change following various

o,
manoéuve s.(46’61'62) so, although 1in heailth the junctions

are the sites ot ion and small hYdrUphlliC solute tlux,
larger molecules may ¢get across if the junctions are widened
by intervention. In one experiment using horseradish
peroxidase (molecular weight 40,000 daltons, molecular
radius 3 nm), Schneeberger and Karnovsky demonstrated that
if the enzyme was injected into mice in a large volume of
saltne, leakage occurred through the endoﬁhelial junctions,
but was restricted in further passage by the alveolar tight

(63)

junctions. When the experiment was repeated with a

small volume of saline the tracer remained confined to the

(64)

capillary lumen. These results were interpreted as

indicating that a transient increase in intravascular

25



pressure by the large volume ot saline resulted 1n
stretching ot the endothelial tight junctions thereby
permitting passage of tracer. The tightness of the alveolar
lining compared to the endothelium was also cgyrirmed.
Pietra and colleagues, using isolated pertused doy lungs
showed that at pertfusion preséures of 15-20 mmHg, both
horseradish peroxidase and hemoglobin remained confilned to
the lumen. Only when perfusion pressures were increased to
30 mm Hg and S0 mm Hg tor horseradish peroxidase and
hemoglobin respectively, did leakage ot tracer occur.(bS%
Finally, mention should be made ot the "large pore
theory" which has been developed to éxPlain the gyreater flux
ot large polar solutes than can be explained by size
criteria. Theodore and co—workers(66) éxamined the flux ot
several large molecular welght (60,000-90,000) solutes 1n an
in vivo preparation ot saline tilled doy lungs. They tound
that the ratio of permeability coetflcients ot large polar
solutes was similar to that of the ratio of free diffusion
coefficients in aqueous solution. This similarity was used
to argue that tﬁe diffusion in the tissue occurred through
aqueous channels. Similar findings have Dbeen made 1n other

(67-69) 1t was concluded that the alveolar-

epithelia.
capillary membrane contained several large pores
(pore-radii > 32A°) through which these solutes could

pass.(66)

The anatomic location of these pores has not been
clearly established, and the possibility still exists that

this transbort may occur by pinocytasis. Moreover, the

26
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saline-tilled dog lung clearly does not equate with normal
physiology; alterations in the permeability characteristics
may have resulted trom the ettect ot saline on alveolar

© N .\(.\ X

tissue or by" stretching ot tight junctions by the i1ncreass

\

\
in intra-alveolar pressure.

The translocation ot water across various epilthelia has
been measured in a way similar to other substances.
Clearly, hydrostatic and osmotic ygradients willl alter the

degree of flux, but in the absence of these forces, values

for permeability in the range of 1 X 1070 to 1 x 1072 cm/s
‘have been Obtained.(70) In toad urinary bladder and rabbit
gall bladder, the transepithelial permeabilities are 1| - 2 X

71)

1074 cem/s. ¢ These values are compatible with a

)

transcellular route for water flux. As mentioned above,
osmotic and hydrostatic pressure gradient can also lead to

water flux, and ot the 2' hydrostatic pressure appears to be

(72)

more effective. Diamond working on toad gall bladder

has clearly shown that active sodium transport provides the

AN
\

driving force for water absorptléﬂ, Transport of sodium
IR

from mucosa to serosa occurs in 2 stages: (1) entry into the

epithelium from mucosa down the electrochemical gradient
\ g

aéross the apical membrane and (2) subéequeht transport out

into the lateral intercellular spaces by Nat pumps 1in the

basolateral membrane. The scheme described above 1s common

(13,74)

to epithelia in general and thereforé.probably also

applies to the alveolar epithelium.
-

Mention should be made of the pathways for fluid flux

%
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across the barrier in pulmonary edema. In nonhemodynamlc
pulmonary edema, flux is probably direct via the damaged
alveolar-capillary barrier. In hemodynamic pulmonary edema
P

no such damage exists(15) ané there is still considerable
speculation about the pathways involved. Nelson and co-
Qorkers(75) found that in high pressure pulmonary edema,
although_th;re'wés free flow ot plasma protein tracer into
the air spaces, there was no free tlow of alveolar protein

tracer in the opposite direction. Zumstey et a1(76)

;onfirmed that liquid enters directly from the alveolar wall
via the microvascular 1interstitium in increased permeability
edema. In high pressure edema, on the other hand, they
could not locate the site of the pathway tor alveolar
flooding, although it was not directly through the alveolar
epithelium. To explain these obérvations, Gee and Staub
proposed that alveolar flooding occurred in an all or none

fashion via so-called high conductance pathways.(77)

They
suggested that as the excess fluid accumulates‘in
peribronchovascular cutfs; the pressure gradually rises.
Eventually, a situation is reached when interstitial.
pressure is greater than alveolar pressure and fluid leaks
into the alveoli through discrete breaks. They have
proposed that these breaks may occur at the bronchiolar-
alveolar junctions but no direct evidence exists. Indeed
the regional permeability characteristics of the air-blood

(78)

barrier, are at present unknown. Yoneda has examined

the intercellular junctions in the upper, mid and lower



»
zones ot the human lung and tound that no ditterences exist

: * . .
in the alveolar epithelium. In the capillary endothelium,
however, the number ot strands 1n the tight junctions

[ ]
increased from the upper zone (2.80) to the lower zone

[}

(4.99).

Throughout the discussion ot solute tlux across the
alveolar-capillary membrane, it has been assumed that
translocation is by passive means. However this may be an
erroneous assumption and studies on flux must take into

account the possibility ot active transport. Active

e (79)

chloride secretion in canine tracheal epithelium and

(80)

bulltrog lung have been well described and

investigated. Recently, active transport of phenol req (B 1)
and disodium CmeOleCate(BZ) have been described 1n lung.
We have also fecently shqwn‘that sodium pertechnetate which
has been used to assess the barrier properties of the
alveolar capillary membrane (see later), acts as a
pseudohalide and is transported from serosa to mucosa by

active means.(83)



Methods ot measuring alveolar-capillary

+

K

* various technigues have been employed to assess the
permeability characteristics ot the alveolar-capillary -
membrane. One o£ the earliest ang,p0881bly most  ingenitous
was that ot Chinard who used the multiple indicator dilution
technique.(84) The principle of this method was that
multiple indicators could be injected into the pulmonary
circulation and the disappearance ot a test indicator could
be compared to an indicator known ta be lmpermeant by means
ot several blood samples. Taking 1nto account 1initial
quantitilies of injectate, extraction ratios could be
obtained. Typical curves are .shown in Fig.4.

These initial studies measured mainly endothelial
permeability and although ingenlious had several
limitations. In vivo studies were limited to first pass

measurements because of the unknown volumes of distribution
of the test indicators: Although corrections could be made,
thése required the labeling of the whole circulation which
proved to be expensive. For substances which had low
permeabilities, much loﬁger time periods were required and
these, of course, lead to further problems related ;Q\volume
of distribution and excretion. Chinard later used/thﬁs/»
technique to assess movement of substances from alveolus to
capillary.(32) In this method indicators were placed 1in a

small volume of fluid in the lung and flux was assessed by

measuring the rising concentrations of the substances in the
+
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Figure 4 - Typical curves obtained trom a multiple
indicator-dilution experiment in which H4e_butanediol is the
test substance and T-1824 the vascular (impermeant)

tracer. THO 1is a reference tracer with some flow-limited
distribution,. The ordinates, W, indicate the concentration
of the substance in the outtlowing blood divided by the
amount 1injected. The abséissas, t, indicate the time atter
injection. The position of the curve for butanediol
intermediate to the two reference curveé 1s evidence of

extraction of the substance from the blood into tissue.

Reproduced with permission from Microvasc. Res. (84).
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pulmonary clrculation. Agaln similar problems were
present . He concluded however that the alveolar-capillary
barrier was very permeable to water, dissolved carbon
dioxide and gases such as tritium, ethylene, krypton and
Xxenon. However, there appeared to be marked restriction to
the passage ot sodium and bicarbonate ions and urea.

The problems related to 1n-vivo studies were largely
overcome by in-vitro lung preparations. Using this

(85) showed that

technique 1in dogs, Taylor, Guyton and Bishop
the alveolar membrane behaved like other cell memebranes in
that it was permeable to water and DNP, a tat-soluble

42

24, and urea.

substance, but much less permeable to Na K
They concluded that the alveolar epithelium was the limiting
barrier of the alveolar-capillary membrane. Wangensteen et

(86) came to simtilar

al using a rabbit lungy preparation,
Conclusioés. They assessed both the overall barrier by
measuring pertusate levels of indicator after alveolar
instillation and the endothelial barrief by measuring
disappearance rates of indicator from pertusate.

More recently, these techniques have been slightly

modified for use in-vivo. Egan(87)

has used a popular model
in which a segment of lung is isolated by a catheter wedged
in the bronchus. The air space distal to the catheter is
collapsed and then filled with a normal saline solution
containinyg several radiolabeled hydrophilic solutes of known

molecular sizes. An impermeant solute (e.g. albumin or

inulin) is also included in the cocktail. Mgasurement ot



’

the concentration ot the solutes 1n alveolar liguid over
time provides a relationship as shown 1n Fig.5. The
impermeant solutes have parallel slopes and 1ncreasing
concentrations because ot the absorption ot water. The
rates ot loss for the permeant solutes (Sucrose, mannitol
and urea) are calculated by subtracting the slopes ot these
tracers from those of the 1Impermeant tracers.
Theodore and co—workers(66) looking at the ftlux ot
large polar solutes used the opposite approach. They
instilled saline into a degassed portion of the left lower
lobe and following an intravenous injection ot sucrose,
inulin and dextran measured increasinyg concentrations ot
these substances in alveolar fluid. They basically
concluded that flux of these substances in the saline-tfilled
dog lung model was sigéificant and proposed that large pores
must exist 1n the alveolar epithelium, to account for this.
Their method was limited however by the need to label the
whole circulation.

An alternative though much more indirect approach to
assess endothelial flux is to measure lymph flow rates in a

(88-90) These methods have been

chronic animal preparation.
principally used to look at fluid flux and Staub has been
the main proponent of this technique. He used a chronic
sheep preparation in which the efferent duct of the caudal
mediastinal lymph node was cannulated and the tail of that
node resected to eliminate lymph not originating in the

lungs. Using this preparation, Brigham and associates(91)
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Figure 5 - Relati1onship ot the change 1n concentration of
solutes in alveolar saline with time. Regression lines
calculated by least squares. Reproduced with permission

from Am. Rev. Respilr. Dis.(87).

have studied the sieving characteristics of the endothelial
barrier by infusing dextrans of different sizes into sheep
and observing their partitioning between blood and thoracic

(92) did a similar

duct lymph. Wasserman, Mayes and Loeb
study in dogs. They found that the permeability of the
endothelium is related to molecular weight of tracer and
that interestingly the endothelium of dog is less permeable

than that of sheep.

Many of the techniques thus far mentioned have limited
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applications 1n clinical medilicine.  Although usetal an
documenting the overall permeability characteristics ot the
membranes to specitic substances they were 1nvasive and too
cumbersome to be used in clinical siltuations. Moreover
measurements of airway concentrations could be misleadiny 1t
the instilled solution became diluted by fluid already in
the airspaces. These solute concentrations could also be

- N .
influenced by subsequent fluid accumulation and re-
absorption within the lungs. What was requilred was a simple
technique usable in humans which would easlly tell whether

 J ‘ :
the membrane had become abnormally permeable or not.
Hemodynamic and non-hemodynamic pulmonary edema are two good
examples in which data on the permeability characteristics
would be important.

(93)

Jones and co-workers in some preliminary

51

experiments, instilled a cocktail containing Cr EDTA and

125 51

I-antipyrine into rabbit lungs. Cr EDTA 1s a

small hydrophilic solute with a molecular weight (MW) of
377; 1ZSI—antipyrine is highly 1lipid soluble and has an M.W.
of 312; both are y emitters. The relative extractions of
the 2 substances were recorded by measuring the
radiocactivity in serial blood samples. The ratio of the
specific activities of- the tracers in the cocktail was used
to convert the activity of tracers in blood so that they
could be compared directly. In animals with normal lungs,

the 2 tracers showed a characteristic pattern - illustrated

by Fig.6(a).
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immediately after injecting a bolus of the two tracers into
the airway. Figure 6(a) illustrates the result ;n normal
lungs. Figure 6(b) shows the result after the instillation
of HCl (2 ml/kg; pH,1) into the airways prior to the bolus
injection.

Reproduced with‘permission from Br. J. Anesth.(93)

The blood level of 125I—antipyrine peaked 15 to 30 s after
injection and then showed a fall to a gently decaying
plateau. The 5lcr EDTA appeared slowly in very low
concentrations. An index of permeability was expressed as
the ratio of the area under the >lCr EDTA curve to that

under the 1?'SI—antipyrine curve during the first 5 min after



ST 00 s
bolus 1njection. In normal animals, the git 1o l(r FIDYTAL

1251—antipyrine was ().02.(93)

Jones et al produced alveolar epithelilal damage by

]

instilling hydrochloric acid into the lungs (10~ ° M) and

showed that the index increased to unity with the
activity/time curves for the 2 tracers virtually

(93)

super imposed. This 1s shown graphically 1n Fig.6(b).

) w
They turther showed that both intravenous adrenaline(94) and

(95) jncreased permeabillity and

exposure to carbon monoxide
this was accompanied by electron microscopic changes.

Although much less cumbersome than earliler methods,
these technigues were still invasive. Damaye to the
alveolar and airway membranes during 1instillation and
subsequent sampling was a distinct possibility.

Many of these problems were laryely overcome 1n the
late 1970's with the introduction of the tracers into the
lungs by means ot an aerosol. Aerosols were found to be
more readily administerd@ in a clinical setting and were
less likely to lead to injury, atelectasls, intection or
impaired gas exchange. Chopra and colleagues at UCLA(96)
were one of the first proponents ot this technique. The
principlq of the technique was to aerosolize solutions of
radiolabeled solutes into the lungs. Provided she aerosol
particles were small enough to reach the alveoli, the
clearance rates from the lunygs as monitored by a suitable

external detector could be used as an index of alveolar-

capillary membrane permeability. Most workers used aerosols



38

ot m““’l\:-(,iu*tllylenetr1dm1m>pent,d—m:utatv (DTPA, MW 492) and
sodlium pertechnetate (TCU4—, MW 163). Aerosol particles in
the size range 1-2 u were produced usually by passing the
aerosol through a reservoir bag interposed between the
(96,97) -

nebuliser and the mouth piece. This allowed

particles larger than 2 p to settle out in the bag by
sedlimentation. Vvarious workers have shown that the optimal
range of particles ftor alveolar dep&sition Is 0.3-2 pm,(QH)
and as such particle sizes used in these studies were
probably appropriate tor alveolar deposition. The
deposition sites were therefore distal ‘to the mucociliary
escalator and clearance rates could be used as an 1ndex ot
alveolar-capillary membrane permeability. oOne ot the major

problems with this technique was how to separate activity

present in the alveoli and terminal airways during washout

e

from activity in the chest wall. Jones and co-workers (99)

monitored activity both over the lungs and over the thigh.
Durinyg washout, when activity had fallen to approximately
50% of the initial activity, they injected an intravenous

bolus o Tc DTPA. From the relative increases 1in

activity in the 2 fields, a correction factor was derived
and was used to subtract the appropriate fraction of the leg
tracer activity from the lung activity. In this way they
obtained a clearance curve tor lung activity alone.

?his technique for measuring alveolar-capillary
membrane permeability has been used by many investigators.

It is largely non-invasive and simple, and by the use of



\

mobile detection systems 1t can be adapted to look at

(.
patlients in the clinical setting. The clearance rates
obtained tor normal subjects seem to be fairly reproducible
in the hands ot individual workers, but as expected there

(100) Table 1 summarizes some ot

are speciles ditterences.
these results.

The importance ot this technlgue 1s that 1t 1s able to
pick up abnormalities in permeability which may have
important therapeutic considerations. Permeability changes
in various lung conditions have been documented using this
technigque and these will be discussed 1n the tollowing
section.

It 1s important to note that 1n most ot the methods tor
measuring alveolar-capillary membrane permeability so far
ment ioned, measurements probably retlect both alveolar-
capillary as well as terminal bronchiolar capillary membranc
permeability. Differentiating between thé 2 1s very
difficult but it is likely that the alveolar component is
dominant in view of 1ts ygreater surtace area. Strictly
speaking, therefore, a better term would be pulmonary
permeability - this being a combination of the alveolar and
bronchiolar components. In the text that follows therefore,

the term pulmonary permeability is .used instead ot alveolar-

capillary membrane permeability.
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Table 1

SPECIES DIFFERENCES IN HALF TIME CLEARANCE

FROM LUNG To BLOOD (T 1/2 LB)

rl, L
Rabbit (101) 260
Rat (102)
Female 114
Male 44
Man (99) 59
Dog (103) 25 )

Half-time clearances of isotope from lung to blood (T‘b& LB)

in various animal species showing inter-species variation.

a0
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Alterations 1n pulmonary permeability

(104) showed that pulmonary

In 1975, Egan and co-workers
permeability was not static and could be altered
physiologically. Studyiny fetal lambs at the onset of
breathing and over the next feQ hours, they noticed that as
tetal lung liguid was absorbed, the eguivalent pore radil ot
the epithelium increased to an average ot 4.0 nm. When
lambs were studied several hours atter bilrth, when most of
the fluid had been.absorbed, the pore radii had reduced to
1.1 nm. [t appeared that the increase 1n the sl1ze of pores,
at the onset of breathinyg facilitated the absorption ot
protein. Egan went on to show, however, that the alteration
in permeability was probably more related to an increase
intlation volume rather than anything else.

Over the last 8 years a number of publications have

(105-107)

appeared, primarily trom Egan et al who have

further characterized changes in pulmonary permeability
following lung inflation. Théy studied pulmonary
permeability to solutes at different levels of lung

inflation in adult sheep.(los)

Thelir results are presented
in Fig.7 and show that as inflation volume increases,
equivalent pore radii also increase. At the extremes of
lung inflation (termed leaks) ali barrier properties are
lost and solutes of all sizeé (including proteins). pass

through into the alveoli. Total lung volume in these

experiments was defined as the volume of gas the
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Flgure 7 - Relationship between luny intlation and

calculated alveolar epithelial pore radius 1n adult sheep 1n
vivo. Reproduced with permission trom J. Physiol.

(London)(lOS)

experimental.section of the lung could contain at 40 cm of
water pressure. Lung inflations were usually maintained for
approximately 10 min in each stugy. Similar results were
obtained in dogs(lOG) in whom the effects of 3 low volume
inflations (47% of tbtal lung capacity) were compared to 3
high volume inflations (82% of total lung capacity). Their
results are shown in Fig.8. Whén low volume intflations were

followed by high volume inflations the pore radii

universally increased. When high volume inflations were
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Figure 8 - Relationship between intlation volume and
alveolar epithelial pore radius fdn consecutive inflations 1in
adult doygs. Open circles represent animals that appear on

both panels. Reproduced with permission from J. Appl.

folloped by low volume i1intlations, the pore radii1 di1d not
immediately decrease, and either stayed the same or actually
increased. These results were interpreted as showing that
high volume lung inflations produéeq epithelial injury N
rather than deférmation and more than just the }elease ot
inflation was required for a return to normal pore radil.
Egén(107) has alsé recently shown in rabbits that "if the
whole lﬁng is inflated in situ for 20 min with 46 cm of
water pressure, its resting volume increases by 350% but
there is no cha;ge in prokein permeability of the
- membrane. If only an isolated segment is hyperinflated, the

segment increases its volume\bétween 5 and 10 times by

disg}acing other structures in the thoracic cavity. With

F§ .

L)
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this degree ot distension the eplthelium becomes permeable
to proteins.

Kim and (‘rarMall(HM) working on bulltrog lungs had
similar results. They found that when 5he lungs were
intlated to 50 c¢c¢, equivalent pore radiit did not change
significantly trom those at 5 cc inflations. When the lungs
were hyperinflated (>80 cc) the ‘pore radili 1increased to 3.4
nm (from 1.1 at 5 cc). They concluded tha£ the alveolar-
capillary‘membrane retains its barrier properties 1n the
range of lung volumes ‘encountered in vivo; however at luny
inflation higher than this, barrier properties are
compromised. The clinical correlate ;s that 1n patlents
with lung disease in whom parts of the lunyg have ditfterent
compliance characteristics, hyperinflation of high
compliance seyments (especially 1f artificially ventilated)
may occur leading to possible alteration in pulmonary
permeability.

Besides the chénges in pulmonary permeability mentioned
above, changeé also occur in various disease states.
pPossibly the most important of these is pulmonary edema. It
has long been recognised that there are 2 major types of
pulmonary edema; hemodynamic pulmonary edema in which the
starling forces are altered allowing alveolar flooding, and
nonhemodynamic pulmonary edema in which damayge to the
alveolar-capillary membrane allows the inward flux of edema
fLlid. Mason and colleagues(log) have shown that alveolar

clearance rates of aerosolized DTPA are much faster in



patients with nonhemodynamic than hemodynamic pulmonary

(110) measuring the alveolar tlux ot

-~

edema. Anderson et al,

I3l _1abeled human serum albumn by

.

intravenously injected
alveolar lavage found that clearance rates of the
radionuclide were much grea(er-in patients with Adult
respiratory distress syndrome (ARDS) than in patients with
hemodynamic pulmonary edema. Both these studies contirm
that non-hemodynamic pulmonary edema” is an alveolar
capillary leak condition and that differentiation trom
hemodynamic pulmonary edema js possible using these
technigues.

(97) have shown that 1in various types

Rinderknecht et al
of interstitial lung disease, (5 with idopathic pulmonary
fibrosis, 4 ot 8 with sarcoid, 2 ot 5 with pneumoconioslis)
clearance rates of DTPA and TCO4_ are iMfM™Meased. In

pulmonary alveolar proteinosis(g7)

clearance rates ot Tc04_
are decreased, but return towards normal after alveolar
lavage. In COPD clearance rates of DTPA were unchanged.

(96) showed that the clearance rates of

Chopra and colleagues
DTPA from the lower lung zones were considerably faster in
patients with systemic sclerosis.than normals. Both the
previous studies showed that in normals, examined 1n the
erect position, clearance rates of golutes were faster in

(97) further

the upper than lower zones. Rinderknecht et al
showed that this differential clearance for TcO, could be
removed by breathing against 7 cm of H,O positive end

expiratory pressure. They concluded that the clearance of

45
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the solutes was probably not related to pertustion (which 1s
greatest at the bases) but possibly surtace area ftor
diftusion. At ftunctional residual capaclity in the erect
position alveoll 1n the apices are‘qger than in the bhases
but this ditterence is removed 1t the lung is intlated to
total lung capacity. They postulated that the increased
clearance ot solutes 1n thege diseases was possibly related
to increased retractive torces. —\

1(111) found an 1ncreased

In asthmatics, ULBryne et a
clearance ot DTPA compared to normals; after histamine
challenge, the 1increasé 1in permeability 1n asthmatics was
greater than the increase in normals. This alteration in
pulmonary permeability seen in asthma 1s not accepted by all
workers however and has recently been re-examined by Elwood

(112) who found no ditterence in stable chronic

et al
asthmatics compared to normals.

Apart from physiological alterations in pulmonary
permeability and those seen in disease, permeability
characteristics can be altered by intervention.
some mention has already been made regarding this.in the
studies by Jones et a1{?3) yho found that 51Cr EDTA flux
increased after alveolar instillation of acid. Most of the
permeability changes iﬁduced by intervention have focused on
the effects of cigarette smoking. There has been
considerable recent interest in these effects and generally

the results of various workers are in agreement. 1In

summary, 1t appears that cigarette smoking increases the
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alveolar clearance of DTPA.(Qj) In animals this has been
shown to be a rapidly induced etfect (113 (100 putts ot
cigarette smoke) with recovery within 12 hours ot cessation.
In humans this increased permeability reverts to normal
after about 7 days.(ll4) That this increased tlux ot DTPA
is due to a widening of the intercellular junctions has been
shown by cytochemical technigues in which horseradish
peroxidase (MW 40,000 daltons) was seen to penetrate the
tight junctions in guinea plygs exposed to clyarette
smoke.(113’115) In trying to determine what factor ot
clgarette smoke increases permeability, Jones et al(116)
have shown a hyperbolic relationship between carboxy-
hemoglobin concentrations and DTPA T‘bé . Minty and co-
workers(ll7) have demonstrated that nicotine 1s probably not

a114) that although the

an important factor and have argue
change in permeability may be due to a direct effect of the

constituents of smoke, alveolar macrophayges which are

increased in smokers may play a part.
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Radiation lung 1njury

The deleterious eftects ot radiation on the luny have
been recognised for many years. The tirst reports

. . . . . A} .
originated 1in 1922 from Groover, Christie and Merrltt.(l)

These were ftollowed by many others(118'119) and 1t quickly

A\,

*

became Appreciated>that lung injury was the limiting tactor
in radiotherapy treatments to the lung, mediastinum and
chest wall. Two tairly well defined syndromes have been
described: radiation pneumonitis, which is an exudative
reaction of the lung occuring 3-6 months tollowing the start
of irradiation and radiation fibrosis which is a late
reaction occuring months or years later. The incidence ot
these 2 syndromes, especially pneumonitis, has been
ditficult to determine because of the diftering radiation
schedules employed and doses used. Nevertheless it 1s
accepted that radiation fibrosis probably occurs to some
extent in all patients given radiation therapy. In most
instances it is asymptomatic. In contrast, radiation
pneumonitis probably occurs in a minority (5-15% of all
patie%}s irradiated)(Z) yet accounts for most ot the
morbidity and mortality seen in radiation lung injury. The
clinical and physiological features of these syndromes have
been well described.(2:13,120)

Regardless of~the dose of radiation used there appears
to be a latent interval between radiation exposure and the
onset of symptoms or physioloéical and radiological

-

abnormalities. 1In trying to elucidate the pathogenesis of



radiation lung injury most workers have concentrated on this
time trame under the assumption that damage occurs at the
time of irradiation but that its manitestation 1s delayed.
It has been well established that histological changes occur

(13)

before clinical and radiological abnormalities and

indeed some workers have shown ultrastructural changes

within 24 hours ot irradiation(s)

tor the purpose ot this
review, consideration will be given to the morphological
changes seen in radiation_lung injury as these best describe
the changes in alveolar-capillary membrane permeability that
may arise.

(6) yere probably the ftirst

Warren and Spencer
investigators to describe the histological features ot
radiation pneumonitis: (1) swelling and distortion of the
alveolar lining cells with some desquamation, (2) formation
of\a characteristic but inconsistant hyaline membrane
usually closely adherent to the alveolar wall associated
with congestion and edema, (3) progressive fibrosis with
hyalinization of arterial and alveolar walls and (4) a mild,
nonspecific inflammatory response. They considered the
combination of hyaline membranes and alveolar anaplasia
almost pathognemonic of radiation pneumonitis. Since that
time, particularly with the introduction of the electron
microscope, numerous workers have tried to further
characterise these changes. Becausé of the lack 'f sultable

human tissue most workers have concentrated on animal

studies and have looked at the effects of both single and



multiple tractionated doses ot radiation.

Table 2 summarizes the changes seen 1n ditferent parts
ot the luny tor the immediate and early (0-2 months)
intermediate (2-9 months) and late (94 month) stages ot
radiafion lung injury.(l3) what the table hides however, 1s
the yreat variability in the eftects on alveolar epithelium

and capillary endothelium. Phillips(s) has shown that latter

20 Gy to the thorax in mice, endothelial changes occ as
/
early as 24 hours. These consist mainly of segmental

separation of the endothelium from the basement membrane and
scattered vacuoles or blebs within the endothelium.’ At 2
months, the change; are much worse with -endothelial
sloug(ing and apparent obstruction ot caplllary spaces by
separated endothelium. The most surprising finding of
Phillips' study was the minimal change in alveolar
epithelium. - MouSavi and co-workers (7) similarly found that
the endothelial cells were the first to be damaged after 35
Gy to the lung of dogs. Their changgs occurred at 14 days
post-exposure with capillary dilatation, congestion and
increased pinocytosis. They did, howéver, document alveolar
epithelial changés at ;4-28 days post-exposure. These
consisted mainly of thickening of the alveolar septum with

edema fluid and patchy fibrosis.

In contrast to the above studies, Leroy and co-

(9) (10)

workers,(a) Faulkher and Connolly, Penney and Rubin
and Travis(ll) have all found that the initial and most

severe damage occurs to the alveolar epithelium and

50
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@
in particular to the type 11 or granular pneumocytes. These
latter workers were in general agreement as to the changes
seen. For example, Penney and Rubin(lo) found that with
light microscopy the early changes were.restricted to
alvgolar and septal edema. At the ultrastructural level, 1in
addition there was fibrin deposition, histocytic invasion
and fibrosis. The most pronounced alteration was the marked
depletion in the number ot lamellated bodies 1n type II
pneumocytes. Lamellar body depletion was usually tollowed 7
days later by cellular hypertrophy and increased numbers ot
lamellated structures. Following longer post-irradiation
periods some type [I cells exhibited characteristics of cell
degeneration (vacuolation, mitochondral swelling, distension
of the endoplasmic reticulum) and finally were sloughed into
the alveolar lumen. Changes 1n the capillary endothelium
were often seen, but in general were mild. These
difterences 1n findings are difficult to expiain but are
probably not due to species differences or to the dosaye ot
rgdiation used. ) @ % }

Regardless of which cell 1is priﬁarily affected it is
fairly clear that both the capillary endothelial and
alrolar epithel“i‘al--(especially the type II pneumocyte)
cells are damaged at some stage following radiation
exposure. The most consistent findings in all the studies
so far cited is the thickening of the alveolar septum with
(10)

edema fluid and fibrosis. Penney and Rubin ‘postulate

that this thickening of the alveolar-capillary membrane is
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likely to impalr oxygen transter. Although they tound
severe damage to the alveolar epithelial lining they state
that "no morphological breaks or denudation ot alveolar wall
were observed at‘any of the dosages employed”.

From the above considerations 1t 1s clear that the
ma jor components of the alveolar-capillary membrane are
damaged in radiation lung injury. A change 1in alveolar
capillary membrane permeability is therefore a strony
possibility. In view of this change occurring in the latent
pe}iod, it is quite possible that an alteration in
permeability may be an important step in the-pathogeneslis of
radiation lung injury. It so, gitumentation ot this change
would be useful. An index of permeabillity could then be
used in studies on prevention and treatment and 1f the test
employed was adequately non-invasive, 1t could be used also

in the clinical setting.

7’
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(A) Anlma} select i(zn

Twelve short-haired mongrel dogs with normal anterior-
posterior chest roentgenograms were used in this study.
Their weights prior to irradiation ranged trom 16.7 to 26.1

kg [mean 21.35 %z 2.54 (sD)].

(B) Pre-irradiation radiocaerosol scanning

(i) Isotope pregparation and gquality control

DTPA was freshly prepared prior to each scan by addinyg
TcO,~ (815 MBg in 2 mls of normal saline) to DTPA Kkits

(Frosst,; Montreal, Canada). The stability ot the
99Mrechnet ium-DTPA complex was assessed by means of thin

layer chromatoyraphy (Gelman IT LC-5G). Analysis ot the
strips was performed on a Canberra series 40 maltlichannel
analyzer (Canberra Industries Inc., Meriden, Connecticut)
connected to a Berthold model LB 2832 automatic TLC linear
analyser (Berthold, Wildbad, W. Germany‘. The stability
checks were performed on random days at the beginning of the
study on samples taken from the nebuliser both before and
after nebulization. In addition, chromatography was

N
performed on DTPA aerosol particles trapped by a paper
filter at the exit port. All analfses.showed that at least
96% of the pertechnetate was bound to DTPA.

Sodium pertechnetate was obtained from the Edmonton

Radio-pharmaceutical Centre.



{11) Aerosol generation

The experimental set-up was as shown diagrammatically

in Figure 9. Aerosols were generated from 2 cc¢ ot the

I _pTPA) placed

solution (600 MBg ot TCU4_ or 815 MBq ot
in a DevVilbiss #40 nebulizer operating at 30 psl air
pressure. An 8 litre rubber bayg enclosed in a lead-lined
lucite box was interposed between nebulizer and dog to
remove large Qhrticles (>2 um) by sedimentation. The
resulting particle;\as measured by an 8-stage cascade
impactor (Andersen Samplers Inc., Atlanta, GA) were tound to

have an activity median aerodynamic diameter (AMAD) ot

1.2 um and geometric standard deviation (oy) of 1.8 um.

(iii) Radioaerosol scanning

The doygs were anesthetised with intravenous
pentobarbital (Barbital) (30 mg/kg), intramucular
acepromazine maleate (Atravet)(l mg/kg) and intubated.

A solution containing 3.3% glucose and 0.3% saline (50
cc's/hour) was given\intravenously and additional doses of
pentobarbital adﬁinistered as necessary to maintain
anesthesia. Thé dogs were positioned supine with the
anterior chest wall in close opposition to the face of a
ga&ma camera. On experimental days the TcQ4' scan always
preceded that -of DTPA in order to have the least background
counts for the fastest clearing isotope. Prior to

inhdlation, the dogs were given 5-7 hyperinflations for one

minute (15-20 cc/kg) to minimize areas of atelectasis and to
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aid aerosol penetration. The dogs 1nhaled aerosol ftor
approximately 4 minutes providing total lung counts ot
30,000 cpm ftor Tc04_ and at least 10 times backyground ftor
DTPA. During inhalation respiratory excursions were
méasured by a spirometer and exhaled particles were trapped
in a bacterial filter (Inspiron C.R. Bard, Cucamonga, CA).
Scans were done at approximately weekly intervals atter
irradiation. Of the 10 late sacrifice dogs (see later) - 8
had regular Tco, and DTPA scans, and 2 had only TcO,"
scans. The early sacrifice dogs had TCO4‘ scans only {(see
later).

Changes in radioactivity during inhalation and washout
were recorded by a gamma camera interfaced to a PDP 11/34
computer system (Digital Eduipment Corp., Hudson MA).
Clearance was monitored for 40 :r frame per minute) and 90
minutes (1 frame every 2 minuteg) respectively for Tc047 and
DTPA. Electronically generated regions of_interest.were
drawn onto the lung images to’corregpo‘h to the rigbt
irradiated and left control region§. ese regions were
defined using rad;oactivg markers sUperimposed onto tatoo
marks as points of reférence. Counts wefe corrected for
gaﬁha caméra nonuniformity, source decay and backyround
radiation (yhere necessary) and net clearance curvés of

g S ‘

activity against time were plotted for the irradiated and
controI regions.‘ TcO,~ clearance was mono-exponential and
time taken for initial counts to fall by 50% (t%@) was

calculated using a non-linear iterative least squares
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fitting program.(l3o) The clearance ot DTPA proved to be
more complex (probably multi-exponential) and was analysed
-

in a manner similar to that ot other workers by consYderingy
the % fall (in maximum counts) per milnute 6n a linear fit
over the first 10 minutes (k). The linear fit was obtained
from the computer generated counts, by the method of least
squares using a hand held calculétor (Hewlett Packard Inc.

10c). The correlation of this linear fit was excellent

(r>0.98).

(1v) Blood background determination

During the scanningiprocedure, activity recorded by the
gamma camera was the sum of the activitieé>§n the airways,
alveoli, blodd in the lungs and the chest wall. In)order to e

. - E
obtain a measure of activity in the alveoli and airways
alone, lung and chest wall blood activity'was determined by
a method modified from that of Jones and co-workers.
Briefly, at the end of the scanning_proceduge, each doy was
given approximately 370 MBq of Tco4— intravenously. The ,.
increase in counts over ‘similar regipns drawn in the
irradiated and control zones and the heart were then

recorded (Figure 10). Ratios (Rg) of the increase in

activity over the lung zones to the increase in acti

over the heart zone were then determined. These ratgsik

~ .

reflected (assuming equal mixing) the ratio of b1ood Tl

@

different zones. Activity in the heart zone during the

radioaerosol Scan was then multiplied by these ratios to

L)



63

Raw Data

=== Corrected Lung
Clearance

Heart

TCQO4 RADIOACTIVITY (counts/minutes)

TCO4 Injection

>
TIME (minutes)

Figure 13 - Determination of blood background. The txiliég
activity in the chest and the r}sing activity in the hear#
‘regioné of interest is monitored‘by a gamma camera. An I.V.
bolus of Tc04‘ is given towards the end of the scanning
procedure and the ratio¢of the increase in activities (x/y
i.e. Rp) is calculated. This correction.factor (Ré’x'heafl
region activity,’ for each minﬁté) can be substractéd’frpm o

chest activity to obtain lungAactivity alone.

v



obtain the blood background tor each lunyg zone. The blood
background counts could then be subtracted from the original
regional clearance curves to obtain activity in the alveoli

and airways alone.

(C) Conventional Bre—irradiation imaging
A 4
, i

?

(i) Chest radiography

Anesthetized as for scanning, each doyg had a supine
anterior-posterior chest radiograph. The fil%s were taken
using a Picker International System with voltages ot 70-80
KEV and 200 MA for 1/10 second. The tube to table distance

N

was 42 inches.

(ii) MAA perfusion scanning

At the end of the scanning procedure, attér the
determination of blood background, 120 MBg of 99Mrechnet ium
macroaggregated albumin (EdmonFon Radiopharmaceutical
Centre) was given intravenously to each dog. After
approximately 3 minutes, the anterier chest was sc;;ned with
the  gamma camera for 1 minute. A similar static scan was
subsequently taken of the rlght lateral chest. .

r

The MAA perfusion scans were 1nterpret§h vigually (as

is usual’iq cliniecal practice) on the ‘bams that a cold area-

represented obstruction in the vascular bed. In addition,

the @nterior-posterior scans were 1nterpreted guantitatively

in the following manner: Similar sized squg&g regions of
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interest were drawn in the right irradiated and lett control
lung zones. The ratio of counts in the irradiated to the

control region ot interest was then determined ftor each doy,
each week. 95% confidence limits for this ratio was then
determined from pre-irradiation scans. Post-irradiation
scans were then conskdered quantitatively abnormal if their
ratios fell outside these confidence limits.

?

(iii) CT scanping

-

After the pFe—irradiation MAA pertusiQn scans, each doy
had a thoracic (T scén (General Electric-CT/T 8800). The
‘doy was positioned supine and the sternoclavigglar junction
aligned to a f1ixed point on the scanning platform. Six to
seven manual hypefinflations (15 ml/kg) were‘given tor one
minute prior to scanning in ordef}to attempt té correct any
,micro—ateleétasis that may have resulted during the da}’s
procedures. After the initial "scout scan", transverse
sections (1 cm thick) were taken 1.5 cm apart from the lung-
.\apices down to the diaphragm. An effort was made to scan
between spontaneous breath§ bug this was oftén not poss;ble
because of the timecfequired for scanning. !

» .
The CT scans were interpreted visually by a rédi@logist

.

(see post-irradiation scanning)s :«In addition, annt}tative
assessment was made by the measurement of CT number in tﬂe
fo}lowing manner: With the "display" level and "windéQ“ set
at -370 and 100 respectively, the sl‘.es in the lower half

of the right lung were examined. For each slice a region of
7 - - v
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interest was drawn in the luny parenchyma excluding larye

blood vessels but keeping as close as possible to the luny

-

pleura. An average CT number tor the parenchyma within the

region of interest was then obtained. A CT number was then

similarly obtained for each slice in the right lower lung,
and the reported number is an overall average of all ot

4
these values.

(D) Irradiation

The doy% were anesthetised and prepared as tor scanning
and the rid%t hemithorax-shaved. With the dog supine, a
field size of 5 x 7 cm 1n the right lower lung
(approximately 35% of the right lung) zone was simulated. .
Irradiation was subsequently administefed using paréllel and »

Ly

‘oppésed fields, from the Cobalt 60 source of a Theratron 780
(Atomic Eneryy of Canada Ltd.) of eftective‘energy 1.25 Mev. t
The average dose rate at 80 cm from the source ranged from

100 to 108 CGy/min during the study, with half-value layer

of 10.5 mm of lead,, The position of the dog during
irradiation was maintained by sand baygs and taping. Tissue
eéquivalent boluses packed around the chest wall ensured a

. ¥
homogenous ,radiation field and a dose at mid:plane of 20

~Ey. "Co;pufer simulation yas c§rriéd out to verify the
hqmogeneity of doe within uhe‘target volume ( 10%).
Treatment times were calculated as detailed in Appendix I.
At the end of the proceduye the site of irradiation was:

confirmed by chest ‘radiography and marked on each dog by

3
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skin tatoos. prophylactic intramuscular procaine penterllin
(200,000 units) was given at weekly intervals after

irradiation.

4 . i : .
() Post-irradiation imaglng

(i) Radioaerosol scanning

TCO4_ aﬁd DTPA radioaerosol scans were performed at
weekly intervals after irradiation in the manner previously
described. T‘yéand k values were compared to those obtained
pre-irradiation using the paired student t test. In
addition, t%@ and k were considered abnormal it¢ghey tell
outside their 95% confidence limits calcu)ated from pre-

_ »
irradiation and control side values. P<0.0S was consldered

, significant.
I‘

¢ii) Blood-backyground determinations

“

- Blood-background determinations were made at regular
intervals in the post irradiation studies, usually on the
same days as the radioaerosol scans. The method was as
previously described.

.

The determination of blood-background activity after

. . . . . . . R
irradiation was considered to be especially important-

because if altered, could contribute to a change clearance
¢ .

rates: .An increase in blood-background would tend to

decrease the clearance rate, and vice-versa.
[

. 7z
- R . Ao
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(111) Chest radiography

Chest radiographs were taken at weekly intervals arter
irradiation by the method previously described. They were
interpreted visually and compared to normal pre-irradlation

A LN

radiographs.

(1v) MAA Perfusion scanninyg

MAA perfusion lung scans were pertormed at regular
intervals after irradiation on the same days as the

radioaerosol scans, by the method previously described.
®

Comparison of pre and post-irradiation scans were made both

-by visual inspection and gquantitative assessment as

described above.

A

(v) CT scanning

v

Thoracic CT scans were performed at biweekly intervals

-

after irradiation in the manner previously described. Post-
' i
irradiation CT scans were compared to baseline pré—

irradiation scans by a radiologist. 1In order to obtain an

objective and unbiased assessment, all the scans were
interpreted at the end of the study. At this time scans
were .given for interpretation randomly and not in

: L4 . R :
chronological order. It was ggbessary to compare post with

pre-irradiation, scans because often the pre-irradiation

f

scans had minor changes and post-irradiation scans had to be
: : : Y

interpreted taking into ,account these baseline varigtions,
. L f
In addition a quantitative assessment was made using €T

68



number data: using the pre-irradiatin values tfor 1 number
in the right lower lung zone for all the dogs, 95%
contidence limits were established. The>CT number tor the
right lower lung zone was then considered abnormal it 1t
tell outside this range.

«

(F) Measurement of lobar compliance

0Of the 12 doygs used in this study, two were sacriticed

as soon as the TCO4— scané became definitely abnormal (early
sacrifice dogs). The'remaining 0 gOgS were sacrificed when
all tests were abnormal (late sacrl%ice dogs) .

The doys were systemically heparinized and sgcriticed
by rapid desanguination. Midlkine thoracotomie; were

.

4 . .
performed and the heart and lungs reFoved intact. The right

and left lower lobes were dissected free and used for
compliance measurements.

The lobar bronchus was cannulated and the deflation

69

-
limb of the pressure-volume relationship was examined by the x

following method: vVQlume was introduced using a 1 liter
' Y

.calibration syringe and the correSpdnding pressures measured
using a water manometer. The lobé was inflated to maximal
lung capacity (volume at 30 cmHZO_inflation pressure) and
then deflated. Egis was repeated three times to establish a
volume history and the lobe was then reinflated to 30 cm;Hzo
pressure. Us;ng the calibration syringe, 40 ce sampies éf

. . L B 3 - .
air were sequentially removed and the corresponding airway

pressures at each removal noted. This sequence was repeated



I3y

to obtain 2 sets ot data points. on complete det%ation

(zero airway pressure) the lobe was disconnected Aand its

§

volume (A) measured by a water displacement method. Minimai

~gas volume was obtained by subtracting the lobar wet welght

from A (assuming the density ot tissuer and blood to be
® “ . . N
1 gm/cc). The compliarce of the right and left lower lobes
-

. -
’

were compared by calculating kc,'an index ot thg“ekponential

function, according to the method of Berend and“

Thuribeck.(131) rollowing the compliance measurements, the

*

left and right lower lobes were placed in formalin and the =
airways pertused with tormalin at 30 cc hydrostatic™

pressure. This fixation process was continued for 3-5 days.
.’ ‘ < ¥
(G) Morphology ,

In boga the early and late sacrifice doys, the right
lower lobe was sliced into 5 saggital sections after
formalin fixation. For the sake of consistency, .the mid-

saggital slice was used for hjstology. At least 3 samples

were taken from the anterior portion of the slice, one {rom

the mid-portion and one from the posterior ‘portion. Similar

correspbnding samples were taken fromy eft lower"‘dbe.

Tissue samples were processed for li icroscopy usjing’
- . & oy .

standard techniqueé and stained with hematoxylin and .

-

eosin, The»hiStdiogy.Was interpreted by a pathologist

blinded to the sampling sites.

b
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CHAPTER IV

RESULTS

A



e
Oone ot the 10 la(to sacritree dogs died 4 weeks atter
irragdiation but unfortunately, the cause ot death‘was not
determined. The others maﬁ%&ained their weights and
tolerated the procedures well._ Halr loss occurred over the

area ot irradiation.

Radioaerosol scans

Table i'shows mean values tor tidal volume, frequency,
calculated minute ventilation and inspiratory flow rate
during aerosol inhalatign for the doys during the period of
the study.

Visual assessment of aerosol deposition patterns during
the scans showed ‘these to be peripheral. No central
activity was detected at any poilnt in the scans, and this
pattern did not change after'irfadiation. The lack of
central deposition was further confirmed in 2 doygs by a

‘ ”~
technique used by a number of workers to assess regional

particle deposition.(132’133) Briefly sulphur colloid
aerosol (with the same techniqﬁgfénd simillar parameters as
Tco4—) was given to 2 of the dogs (at 3 weeks post-
irradiation). Scans were taken immediately and 22 hours
later. After correcting for isotope decay, 22 hours after
aerosolization, there were no significant> changes,in
activity over the region of interest, suggesting a lack of
mucociliary clearance. (In fact the total count for the

right lung appeared to increase after 22 hours, by 11 and

5.3%, respectively in the 2 dogs) This was interpreted as



vy
showing that aerosol deposition was mainly peripheral and

v AS,
béahd the mucociliary escalator.

'.‘»"5"‘& :

& N
A

ey

Table 3

VENTILATION PARAMETERS DURING AEROSOLIZATION

Vventilation Parameters Mean SE
Tidal volume (cc) ’ 302 6.45
Flow rate (L/min) 16.5 | 0.5
Frequency (per min) 8.4 0.61
ventilation (L/min) \ 2.35 0.19

Blood background

Values for Ry (increase in regional lung activity
divided by regional heart activity) for the dogs at various
time intervals after irradiation are shoyn in appendiXJz.
Weekly variations in Ry were assesged in 6 of these dogs up
to 4 weeks post-irradiation by two-way analysis of
variance. There was no significant variation in Ry between
dogs or between weets for the righﬁ or left sides. Two of
these dégs (C504 and C506f were assessed up to 8 weeks after
irradiation and values for Rp were similar. In view of the
constancy in Rg after irradiation, t »éand k values were not
subsequently corrected for bleod background. This was

further justifiable in view of the fact that comparison was

made only between irradiated and control lung zoneg at



different time intervals atter irradiation and not between

dogs.
| - TN
Sodium pertechnetate (TcOy ) f

The changes 1n t Vzbetore and atggr irradiation for the
late sacrifice dogs are illustrated in Figure 11. Prior &o
irradiation there was no significant difference between -
right and left side t 5 [Right: 4.11 x 0.71 min, Left:

4.04 £+ 0.78 min (mean % SD)). Following irradiation there
was no significant change.in'serial left side t 9@ , but
right side t.%@ inc}eased (decreased clearance ot TcO4 )
prOgres§4vely appearing to reach a plateau at about 8

weeks. The- extent of this increase varied from doy to doy,
but for all the dogs, the mean t %@ for the right side was
signifkcantly greater than mean pre—irrédiation tl@ from the
second week post-irradiation onwards. Because of the inter-
doy variabiltty it right side t%@ following irradiation 95%
confidence limits were established for the normal t Vﬁin
individual doys using pre-irradiation left and rigﬁt, and
post-irradiation left side E 9& . The TcO, radioaerosol
scan was then considered abnormal in individual dogs when
the t 1, exceeded these limits. Figure 12 shows ::e t 1, -
time curve for one ot these dogs where right side t 9&
exceeded the 95% confidence limits at 2 weeks post-

irradiation. The normal ranges and times of onset of

abnormality in TCO4_;slearance are shown in Table 4. Using
- 4

o

. .
this method of analysik the mean time of onset of abnormal
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Table 4
CONFIDENCE LIMITS FOR TCOQ_ CLEARANCE (t 1/7) i

AND THE TIME OF ONSET OF ABNORMALITY

Dog 95% confidence limits onset of
for normal tlﬁ-(iin[___ abnormality (wks)

C-566 3.2 - 4.7 2
C-526 3.4 - 5.1 2
C-Sﬂ? 3.2 - 4.8 1
C-694 3.0 - 5.0 2
C-620 2.5 -~ 4.3 2
C-564 3.2 - 6.9 6
C-Sss 3.7 - 6.7 2
D-119 3.3 - 5.7 3
D-134 2.9 - 5.5 4
C-556* 3.2 - 4.5 2
MEAN 1 2.7 - 5.7 2.7 £ 1.4

*Died at 4 weeks post-irradiation. .

Tc04- clearance was determined to be at 2.7 £ 1.4 weeks
after irradiation. .
Diethylenetriaminepenta-acetate (DTPA)

Before irradiation there was no significant difference

between\:ight and left side k (Right: 2.91 * 0.74 %/min,
Left: 3.01 £ 0.98 %/min) (Figure 13).. Following irradiation

there was no significant change in serial left side k. In

F
N
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contrast, k for the right side decreased (decreased

.

~
clearance) progressively with time after 'irradiation. This

decrease was not as marked as the increase 1in TCO4_ t yé,
but when comggréd-to pre-~irradiation values was ,
statistically signiffcant from the 2nd week post-irradiation
onwards. In individual dogs, although the trend for a
decrease in right side k with time was apparent, k fell

0

outside the 95% confidence limits in only 1 dog (C694 at 8

and 9 weeks post-irradiation).

Radiography, MAA perfusion and GI scanning

Abnormalities in chest radiographs and CT scans were
seen as demsity changes in lung parenchyma and/or pleura.
In the chegk radiographs these changes.were always
restricted to the irradiated zones, but in tﬁe CT scans
additional changes were often seen in lower zone slices.
These were considered by the radiologist to be dwe to
dilated blood vessels in the gravity dependent regions of
the lung. They tended to be symmetrical, in contrast to
radiation changes, which when present, were always
restricted to the irradiated right lower zone. CT number
data were also analyzed quantitatively and the 95%
confidence limits for the normal right lower zone pre-
irradiation CT number were -692 to -809 (meah = 750; SD =
29). Post-irradiation CT scans were considered abnormal'if
the right lower zone CT number fell outside this range.
when assessed in this manner CT scans were Still normal at 8

and 12 weeks respectively in 2 of the dogé“(D4l34 and C-566)

4



80

5

.coﬂuchmuuﬁ 3sod syeem p e paIp = +

#“

»K311ewIouge 3JO 3I8SUO =

S16- X P bI+
‘ Y]
8G9~ _ « : AL
02G- «069- . «6bG- zZoL- 0T+
£9G- : 6+
«96G-  Sbi-  £9(- €TL- 8+
£29- 60L- 6€G- L+
769~ SEL- 10L- £6L- vEL- 06L- ~ x9L9- 94+ =
ZeL- 8ZL-  789- S16-  €TL- G+
«V9G-  LGL-  4TL9- 69 L- Z8L- b+ o
«SL9- P
‘
glL- 88L- . ’ Z+ h
6vL- p8L- - - 6LL- Z¢eL- 0TL- LSL- APRS 98L- ead p//r
\ P &
6110  *be1a v 69D LLSD 029D ¥9SD L 955D 896D  99SD 926D uorjerpeaal
N 1933Je S)ooM
NOILVIAVIEI ¥IALJAY STIYAIFINI FWIL .,:/\\v ) -

SNOIYVA IV 3INOZ ¥3IMOT IHOIY JHL ¥Od ¥IWNN ID NVYIAW

S atqgel



&1

at a time when visual abrformality had already occurred.
(Table 5) The mean time of onset of abnormality in CT scans

when assessed visually and/suantitatively was 7.1 = 2.8
/ - ~

weeks and 7.2 t 3.2 weeks(¥€spectively (allowing for -

convenience that CT number became abnormal in C-566 and D-
134 at the next scan). ‘éuantitative CT was not superior to
visual éT in this study. Changes in average CT number tor
the right lower lung zone after irradiation are shown in
Table S5 and Figure 14.

In the MAA pertusion scans, abnormalities were seen as
areas of reduced perfusion in the irradiated zones. These
were analyzed guantitatively and Visually. Wwhen these scans
were iﬁterpreted quantitatively the 95% confidence limitsv
(pre—irrédiation) for the ratio of counts in the right
irradiated zone to the ieft control zone were 0.86 - 1.46
(mean = 1.16; sSD = 0.15). S5cans were considéred abnormal,
post-irradiation, when these limits were exceeded. Analysed
in this mardner, MAA perfusion scans became guantitatively
abndrmal at 7.7 & 3.1 weeks and visually abnormal at 8.0 =
3.0 weeks (mean * SD) with no significant diffe?ence
between the 2 modes of assessment. Table 6 shows the
changes in regional count ratios in the MAA scans after
irradiation.

The time of onget of abnormality in radioaerosol scans,
chest radiographs MAA perfusion (both visual and

quantitative) and CT scans (both visual and quantitative)

are shown in Table 7. Radioaerosol scan .abnormalities
]



82

*shop
O1 UT u« "4 1DPIAT 1833 BUOZ 13MO] Juf1a ayy 103 aaqunu IO aheasae cﬁ.mmmcﬁ;, - 1 @anbtyg
uoleIpRLl| I81}Y SHOOM
! A 0l -8 9 t A 0
L 1 1 1 1 1 i 1 1 J 1 1 1 ‘» - 1 ooml
a.. »
: —
- 008- B
'®)
-004- 4
Z
c
3
- 009- 9
- 00G-
—— o
L 00V -



83

-

~

>uﬂamau0cnm‘uo 38SU()

¥3ILAV SOILVH

INNOD WYVKW TYNOIODJIA NI mmwzczwﬁ

9 s1qel

) .89°0 €1+
. 66°0 - A
£18°0 p1° 1 11+
- 86" 0 Pt T oT+
, Lz 1 280 280 «ZV°0 6+
5L 0 62° 1 111 L6°0  £S8°0 ST 1 8+
08" 0 0L° 0 18°0 2z 1 1€ 1 L+
«LL0 9.7 0 L6°0 82" 1 - £99°0 £6°0 9+
‘ £8°0 €€° 0 ST 1 €1 1 ‘ 11 yl° T G+
90°T  BO'T  «18°0  429°0 L1 T 61° 1 60° T 20° 1 96° 0 b+
L6°0 86° 0 Z6°0 060 68° 0 80° 1 9° 1 66° 0 L6°0 €+
96° 0 ZL° 0 S0° 1 6" 0 66°0 2)° 1 7+
T+
01 LT 11 bl 17°1 62° 1 66°0 01d
9550 ve1a 611d 8950 950 029 7690 LL5D 9250 99SD  uoT3eipeiit
wwuum s)ooM
ALITYWIONAY 40 LASNO JHL ANV ZOHHQHQ<M&H



84

£ 3JE Trwaouge 8 031 pPoaaplsuch

¢

*uotTIRPTDRPIAN

a2roraoyly

futmeii1og 3881 snojaea Ul

(Syo0Mm)

*sT1e3jsp 03

Ait1ewaouge 3o

‘s1shtede

Ing (sx%aam () Apnis 8yl 3JO pus Ayl e Teuwaou

‘sishieue

189SU0 8yl
J0J SYHo9M
[11Is - +

103 sx3oom
- Ap—

7] 3¢ TPWIOUQP 8Q C3 P8Iaplsuod Ing Amx®W3 01) Apnas ay3 10 pus 8yl 3 JePwaou Aﬂﬂuw - .
T 9 7 L't £ 1 ¢ 82 S 1 ‘a‘s
'8 8L 0°8 L 1°L L*°ZC NY3IW
L 9 9 +8 L 1% pe1-a
4 14 9 17 1 13 611-d
4 14 1 t t [4 896-0
01 11 11 01 01 9 $9G6-0O
£l R 1! 01 01 4 029+«D
6 6 6 y 6 . T 863~
0T 8 L m S 1- o »hhmlo
L 9 9 9 9 - Z . 9T$-D
g 6 6 U 0t tooz 995-2
Xeax> m>Aumeuc03@ ]en&1A aA13P313UueND  TensIA A|¢QUHV ~

A cowmampmm YW ’ . *L*D ~0m0u®mowomm boa ‘

. N . e

L d@1ael



occurred signtficantly earlier (2.7 & 1.5 weeks) than
abnormalities in chest radiographs (8.2 t 2.6 weeks), MAA
pertusion (8.0 & 3.1 weeks) and (T (7.11 & 2.8 weeks)
scans. In addition there were no signiticant ditferences
between the times ot onset ot abpormality 1n MAA pertusion
and CT scans interpreted visually and by guantitative
assessment. The biweekly (T scan was superior to chest

radiography but MAA perfusion scanning was hot.

Lobar compliance

Irradiation ot a small volume ot lung 1n our doys did
not significantly alter lobar compliance. The results are

summarized 1n Table §.

Morphology:

Late sacrifice dogs

Q
At the time ot thoracotomy, scarring was clearly

visible on the antero-lateral agpects of the right middle
and lower lobes. This sca;ring seemed to be restricted to
these sites often involving 1/3 - 1/2;of the surface. (Plate
2) When sliced, fibrotic changes weri seen, predominantly
in the anterior regions. The extent of this varied, in some
dogs involving the full anterior-posterior thickness of the
slice and in others merely the pleura and superficial parts
of the lobe. Light microscopy showed definite changes of

varying degree in samples from the irradiated lobes. Plate

3, illustrates the changes.seen 1n dog C620 - being a
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COMPLIANCE

AFTER RI

:F‘?l{_l e 8

(Kc) OF THE RIGHT AND LEFT LOWER LOBES

GHT LOWER ZONE THORACIC TRRADIATION

Doy Right Lower Lett Lower
Lobe Kc . Lobe Kc

C-566 0.10 0.11
C-620 0.07 0.10
C-556 0.11 0.08
C-694 .08 0.10
C-577 0.08 0.12
C~-568 0.05 0.11
C-564 - 0.10 0.10
C-526 0.11 0.13
D-119 0.09
D-134 0.11 0.11
MEAN 0.09 0.11

SD 0.02 0.01
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combination ot intlammatory cell intiltration, intra-
alveolar exudation and' patchy tibrosis. These changes are
similar to those describgd by other workers 1in radiation‘
pneumonitis. Sections from the non-irradiated lung appeared
normal and plate 4 shows a sample from doy C620.

Early sacrifice dogs

The 2 early sacrifice dogs, in which the TcO, "™
radiovaerosol scans became abnormal at 1 and 6 weeks post-
irradiation respectively, showed no macroscopic lung changes
at thoracotomy. Light microscopy shoWFd normal appearances
of both right and left lower lobe samples.  Plate 5 shows a
sample of the right lower lobe from one of the early

sacritice dogs (C730).
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CHAPTER V

DISCUSSION
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f
Our results show that approkximately 2 weeks atter

thoracic irradiation in dogs there 1is a Sigéificant
reduction in the alveolar to capillary clearance ot both
TcO, and DTPA. This alteration occurs at a time when luny
histology (in 2 early sacriticed doys), chest
roentgenograms, MAA perfusion and computerized tomographic
(CT) lunyg scans are still normal. Solute clearance rates
continue to fall aftér irradiation whilst chest

roentgenograms, MAA pertusion and CT scan do not become

abnormal until 8.2 + 2.6, 8.0 3.1, and 7.1 & 2.8 weeks

«

~

post-irradiation respectively. By the time the earliest
imaging abnormality occurs (C.T. at 7.1 weeks) Tc04— and
DTPA clearance have fallen by approximately 125 and 63

K v
percent respectively. At sacrifice, (mean = 81@ weeks bost—

irradiation) all dOg; show changes compatiblé with radiadion
pneumonitis but lobar compliance is not altered. The
preservation of normal lobar compliance was most likely
because of the small volume o% Lgng irradiaéed.
The sequence of changes outlined;éb0ve and the consistency
of these findings iﬁ all dogs toéether with the eventual
- lung damage documented by histology strongly suggests that
the changes in solute clearance were due to the effects of
thoracic irradiation.

Technical factors which may have biased our results,
e.g. alteration in aefosol deposition patterns after

irradiation, and Ehanges in blood background were not

thought to have occurred, and these are considered in more

.~
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detail below. Impaired mucociliary transport 1s unlikely to
have played a significant part in the Tlearance ot the
solutes for a number of reasons. Ltirstly, 1t 1s well
accepted that particles of the size used in our studies are
mainly deposited beyond the mucociliary escalator in the
non-ciliated alveolar regions.(132'134—136) In addition,
two dogs given aerosolized sulphur colloid showed no
significant change in regional counts (after decay
correction) atter 22 hours. This tinding togefher with the
lack of central activity at any point 1n our scans and a
rate of solute clearance much taster than 1s possible by
mucociliary transport, confirm that the latter mechanism was
probably not operative 1n our Stud{es. The rates ot solute
clearance seen were also much faster than those reported for
lymphatic and alveolar macrophage transport.(137) It is
thus most likely that the particles were cleared by
translocation across the alveolar—capiliary membréne into
the pulmonary circulation. As mentioned in the literature
review numerous workers have in fact‘used this radiocaerosol
scanping techniqué to, measure alveolar-capillary membrane
permeability (pulmonary permeability3 and have shown

(99)

increases in permeability in cigarette smokers, and 1in

patients with systemic sclerosis,(?6)

(97) (111)

interstitial lung

disease and asthma. In our study, an increase in
"’. « . .

blood background after irradiation may theoretically have

been responsible for the reduction in solute clearance

seen. However blood background did not change after

94



irradiation and the increase 1n reglonal lung counts divided
by the increase in heart count (Ry) following pertechnetate
injgetion remained tairly constant with no siyniticant
variation up to 4 weeks after irradiation.
y

In contrast to lipid soluble molecules which traverse
the epithelia rapidly and are limited by perfusion, the
passage ot hydrophilic solutes (such as those used 1in our
study) is limited by ditfusion. AsS such, the rate of solute
diftusion (dQ/dt)\@hrOugh the membrane is directly
proportional to surface area for transfer (S) and the
concentration gradient across the membrane (dc¢/dx) 1In
accordance with Fick's first law of diffusion,

, do/dt = -Ds dc/dx

where D represents the diffusion Coefficient of a given
solute. In addition, the diftusion of a solute is inversely
related to the diffusion distance or thickness of the
membrane (dx). Thus a reduction in the rate of transfer for
a given solute across the alveolar—capilléry membrane may be
due to an increase in diffusion distance, a fall in the
concentratién graé&ent across the membrane‘or a decrease 1in
the surface area for transfer. Translocation of solutés
across the air-blood barrier is also dependent on molecular
size. This is compatible with a diffusive mechanism fOr
transfer. DTPA is a much larger molecule than TCO4- and
this probably accounts for the separate pathway it takes as

well as its slower translocation rate. The increase in

clearance of DTPA in yuinea pigs exposed to cigaretsg smoke

\
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has been shown by cytochemical technigues to be due to a
widening of the tight junctions between cells.(lls) DTPA

™
W . . . .
ﬁranslocatlon is therefore most likely via the tight

1

Jjunctions, ana is restricted in the alveolar epithelium and
\
cabillary endothelium by the size and ftrequency ot tight
junctions TCO4— probasiy crosses pasSively both acrbss cells
and via the paracellular pathway. NoO active mechanism has
yet been confirmed for either solute. For solute particles
which are deposited in the alveoli, Fick's tirst law of
diffusion applies to ea of the component parts of the
alveolar~capillary membrane, 1i.e. alveolar lining tluid,
alveolar epithelium, interstitium and capillary endothelium.
Values of t%@ and k represent an overall measure of membrane
permeability, but clearly in radiation lung 1njury some
Compoﬁenté may be aftected more than others’.

In trying to determine the mechanisms responsible for
the reduced alveolar clearance of solutes in radiation lung
injury it is useful to examine the effects of radiation on
each of the components of the air-blood barrier. oOne of the
most consistent features of radiation lung injury seen both
in our studies and in others is a thickening of the whole

(6,120) increasing the

alveolar-capillary membrane,
diffusional distance. This thickening atfects all
components of the barrier. The alvéolar surface is lined by
proteinaceous exudate and often also by the hyaline
membranes once thought to be pathognomonic of radiation lung

)

injury.(l) The edema fluid may reduce clearance by

96



increasing the diffusion distance. However, Mason et
al(log) have paradoxically shown an increase in the

clearadce ot aerosolized DTPA in patients with non-
\

[y

hemodynamic pulﬁbnary edema. It is therefore unlikely that
alveolar edema alone causes the reduction in solute
clearance seeniin our studies. Binding of Tc04— or '™rpa to
albumin reducing its clearance is also unlikely because
clearance rates are much faster than those possible for a
pertechnetate—-albumin complex, on size criteria alone.
However, partial binding with a resulting decrease in
clearance is still a possibility. Rinderknecht and
colleagues,(97) using a similar radioaerosol scanniny
procedure found a reduced Cleara;ce of TcO,™ 1in 4 patients
with pulmonary alveolar proteinosis (PAP). In this
condition the alveoli are filled with a thick eosinophilic
grénular material containing large amounts of lipdid.(l38)‘
They reported  that clearance of TCO4_ returned towards
normal in two of these patients aﬁgép lavagé. They mention
né data on DTPA. Thus in radiation pneumonitis, a{fhough
the proteinaceous edema fluid may not be  enough to reduce
the clearance of the solutes, the addition of the hyaline
membranes may be such as to do this in a manner similar to
that in pazients with PAP. The thickening of alveolar
lining quid probably affécts the diffusional transfer of
TcO4~ and DTPA equally. The thickness of the alveolar
epithelium is increased by edema, fibrosis and the invasion

.

of histocytes and fibroblasts. Translocation of DTPA

97
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probably occurs only at the tight junctions, whilst ooy

%
cﬁosseswvxa both the cellular and transcellular routes. A
thickening ot the epithelium 1s theretore likely to impede

¢ - ’
translocation of TcoO, more than that of DTPA unless the
[y ~ N

. . kK . i
tight junctions are also narrowed. There 1is aa andcrease an
-~ N

the interstitial tissue and this probably reduces the ‘,‘

diftusion of both ‘solutes equally’. The ettects ot radiation
o .

on thes capillary endothelium are varied. Initialky, there

it swel’ling of the endothelial cells with eventual sloughiny
N K T

agd blockage of capillary lumen. Some workers have

suggested ‘an increase 1in vascular permeability due to

disruption of the endothelial cells. At a later stage there

_1s repalr with recanalization of the lumen and tibrous

-

thickenirdg of the endothelial wdll. The translocation ot

o -~

TCO4— and DTPA across the endothellium may theretore va}y
3

depending on the stage of lung injury. Taylor and Garr (34)

using the concept of reflection coetficients showed that the
tight junctions within the alveolar epithelium are 5-8 times

tighter than those in the capillary endothelium. The

2

alveolar epithelium is therefore qi,”&miting barrier(of the
e
AN
alveolar-capillary membrane. It is cflear theretore, that 1t
' ' «
the 'alterations responsible for the reduced clearance

resides in the epithelium or endothelium, the epithqﬁiﬁE:D
e

must be more greatly affected for the overall permeability

to fall. piamond {139) has related the t yéfor build-up or

decay of solute across a membrane to diffusion coefficient

x(D) and membrane thickness (C) by the formula:
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’ v l,o= 0038 c4on
Z -
It the whole alveolar-capillary membrane 1s considered as
one, and D is assumed constant, simple manlpulation ot the
above equation shows that a doubling ot t 1,/2 can be produced
by a 40% increase’ in membrane thickness. In our study pre-
irradiation t]@ equalled approximately 4 min and this
increased to approximately 6.5 min at 2 weeks, the tirst
occasion when the increase was statistically signiticant.
This increase 1n t %ZcorreSponds to a 28B% increase in
membrane thickness, a change which 1is clearly very
f
conceivable. It is highly likely thergetore that a
thickening ot the alveolar capillary membrane plays a part
in the reduced clearance ot solutes seen 1n radiation lunyg
damage. DTPA is less attected than TcO, possibly because
. . ) t’“ ?
the thickenlnyg does not atfect 1ts passage through the tight
junctions.
A reduction in surtace area ftor transter 1s another
»

factor which could reduce solute translocation rate.

Surface area ftor transter (s) is clearly difterent for Tco4-
\

- *

and DTPA; TcO, has the whole alveolar wall available for
dittfusion, whereas DTPA is restricted to the tight
junctions. Malfunction of pulmonary surfactant 1s
considered to be the primary cause ot alveolar collapse 1n
early radiation lung injury.(z) This reduction in alveolar
‘wall surface area could theoretically impede TcO, flux but
quantitation is difficult. At the present time no objective

data exists, to our knowledge, to show reduction 1in surface

r

qq
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area tor transter an radiration 1njury. A rteduct ton an
dittusion capacity (D, ) 1s a common ftinding 1n the

CO
intermediate stages but this could equally well be due to
ventilation-pertusion mismatch. For Tco4—, a reduction in
alveolar wall surtace area due to collapse probably atteacts
all components ot the air-blood barrier eqgually. bBftros and

(35) have recently argued that 1n aerosol studies, more

Mason
important than surface area 1n controlling the rate ot
solute translocation is the rati1o of permeabillity surtace
area product (ps) to volume (v). They suggest that 1t the
intrinsic permeability of the epithelium remalns constant
and surface area (s) and v change by equivélent degrees, the
rate ot solute translocation will not be altered. In
radiation lung injury, therefore, a reduction 1n tlux can
only occur 1in this context, 1t s decreases more than v.

This is theoretically possible Iif t%e alveolar wall were
naturally convoluted, and with radiation thils convolution
decreases, thereby reducing surface area, but leaving
alveolar volume intact. A more likely explanation, however,
is a fall in permeability (p). For DTPA, surface area for
transter primarily depends on the alveolar epithelium which
forms the limiting barrier and the number, frgquency and
patency ot its tight junctions. Alveolar dlstension by
increasing lung inflation has been shown to progressively
increase aaveolar—capillary membrane permeability until
maximal distention when even protein mélecules can

(105,106)

traverse. This has been considered to be due to



101

stretohing open ot the tight junctions between cells. The
converse, l.e. a narrowing ot the tight junctions with
alveolar collapse, thereby redtn:1ﬁg solute tlux has not been
shown, and.is probably unlikely. Because the alveolar
epithelium acts as the limiting barrier, 1t 1s easy to sce
how changes in the capillary endothelium, which may
themselves increase permeability, do not increase overall
tlux unless the alveolar wall is similarly damaged.

Despite the tact that aerosol deposition 1n our studles
was mostly alveolar, it isrprobable that some was terminal
bronchiolar and clearance rates probably retlect bronchiolar
as well as alveolar-capillary membrane permeability. It 1s
unknown whether the permeability characteristics ot the
bronchiolar epithelium differ from those of the flat
alveolar epithelium. However, the far ygreater area ot the
alveolarvepithelium probahbly mean that any contribution that
the bronchilolar epithelial permeability glives to the overall
permeability 1is small.

The final consideration regarding the difttusion process
is the concentration gradient of solute (dc/dx) across the
membrane. This probably applies to both TcO, and DTPA
although their pathways are different. In the normal
situation the rapid flow of blood in the pulmonary
circulation maintains a high transmembrane concentration
gradient. Slowing of blood flow and in the extreme case
stagnation may reduce this, possibly resulting in a decrease

in clearance. It is probable however, that extreme
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decreases ot blood tlow (<1t of normal) would be regquired to

(97)

produce this. Many workers have shown that lung

irradiation leads to hypopertusion ot the irradiated

(140-142) and this has been used as one of the early

zones
indices ot radiation lung injury. sSimilar changes were
observed in our studies and the mean onset ot these changes
was at 8.0 % 3.1 weeks post-irradiation (Table 7). At the
time of onset of the reduced solute clearance, however,
npere was no change in the MAA perfusion scan and blood
béékground remained fairly constant throughout the study
excluding stagnation ot blood 1n the irradlated zones. [t
is therefore unlikely that the reduced clearance of TcO, and
DTPA was due to a reduced concentration gradient brought on
by changes in alveolar blood flow. . Accumulation of solute
in the interstitium without passayge into the pulmonary
circulation is another possibility that could both simulate
a reduced clearance on the gamma camera imayges and reduce
the concentration gradient across the membrane. Despite its
theoretical possibility, there is no evidence that it
occurs, and it seems unlikely.

| Despite fairly convincing evidence in our study for a
reduced alveolar-capillary membrane permeability Gross has ‘

shown in a study on irradiated mice(143)

that there 1s an
increase in the flux of 1257 _j1abeled albumin from capillary
to alveolus. He examined both alveolar lavayge samples and

homogenised lung and found that 4 months after 30 Gy to the

thorax, when compared to control mice, there was a five fold
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increase 1n lavage protein and that lung homogenate also
contained more protein. There were no signiticant increases
in alveolar protein at 2 months atter irradiation.
Henderson and co—workers(144) in a study on beagle doygs also
tound increases in protein flux by the 28th day atter 60 Gy.
It therefore seems likely that radiation leads to an
increase in translocation ot albumin from capillary to
alveolus. On face value their results appear to contradict
ours. However the 2 studies are examining difterent thinys:
the solutes, pathways and directions of flux are all
ditterent. Our study examines ftlux from alveolus to
capillary whereas the other studies are capillary to
alveolus. The other studies look at albumin tlux which
probably . occurs transcellularly by pinocytosis (in normal
tissue) whilst our studies are concerned with TCU4— and DTPA
which traJRfse by the transcellular route direc£ly and via
™
the paracellular pathway. Any measurement of alveolar-
capillary membrane permeability must therefore consider
bidirectional fluxNand pathway, as well as solute used.
Another difference between the studies of Gross, Henderson
et al and ours 1is that increased flux of albumin was not
seen until 4 months after 30 Gy (Gross) and 28 days after 60
Gy (Henderson). 1In our studies we showed a decrease in flux
of solutes at 2 weeks after 20 Gy. It is possible that had
we followed our doygs for much longer or ygyiven larger dosés

of radiation, we would have noticed an increase in solute

flux. However, we have followed one %%g to 6 months after



20 Gy and 2 doys to 4 weeks after 40 k;y and tound persistent
decreases in solute flux (unpublished observations).
Regardless ot these considerat ions, albumin does appear to
get into the alveoli. Gee and Staub have Suggested(77) that
in hemodynamic pulmonary edema, alveolar flooding occurs,
not dirgctly through the alveolar wall, but along high
conductance pathways through the epithelium ot the broncho-
alveolar junction. It 1is conceivable that the same process
occurs in radiation lung injury so that although alveolar
epithelial permeability is reduced, albumin can enter the
interstitium through the damayed capillary endothelium aéd
then pass indirectly into the alveolus via breaks 1in the
bronchiolar epithelium.

Clearly mgch more work has to be done to answer these
questions. On balance it seems most likely that in
radiation lung injury the permeability ot the alveolar
capillary membrane to TCO4_ and DTPA is reduced frém the
alveolar to capillary side. Althouyh strﬁctural changes 1in
the membrane and alterations in surface area may play a
part, the most likely explanation 1is é thickening ot the
alveolar capillary membrane by fibrous tissue and hyaline
membranes. Albumin flux frem capillary to alveolus may be
increased at a later stage but possibly via a different
pathway involving the terminal bronchiolar wall.

To date the diagnosis of radiation pneumonitis, in the
clinical situation, has been largely based upon

symptomatology, physical examination and chest
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radiography. Although some idea ot the risks ot developiny
pneumonitis can be ascertained from the radiation dose(jnd

'
schedule used, there 1is still great variability 1in response
between patients on similar radiation schedules. The onset
ot symptoms and i?normalities in chest radiography always
occurs after a latent interval although it is likely that
damagye occurs at the-time of radiation expusure.(Z) At the
present time no noninvasive method exists to adequately
assess this early damage. The need to quantity lung changes
following radiation is seen by the significant morbidity and
mortality 1in pneumonitis and the fact that the radiation
tolerance of the lung represents the limiting factor 1in
thoracic irradiation schedules. [t a test exl1sted which
could document lung injury at an early stage and predict the
likelihood of pneumonitis, thoracic irradiation schedules
could be used more effectively. Moreover an 1lndex of lung
injury dgenerated from this test could be used 1n studies to
assess prevention and treatment. The changes in lung
function which occur after radiation have been well
described by a number of workers. They include a reduction
in lung volumes, lung compliance, diffusing capacity and

(145-147)

regional blood flow. The time of onset of these

changes depends on the radiation dose and volume of lung

(145) have shown

irradiated. Although Emirgil and Heinemann
that many of these changes occur before the onset of
radiological abnormalities, the physiological changes still

occur relatively late. 1In their study, for example, in
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which patients with various thoracic malignancies were gilven
25-50 Gy over 21-72 days, abnormalities did not occur until
43-1390 days‘p;st—radiation. Sweany and Co—workers(14h)
found no changes inciung compliance, steady-state ditfusing
capacity and FRC up to 4 weeks after 10-29 Gy to the mid—K
R
chest in dogs. Prato(147) found significant alterations in
regional lung tunction, especially blood tlow, in patients
given radiotherapy for breast carcinoma. However these
changes occurred between 3 months and 6 years atter
radiation. 1In the clinical setting, the definitive test for
radiation pneumonitis is lung biopsy, but this would
probably be difficult to justify until radioloyical changes
were apparent. A
Experimental work with xenon and MAA have shown that
hypoperfusion of the irradiated lung zones 1is a common

(140-142,147) [ our study

feature of radiation lunyg 1njury.
however the perfusion lung scan was not able to detect luny
injury any earlier than th? chest radiograph. Goldman and
co-workers in a sfudy on humans came to a simillar
conclusion, (140)

There has been considerable recent interest in the use
of CT scanning in the early detection of radiation lung

(150)  pesides the vious visual interpretation of

injury.
lung changes, the assessment of lung density by the use of
CT number has been thought to be of particular value.

Although densities in g/cm3 can be approximated from CT

number by the relationship

Pl
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physical density = &IT%%gQEE + 1 gm/em

3

raw CT numbers can more easily be used to assess physical
Bensities. (148)  The density ot lunyg parenchyma is /
determined both by the density of lung tissue per se and the
relative quantities ot tluid and air within the lung.
Rosenblum and Co—workers(l48) show that lung density, as
measured by CT number, is lower at higher lunyg volumes, and
that dependent parts of the lung are more dense because ot

(149) tound

gravity induced pooling ot blood. Medlund et al
that lung density decreased during hemorrhagic shock due to
reduced pulfonary blood volume - but returned towards normal
after resuscitation. In a study on oleic acid induced

(149)

pulmonary edema Medlund and colleayues were also able

to document increases in lung density due to increasing
interstitial edema. El-Khatib and co—workers(150), found an
increase in lung density, as assessed by CT number, in mice
irradiated with 10 Gy or more. All these studies suygyest
that CT numbers can be used as an accurate and fairly
sensitive measure of luny density both in normals and in
di;ease states.

In our studies the biweekly CT scan interpreted
visually was 4dble to detect radiation induced changes
significaﬁfly earlier than chest radiography. ' If done
weekly it would probably have been superior, statistically
at least, than MAA perfusion scanning. Havinyg described the

value of CT densitometry it is very disappointing that in

our studies assessmsent of density chanyges by CT number did
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not provide a better way of diraygnosing abnormality than did
visual assessment. However this was probably due to ¢
technical difticulties inherent in the method ot calculating
T number. The measurement of T number was done on luny
parenchyma, soO the pléura which is pften involved 1n
radiation injury was not included. Visual examination on
the other hand, did allow pleural changes to be taken, into
account, and in this respect was superior. In addition,
ditficulties arose in drawiny the regions ot 1nterest
because of the need to exclude major blood vessels.
Moreover, the CT number obtilyed was an average ot the T
numbers in all the pixels of the region of interest (rather
than just in the damaged zone) and this tended to reduce the
sensitivity of the test. The CT numbers reported in this
study were means of theCCT numbers tor the right lower zone
slices thereby further "diluting” the results.

The TcU, radioaegggol scan was able to detect lung
injury considerably earlier (2.7 & 1.5 weeks) than Cxray
(8.2 + 2.6), MAA (8.0 & 3.1) or CT (7.2 % 2.8) scans. It 1s
interesting to note that there were no changes in light
microscopy 1in the early sacrifice doygs even though clearance
of Tco4f was alt?red. Although we did not perform
physiological tests during the study, complianCéAOf the
right lower lobes were not alfered.

The ability to assess regional changes in clearance 1s

a great advantage of the radiocaerosol scan and makes it

superior to D;CO. The diffusion capacity test although:
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appeariny simillar to the radioaerosol scan has important
differences. The diffusion of carbon monoxide across the
alveolar-capillary membrane is dependent primarily upon the
extent of the capillary bed and hemoglobin level and
insensitive to changes in the tight junctions ang the
thickness ot the alveolarééapillary barrier. The
radioaerosol scan is very sensitive to changes in the tight
junctions and the thickness of the alveolar-capillary
hbarrier and largely insensitive to changes in blood tlow and
possibly surface area. |

The radiovaerosol scan is easy to pertorh and certainly
within the capabilities of most major hospitals. Further
studies are required to assess it the technigue can detect
changes in permeability in humans and at lower doses of
radlation. It would also be important to know 1f abnormal
clearance rates reverse with resolution of pneumonitis. The
techniygue has potentiélrvalue in the early assessment ot
radiation lung injury and in Combinatiohjb%th D CO it may
provide complete information on the functional inteygrity ot

the alveolar-capillary membrane.
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This study has shown that in radiation luny injury 1in
dogs, there 1is a ;eduction in the pulmonary perheability for
TcO, and DTPA from the alveolar to capillary side. This
occurs at approximately 2 weeks after 20 Gy to the right
lower lung zone and 1s probably due to a thickening ot the
effective alveolar-capillary membrane. The TCO4‘ scan 1is
able to detect changes sigﬁiticantly earlier (2.7 & 1.5
weeks) than chest radiography (8.2 & 2.6 weeks) MAA
perfusion (8.0 ; 3.1 weeks) and CT (7.1 £ 2.8) sqanning.
That these changes are related to radiation iung injury 1is

shown by the persistence ot abnormal TCU4_ clearance and the

finding of morphological features ot radiation pneumonitis
L

‘at the time ot sacrifice approximately 8 yéweeks post-

irradiation. Further studies are required, hbwever, to
determine the specificity of the test and to see it there 1s
a correldtion between reduced aerosol clearance and
morphology. If substantiated in human studies and at
therapeutic doses and schedules of"}adiat}on, the TcO,  scan
may have potential value in the early detection ot radiation

lung injury.
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1

Appendix |

calculation of irradiation time:

rime ver beam = .- Mid-plane dose per tield (.
b v dose rate x (C x P¥ X TAR x L(F

CC = coning correction )
P = perspex correction
SC. = shutter correction
TAR = Tilssue-air ratio (at half anterior-posterior

separation)

LCF = Lung-correction factor (Batho)

Assuming chest wall = Ccm, the geometric lung path 1s

L = s/2 - C.
Assuming lung density of 0;33, the correction in lung 1s:
LCF = (TaR) " 0-67

The treatment time is recalculated for the posterior beam

because of a different perspex factor.

o]



Appendix 2a

BLOOD-BACKGROUND (RB) AFTER IRRADIATION

Weeks atter

irradiation

Pre

1

564

R L
0.56 0.66
0.56 0.47
0.57  0.50
0.49 0.48
0.60 0.49
0.57 0.42
0.55 0.49
0.47 0.43

0.58

0.48

0.47

C620

R L

0.58 0.52
0.43 0.46
0.52 0.49
0.59 0.51
0.66 0.49
0.66 V.58
0.63 0.52

0.51

0.59

0.55
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Appendix 2b

BLOOD-BACKGROUND (RB) AFTER IRRADIATION

Weeks atter 568 526 CS77
irradiation R LR L R L
Pre 0.46 0.53 0.54 0.51 0.51 0.46

{
1 0.51 0.35
2 0.52 0.56 0.68 0.55 0.53 0.35
3 0.53 0.56 0.72 0.60
4 0.68 0.67 0.54 0.46 0.66 0.55
5
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Appendix 4a

SUMMARY OF DTPA DATA

Weeks atter €566 CS64 ’ 694 ¢S77

irradiation R L R L R L R L
-2 3.63+ 5.56 2.28 2.09 2.88 3.50 2.56 2.72
-1 4.38 3.91 3.79 4.07 1.90 1.64
+1 A 2.49 2.85 1.88 2.48
+2 2.98 2.80 2.37 2.54 2.46 2.03 2.18 1.52
+3 3.44 5.35 2.30 2.20 2.58 2.44 1.92 2.58
+4 2.36 2.70 2.75 2.80 2.76 2.76 1.65 2.9%6
+5 2.87 2.06 2.09 2.12 . 1.72 2.08
+6 2.10 2.38 2.37 1.81 1.98 2.44 1.06 1.74
+8 1.85 2.49 1.66 2.13 1.64 2.98 1.74 3.04
+9 1.53 2.62
+10 1.50 2.54

+ Numbers are k % fall/min over the first 10 min.
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h
Appendix 4b

SUMMARY OF DTPA DATA

' T
Weeks atter €556 C620 | CH26 568
irradiation R L R L} R L] R L
-2 3.86 2.75 3.88+ 3.54 2.63 2.88 2.41 2.88
-1 3.56 2.95 2.68 2.32 4-38 4.30 2.86 2.31
+1 2.29
+2 2.75 2.56 2.78 3.04 2.81 4.47 1.83 1.94
+3 2.35 2.94 2.18 3.08 1.80 3.08 2.10 2.10
+4 2.27 3.64 1.96 2.30
+5 2.33 4.22
+6_ 2.40 3.07
+8 2.38 4.16
+9
+10 2552 3.22
+12 2.68 4.43

+ Numbers are k % fall/min over the first 10 min.



CURRICULUM VITA

135



NAME :

DATE OF BIRTH:

PLACE OF

NATIONALITY:

EDUCATION:

EXAMINATIONS:

M.B., Ch.B.

BIRTH:

Igbal Husseiln Ahmed

December 30, 1953
Kampala, Uyanda
British

Kent College, Canterbury,

Manchester Medical Schpol,

Visa qgualifying examimition (USA)

M.R.C.P. (UK)

L.M.C.C.

AWARDS :

Alberta Heritage Foundation for Medical Research

Alberta Lung Association Research Fellowship’

Kent .

ENGLAND

1977
1979
1981

1983

Fellowship

1982-83

1982-83

136



POSTGRADUATE TRAINING:

-
B

Jan 1984 - present -

July 1982 - Dec 1983 -

July 1981 —-. June 1982 -

March 1980 - reb 1981 -

Jan 1979 - Feb 1980 -

Feb 1978 - Aug 1978 -

Aug 1977 - Jan 1978 -

137

senior Medical Resident, Dept. ot
Medicine, University ot Alberta,
Edmonton.

Research tellow, Division ot
Pulmonary Diseases, Dept. of

Medicine, University ot Alberta.

Clinical-_fellow, Division of
Pulmonary lseases, Dept. ot

*

Medicine, University of Alberta.

senior Medical House Oftficer,
St. Bartholomews Hospital, London

EC2

senior Medical House Ofticer,
The Prince of Wales Hospltal,

London.

Medical House Officer, Hope
Hospital (University of

Manchester), salford, Lancashire.

Surgical House Officer, Bury

General Hospital, Bury, Lancs.



138

PUBLTICAT TONGS

Abstracts

+(1)

°(5)

*(6)

Radioaerosol scanning Compared to conventional
imaging techniques in radiation lung injury. IH
Ahmed, W Logus, GCW Man, E El-Khatib, J Battista, StP
Man. Chest 1983; 84: 323.

An early index of radiation 1induced lung damage.

IH Ahmed, W Logus, GCW Man, E El-Khatib, J Battista,
SFP Man. Am.xRev. Respir. Dis. 1983; 127: 143.
Radioaerosol scanning in radiation lung injury. IH
Ahmed, W Logus, GCW Man, SFP Man. Clinical and
Investigative Medicine, 1983; 6: 75.
Alveolar-capillary membrane permeability in radiation
lung injury. IH Ahmed, W Logus GCW Man, SFP Man.
Proceedinygs ot the Third Annual Heritage Medical

Research Days, 1983; 50.

Pl

Reduced radiocaerosol clearance in a model of
pulmonary fibrosis. IH Ahmed, JW Logus, GCW Man, SFP
Man. Am. Rev. Respir. Dis. April 1984, In Press.
Use of Na—99mTcO4 to explore Cl~ channels in canine
airway epithelium. SFP Man, IH Ahmed, GCW Man, A
Hguyen. Clinical and Investigative Medicine, 1983;

6: 78.



(9)

The eftects ot high trequency oscillatory ventilation
(HFOV) on alveolar clearance of radiocaerosol. IH
Ahméd, JW Logus, SFP Man, GCW Man. Am; Rev. Resplr.
Dis. April 1984, In Press.

Male/female difterences in luny aerosol deposition
and clearance. HY Yamamoto, IH Ahmed, J Horsley, JW
Logyus, GCW Man, SFP Man. Proceediny ot the Third
Annual Heritage Medical Research Days, 1983; S50.
Upper ailrways obstruction in bulbar poliomyelitis.
IH Ahmed, NE Brown. 'Proceed}ngs'of the Alberta

re
Thoracic Socilety, 1981.

Presented at the American Collegye of Chest PhysiciaNs
annual meeting 1in November 1983.
Presented at the CSCI annual meeting in September

1983.
!

To be presented at the Americ¢an Thoracic Society

annual meeting in May 1984,

~/



