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SUMMARY

The deposition and short-term clearance characteristics of
monodisperse aerosol particles (size range 4+5 - 13 pm diameter)
in the human respiratory tract have been investigated in eighteen
human volunteer subjects.

The primary aim of the study has been to define accurately
the upper size limit of dust which is able to penetrate below the
- larynx and to deposit subsequently in the dead space airways. It
is this size fraction of dust which may be important in the
aetiology of chronic bronchitis. The experimental problems of
obtaining an accurate sample of the inhaled aerosol and of
controlling the physiological conditions of aerosol administration
have been given particular emphasis, in order to improve on the
suitability and accuracy of existing experimental techniques. A
new type of apparatus has been constructed which accurately samples.
the aerosol to be inhaled by a subject and at the sime time ensures
a rigorous control of the physiological conditions of aerosol
-administration,

The sampling part of the device employs a simple mechanical
servomechanism which consists in essence of two spirometers in
mutual balance. The most important advantages of the new method
are: 1, 1its proven accuracy even at the largest particle size
employed (13 um diameter); 2. the future possibility of studying
pelydisperse dusts witheout in any way affecting the zeccuracy of the
result; 3. its cost effectiveness in terms of high accuracy at low
‘cost compared with, for example, that of aerosol sampling techniques

based on optical scatter.

The experimental and historical background to the present work is
discussed in order to emphasise the areas in which previous research
might be open to misinterpretation and to illustrate gaps in the know-
ledge of aerosol behaviour in the human respiratory tract. ‘

The regional distribution of the inhaled particles within the
respiratory tract has been estimated using an indirect technique, the
accuracy of which depends, in part, on certain widely accepted
assumptions. The method is based on the monitoring of the clearance
of inhaled radiocactive particles over a period of about one day. By
assuming that the material cleared within this period represents only
those particles which initially deposited on the ciliated dead space
airways, the relative proportions of respiratory zone and dead space
aerosol deposition may be estimated. A profile scanning technique
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for distinguishing between adjacent and overlapping anatomical
regions has heen employed (HOLMA, 1967), which is considered to be
a more suitable method for this purpose thawn the fixed radiation
detector systems employed elsewhere.

The total deposition results of the present work are
generally lower than those of other workers, with one exception,
in a limited region of comparison, rising only slowly from a mean
value of about 80K of the inhaled aerosol at 4.5 ym particle
diameter to about 8&% at 13 pm, percentages heing expressed in
relation to the inhaled aerosol and averaged over three subjects
at each particle size. Mouthwash recovery ranged from below 1%
to just over 9% in the same particle size range. These figures
are also lower than those reported by other workers and it is
suggested thal molliinplecs design and dimensions may be''the most
important causative factors. Aerosol losses in the laryngeal/
pharvngeal region have been carefully measured and exhibit the
largest scatter of observations of any anatomical region studied,
suggesting an important role for the glottal opening. The mean
values at each size ranged from % to 42, which is lower than
those reported by LIPPMANN and ALBERT (1969), whose results
exhibited considerably greater scatter, Considering the racidly
increasing trend in these losses with increasing particle size it
seems unlikely that particles more than several microns greater
than the largest particle size emp]oycd in the present work
(13 ;m diemeter) are able to penetrate below the larvnx in sig-
nificant amounts.

Estimated percentame aerosol deposition on the dead space
airways maintains a fairly constant level throughout most of the
particle size range studied, rising from about 2/% at 4°5 ym to
ahout 36% at 67 ¢m and remaining at ahout this level up to and
including 1% pm particle diameter. The estimated levels of one-

day retention are higher than those of LIPPMANN and ALBERT (1969)
but agree well with the one published result of STAHLHOFFEN et al.
(1970). Good agreement has also bean ohtained with the fractiona
retention values reported by FOORD et al. (1978) in a limited
region of particle size overlap. The present results for
respirable dust are about 4% retention (relative to inhaled
aerosol) at~2h hours and 4'5 pym particle diameter, declining
steadily to about 83% at 10'4 ym and about 63% at 13 pm particle
diameter, However, while these results would -appear to indicate
that the larger particles are able to penetrate to the respiratory
zone of the lungs far more effectively than had ‘hitherto been
considered possible by most investigators, the rapid decline in the
independently obtained laryngeal/trscheal clearance curves does not
support this finding. Moreover, an analysis of the present data
using a simple filter model of the respiratory tract demonstrates
that the regional aerosol deposition results are wholly inconsistent
with the expected behaviour of airborne particles in the resviratory
zone. It is therefore concluded. that the measured levels of one-
day retention at large varticle sizes are being caused by an
incomplete clearance of particles which initially deposited on the
dead space airways.

The ramifications of the above conclusion with respect to
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existing respirable dust sampling curves are discussed and it is
recommended that the results of the present work should be
regarded only as an upper deposition 1limit, in the case of
respirable dust, and a lower deposition limit in the case of that
dust fraction which deposits on the dead space airways.

An interesting secondary phenomenon has also been observed:

" the clearance curves exhibit distinct non-random fluctuations. -

By means of fixed and double radiation detectors placed over the
laryngeal and tracheal region of the throat, it has been
established that the fluctuations are not merely an artefact of

the primary measuring detector and have their origin from somewhere
below the trachea, not solely in the larynx itself, The possible
biological and physical factors that may be implicated in the
causation of the clearance milses are disnussed,






1. INTRODUCTION

The definition of a safe or acceptable level of dust exposure
requires some knowledge of the amount and site of deposition of
dust in the human respiratory tract, under a variety of conditions,
and its subsequent rate of clearance. Calculation of these dust
filtration characteristics is compliéated and consensus has not
yet been established (TAULBEE and YU, 1975). If possible, therefore,

they are best determined experimentally.

While useful information may be obtained by use of models
or hollow casts of the upper respiratory tract, the technique
would be difficult to apply to the more intricate lower respiratory
tract (SCHLESINGER and LIPPMANN, 1972). The use of artificially
ventilated excised lungs is also limited, for reasons of availability
and technique (MITCHELL, 1975). Accurate aséessment of the degree
of a dust hazard therefore requires experimental work involving

~ 1live subjects, preferably human.

Such experimental work is often concerned with the measurement
of the total amount of dust which deposits in the respiratory tract
relative to that inhaled, termed total deposition. It is also
possible to combine this with the indirect estimation of the relative
amount of dust which deposits within specific zones of the respiratory
tract, termed regional deposition; by the use of radioactive aerosols
(LIPPMANN andALBERT, 1969).

Al though many experiments have been performed to measure total
deposition the scatter of observations has been considerable
" (DAVIES, 1974). Besides individual variations, such scatter may
be due in .part to poor aerosol sampling techniques and in'part to
a failure to define or control those factors, such as breathing
rate, which determine the rate of aerosol deposition in the subject.
Because of these experimental difficulties very few total deposition
experiments have been performed at particle diameters greater than
several micrometers. Still fewer experiments have been performed to
investigate regional deposition (LIPFMANN,1977; FOORD et al, 1978).

It is the purpose of the present work to extend reliable
‘knowledge of totél and regional aerosol deposition and clearance
characteristics in the human respiratory tract to the highest
practical particle diameter. In this chapter essential background-

knowledge is reviewed.,
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1.1

2.

Description of human respiratory tract

(1) Morphology and ‘patterns of airflow

For the purposes of the present discussion the human
respiratory tract will be divided into three zones: 1. the
nasopharynx, oral passages and larynx; 2, the dead space

airways, extending from the trachea to the termminal bronchioles,

3. the respiratory zone, where the gas exchange units, or

alveoli, are situated.

Air which enters the nose encounters a greater resistance
to flow than it does in the mouth, passing through the large
narrow channels of the nasal cavities. The lateral walls of
the cavities consist of folded turbinates whose role may be
to expose~the incoming air to the maximum surface area and
hence enhance the
(PROCTOR and SWIFT, 1971). Air which enters the mouth
will tend to encounter less resistance to flow but possesses
a potentially more variable cross-section, mainly determined
by the position of the tongue and soft palate. Vhether
inhaled by either route, air is fully warmed and moistened by
the time it enters the major bronchi (PROCTOR, 1964).

. It is the larynx that mainly determines entry conditions

..for flow into the trachea. According to Macklem and Mead,
(1967), the larynx, together with the mouth and trachea,

accounts for about half the viscous resistance o breathing.

The degree of glottal opening in the larynx varies according

- t0’ whether the subject is inspiring or expiring, according

to lung volume, and according to the level of exercise -

(STANESCT o+ g1, 1972). Below +the larmv there ig less

variability at given lung volume,

The conducting airways repeatedly branch in a generally
dichotomous mannexr. The most widely used description of
this branching system is that of Weibel, (1963). 1In Weibel's
'model A' symmetrical branching system, the number of branches,
n, at a given generation,q, is given by,

q

-n =2 essessssss €quation 1,1,1

The trachea is defined as the zeroth generation(Table 1;1.1),



Tablel1.1:Weibel model*A’;Regular dichotomy system, lung volume 48l at ~¥ maximum inflation

Reynolds’

generic lgeneration|number |diameter| length lcumulative ;ﬁgzs';:f,t‘ VO[:'f“e cumulative ;’_g;d"ger C:LT?_%ﬁgVe
term number | Per mm. mm. length generation gegeration volume [generation| area Number
generation . &1 M. cm? cm3 Sem3  xicm? g cm? L %
TRACHEA - 0 1 180 120-0 1200 2+54 30.5 | - 30-5 67-8 §7-8 1510
BRGNEHUS, 1 2 122 47-6 1676 2.33 113 | 418 358 104-6 1070
BEONOUS 2 4 83 1890 1866 243 4+0 45°€ 19-1 123+7 797
3 8 58 7-6 1942 2-00 15 47.2 10-9 1346 573
SESMENML 4 16 45 12+7 2069 248 3:5 50.7 308 165+4 370
CARTILAGINOUST g 32 35 10.7 217-6 341 33 54-0 38+0 2034 230
6 64 2-8 9+0 2266 3:96 3.5 57.% 5044 2538 145
7 128 23 7-6 2342 540 3.9 61+4 67-0 320-8 92
8 256 1-86 64 2406 695 45 §5-¢ 95:7 4165 55
9 512 1:54 544 2460 9:56 52 71-C 134 5508 33
. Y 10 1,024 1:30 46 250-6 13+4 g2 772 191 7419 20
LERMINAL 11 2048 . 1-08 3.9 2545 196 7.6 848 277 1,019 1
BRONCHIOLES 12 4,096 0-35 33 257-8 28-8 98 846 413 1,433 7
13 8192 0-82 247 260-5 445 12-5 . 106 6§07 2,040 36
14 16,384 07 243 362-8 694 164 123 886 2,927 22
v 15 32,768 0:66 . 2:0 2648 113 2147 145 1,315 4,242 1.2
| IENCHIOLE| 16 65,536 0-60 1:65 2665 180 297 |. 175 1980 | 6,222 07
RESTERAIORY] 47 131,072 0'% 1-41 267-3 300 a8 |7 27 3096 9,318 0-37
| 18 262,144 0:50 117 2690 534 611 278 4888 14,206 0-18
Y 19 524,288 0-47 099 2700 944 93-2 371 7.932 22,138 0-10
AL TOLAR 20 1,048,576 045 0-83 270-9 1,600 140 510 12,4 00 34,538 006
¢ 21 2,097,152 0.43 0-70 -6 2220 224 735 20,865 55403 003
22 4,194 304 041 0:59 27241 5.880 350 1085 34,046 89,549 0-01
ALXE%LAR 23 8,388,608 041 0-30 2726 11,800 591 1,675 57,658 147,208 <0901

*1 calculated by present author, sgat10 litres

minute volume,

v{A.



by the.Reynold's number Re, which expresses the relative.

b,

However, the high degree of morphologic asymmetry in the

- conducting airways should always be borne in mind.

Convenient mathematical descriptions may sometimes obscure
certain physical realities, such as the variation of

branching angle from generation to generation (HORSFIELD.

et al, 1967).

The total cross-sectional area of the conducting airways
increases directly with generation number and, consequently,
the airflow which initially tends to be turbulent in the
large airways is almost certainly laminar in the smaller airways.
The nature of airflow.in an airway is normélly characterized
magnitudes of the purely inertial and viscous forces in a

fluid, and for a cylinder is given by,

Re =_2-_I‘__'_v_9_ [ XN N NN NN N equation 1.1._2.
T) ,

Where, p is the mass density of fluid
L is the Jdiameter of the cylindex
Vo is the mean fluid flow rate
Nl is the viscosity of the fluid

Reynold's numbers in the human respiratory tract vary
from about 0.01 in an alveolar sac, to about 1,500 in the

trachea, depending on breathing pattern (Table 1.1.1), In

..the.small airways (<2mm dia.) it is therefore highly likely

-that the flow which advances into the respiratoiy zone .is of

the Poisseuille type, i.e. the velocity distribution is
parabolic, the velocity being a maximum in the centre of each
airway. Very little mixing between the advancing tidal and

the surrounding sheaths of expiratory reserve and residual

air is therefore likely to occur (DAVIES et al, 1972), and

the flow tends to be reversible (MUIR et al, 1971)., Transfer
of aerosol between these volumes in the small airways,
therefore takes place mainly by virtue of the intrinsic
particle mobility. '

The dead space airways are considered to end at the

terminal bronchioles, beyond which lie the alveolated airways,

o
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or respiratory bronchioles. The terminal bronchioles are
temmed generation 16 in the ¥eibel model and beyond this
point the airways are.virtually free of cilia. . Total airway
cross-sectional area increases greatly in the respiratory’
bronchioles and still more quickly on entering-the alveolar
ducts and alveoli. There are something like 3 x 108

alveolar units in the normal adult lung.

(ii) Clearance mechanisms

-Short-termm clearance is generally taken to be synonymous
With mucociliary clearance, bul it is by no means established -
that there existe no longer term muccciliary phase. Canwer A
and Philipsson (1978) demonstrated completion of a short-
term clearance phase in humans within about one day after
aerosol administration, but the work of Gore and Patrick (1978)
has raised the possibility of a much longer texm retention of
particles in the trachea and first bifurcation of fhe conséious
. rat. Similarly, it cannot be stated with certainty that A
~there exists no rapid phaée of alveolar clearance, although
this is considered to be unlikély by most investigators

(MORROW, 1977). loreover, Stahlhoffen et al (1979) have
reported the results of the longer-term clearance of 0'6 um
diameter particles which were deposited overwhelmingly in the
respiratory zcne, observing no rapid phase component in tke

clearance curve,

Van As (1977) has recently reviewed some of the inconsisieuncies
in the cconcept embodied by the texm ’mucous,shéet‘, first
coined by Lucas and Douglas (1934). Therée is conflicting
evidence as to whether this 'sheet' is in fact continuous or
not (STURGESS, 1977), as has often been assumed (HATCH and
GROSS, 1964), lMoreover, there is still much controversy
concerning the true composition of the '‘mucous sheet' and

the role of mucus proper, i.e. the secretory product of

mucous glands and goblet cells, in it. In the present work
the termm ‘ciliary transport fluid' will be used throughout,

in order to avoid confusion.

The ciliary transport fluid is propelled towards the
trachea by the combined beating action of the cilia, which
line most of the dead space airways from the zeroth to

about the sixteenth airway generation. ‘hile the structure
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and function of the individual cilia have been examined
in some detail (DALHAM, 1956), the mechanism of their
combined behaviour remains poorly understood. In particular,

the direction and speed of the transport process in relation

to its variation with airway dimension is almost wholly

undetermined, The importance of this information lies in
its influence on the thickness of the ciliary transport fluid as
it 'ascends' the dead space airways (ASSKUNDSSON and KILBURN,
1970). ‘

Longer term clearance processes are believed to involve
mainly alveolar macrophages and the pulmonary lymphatic
system, However, the present work is concerned purely wit@

short-temm clearance phenomena, therefore longer temm

Behaviour of aerosols in the human respiratory tract

The term aerosol, an imprecise one, may be applied to
any small particle which remains airborne for a reasonable
time. Typical aerosols would therefore include dusts,
smokes, sprays and mists, but generally exclude fumes and
gases, although the distinction is not entirely clear-cut.
A1l practical aerosols are actually poly-disperse, that is
their diameters span a range.of values. According to
Fuchs and Sutugin (1966), an aerosol may be regarded as
'practically mono-disperse' when its geometric standard

deviation is less than or equal to 12.

(1) - - Aerosol deposition mechanisms

All terrestrial particles experience the gravitational
force., A spherical particle settling in air under the
influence of gravity attains a terminal velocity, v _
when the resistive and gravitational forces are just
equal . The resistive force Fd, may be calculated using
the well-known Stoke's equation, at low values of particle

Reynold's number, Rep (i.e. Rep<: ~ 05051

[



Fd = 377 N dv,. vesacessss equation 1.2.1

where, 1, is the viscosity of air

d, is the particle diameter

Heglecting buoyancy forces and equating resistive and -

gravitational forces, the terminal velocity is given by,

2
VT :2'—(:11—'.8——7%—- cesesvsoee equa‘tion 1'2‘2

where, p , is the particle density
g ? is the acceleration due to gravity
Therefore, in a fluid of given viscosity particle density -
as well as optical diameter must be considered in .characterizing
the dynamic behaviour of an aerosol particle. It is convenient
to accomplish this by defining its aerodynamic diameter,
which is the diameter of a unit density sphere having the

same terminal velocity as the particle in an identical medium.

For very large particles when the particle Reyﬁold's
number is high, equation 1.2.2 may be inaccurate. Similarly,
for very small particles, those whose diameters are comparable
to the mean free path of the surrounding air molecules,
'slip-correction factors' must be applied. However, in the
size range of particles in the present study equation 1.2.2

will suffice,

When a particle is non-sperical but of well defined shape,
a shape correction factor may be applied (ALLEN, 1974).
However, when the particle is of highly irregwlar shape, or,of
essentially regular shape but possessing an irregular or
deformed surface, its aerodynamié diameter is difficult to predict
and may be best determined by direct observation of falling

speed.

When a particle is carried by a moving airstream which
changes in speed or direction, it experiences a lag in its

motion relative to the airstream by virtue of its own
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inertia. The nature of the dependence of inertial effects
on the particle density and diameter may perhaps be most

easily calculated by considering the elementary case of a

particle projected into a still air system at time t =0 ,
with an initial velocity, Vo . The inertial force is at all . .

times opposed by the drag force on the particle, therefore for

a sphere,
dv .
m.?{r —37T7']V.d s 000000000 equatlon 1-2.3
vhere, m, is the particle mass

v, is the particle'’s instantaneous velocity in the

x-direction relative to the air-system [.Zv:g% ]
(other nomenclature as above)

dv =-37TNd.dt= -4t where,[=__m ,
Vv oom ft: 3;rn d

and is termed the
relaxation time of !
the particle

t

f . dv =:'-‘l . /d't ) " ' ‘. ’

Vo @ 0
where, V  1is the particle velocity at time, t.

<|-¥ <

\

[}n (- v )] = ;,%?

Vo

an - an = ln( Y ) '
- (o]
Vo /Y:/

. x
since, |lne" = x,

v = p[.%.]

s ‘ : 1
After /C' seconds the particle has slowed to o of its

initial value, v, , possessed at the time of projection into
. the air-system.
- ThHe quantity most often used to represent the inertial

behaviour of particles in variable flow regimes is the particle
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stop distance, So,

p‘ .

X
t.’

now, V=

oy

and from equation 1,2,3,

av d x ax
mS— . % = =3wnd. 3
0 So
.m J[-dv =<37TN dd/'d x
Vo 0
e B 5 s o T | (oY
v° = -—-‘——-‘J'll M Mo So - .‘.‘i
m T
'.‘ SO = Vo’b/ LGOI B B B equation 1.2.4
‘ T p
Now since, = m = 787’)
pszo
. S0 = -_—TS—T-I— XXX equatlon 1.2.5

¢

Therefore, like the particle terminal velocity, v, ,
So depends on particle diameter squared. Indeed, equation

1.2.5 may be re-written more simply as,

N
So = ceesssscssse equation 10206

[{a]

and equation 1.2,2 may be re-written as,
VT =’z/g XXX EEERE) equation 1.2.7

Another important force which must be considered for
very fine dusts is that induced by the Brownian motion of the
gas molecules which surround each particle., However, in the
size range of the present study the diffusive force is
negligibly small. In the special case of fibrous aerosols,
where the dimension of the particle may be a significant
fraction of that of the containment vessel, the possible

effects of interceptive deposition must be considered. In
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the present work only spherical particles having diameters
of negligible size in relation to the smallest human airway have

been used and interceptive effects may be ignored.

o

Aerosols formed by the mechanical dispersal of a volatile
liquid, invariable carry a substantial electric charge
(WHITBY and LIU, 1966). Enhanced aerosol deposition may
occur through the induction of electrical image forces or by the
mutual repulsion of charged particles, termed the space-charge
effect. The latter is highly dependent on the aerosol number
concentration. Yu and Chandra (1978) have calculated the rate
of deposition of 1 ._'um.dia.meter particles in the human
}‘espi?:_a:j:ngy t:;g.ct and conclude that the particle number density
'mustv be of  the order of 10° particles per cubic centimetre be'fo're
space-charge effects need to be considered. This is a far -

higher particle concentration than occurs in the present work.

For very fine aerosols it is possible that enhanced
particle deposition might occur in the respiratory tract as
a result of the induction of an electrical image force on the
airway walls. QRecent evidence for submicron particles
supports this view (MELANIRI et al, 1977). However, it may .
be shown by elementary calculation that image forces are
likely to be negligible even for the smallest particle size
used in the present work (4:5 L(m diameter).

According to Yu (1977), the image force, Fi,

experienced by a spherical particle in a cylindrical vessel is

~ glven by,
Fi - ___@%x%2
16 7T R* €, (R-—r)‘ XXy equation 1.208
where, Q = total charge on particle
r = radial distance of particle from the cylinder

axis
R = radius of cylinder
€ = permittivity of free space
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Putting Q = y.e, where e is the fundamental unit of
electronic charge and y is the number of such charges on each

particle, equation 1.2.8 may be written as,

where K = T6 7T R e (R-< EWZ

As an example, let R be the radius of the smallest ajrway
-2
in the Weibel model, where R = 0-2mm. ILetr =10 .R =2/m,

since if the image forces are small over this range in such a

rt0 he smpll elsevhere in the

A i Fétey

small airvay. they are likel

respiratory tract.
c - .'quz‘l(;L
% T 16 ;¥ K? €, (R- 107% . R J?

R - _t9 ’ —1
. Putting e = 1°6 x 10~ Coulombs, €, = 8:85 x 10 2

' -1 . - -17
I'arads metre  gives, K 2 14 x 10 Newtons.
The magnitude of the gravitational force, Fg , is given by,
Fg =m.g (nomenclature as above)

Which for a unit density particle of diameter 4-5)m,

-13 .
gives a value Fg Z 47 x 10 Newtons.  Therefore,for Fi
_ . o L VA
g t nave a value of { ¥g /K Y
. . . 2 .
which in this case is approximately 1°8 x 10" charges ver particle.

b
4

+ ‘I 'y WA -
T0 he compaxable To

n

mu

Lt

This is about an order of magnitude greater than the number of
elementary charges measured elsewhere to reside on identical
aerosol particles to those of the present study (¥FRY, 1970).

It is therefore unlikely that electrostatic deposition is of any
significance in this case. Precautionary measures were neverthe-
less taken to neutralize the test aerosol, described in

Chapter 3, part 2 (iv).

A number of other forces exist which may act on an
airborne particle, but only diffusiophoretic and thermal forces
could be of conceivable relevance here. Diffusiophoretic

forces act when there is a diffusional transfer of gases from
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regions of high to low gas concentrations. In the human
~.lung such diffusive. transfer does occur, but owing to the
simultaneous transfer of nearly equal numbers of 0, and CO,
molecules in opposite directions, it is considered unlikely
by most investigators that diffusiophoretic forces are of
much significance (HIDY and BROCK, 1969).

For thermal forces to act on a particle a temperature
gradient must exist., In the human lung the temperature
may be regarded as a nearly uniform 37% throughout, ' The
température in the oral cavity may often be several degrees
below this figure and it is possible that very small thermal
‘forces act on inhaled particles., However, since the
residence time of particles in the oral cavily is always very
sm2ll, even during quiet breathing, it is unlikely that

thermal deposition forces are of any significance,

Overall then, it is the two basic forces of nature,
gravity and inertia, that are likely to be of most significance
in determining the respiratory tract deposition of the aerosol
varticles of the present study. Both depend on the square of
particle diameter and the importance of each is likely to be

considerably influenced by physiological factors.

(ii) Physioclogical factors in aerosol deposition

In the following discussion the influence of respiratory
physiology on aerosol deposition will be considered only insofar
as it affects the contribution of the two primary deposition
mechanisms, gravitatibnal settling or sedimentation, and
inertial impaction, Tnertial depgiéﬁion of particles may
occur in the respiratory tract wherever there is a change
In the magnitude o¥ direction of gas flow. Such changes
occur most frequently in the upper airways and human head.
Besides being influericed by the mean inspired or expired
flow rates, it is likely that subtle changes in the configura-
tion of upper respiratory tract anatomy are also important, .
Such anatomic variability has already been mentioned (1.1(i));
in particular, the constriction of the glottal opening
during expiration is certain to incfease'peak flow wvelocities.
in the larynx and is therefore likely to lead to enhanced

inertial depoéitioh in, and possibly beyond, this region,



The importance of inertial deposition at the carinal ridge of

the bifurcations has frequently been emphasised (SCHLESINGERﬁﬁifﬂf
1977). However, little attention has been given to the

possible inertial deposition of particles arising from the’
existence of turbulent eddy currents and secondary swirling
motions in the respiratory tract, as has been recently pointed

out (HAMILL, 1979). Such deposition is oftenltermed, perhaps
misleadingly, 'turbulent diffusion'. Variations in the

glottal opening during breathing may be of considerable

importance in this respect and conceivably be a major source

of both inter~ and intra~subject variability.

Anatomical wvariability may also occur in the nasal cavity,
but since the present work involved purely mouth-breathing

experiments this will not be considered further,

According to the experimental results of Schlesinger and
Lippmann(1972), who measured aerosol deposition iﬁ hollow casts
of the human trachéo—bronchial tree, inertial impacticn is not
important beyond about thé first ten airway generations. is
wag described above, airflow rates are slower and particle
residence times longer in the smaller airways. This lowers
the probability of inertial deposition and raises that of
.gravitational deposition. Therefore, as aerosol losses due
to inertial impaction decrease, those due to sedimentation
are likely to increase, towards the smaller airways (TAULZEE
and YU, 1975).

The agiount of aerosol which deposits in the respiratory
zone of the lungs relative to the amount of aerosol inhaled
at the mouth, will be détermined by two féctois, other
influénces being géual: 1. the amount of aercsol entering
the respiratory =zone; 2. the depésition efficiency in the
respiratory zone. Since with increasing particle size moxre
aerosol is likely to be lost in the dead space airways,
aerosol exposure to the respiratory zone decreases. Yet
since the deposition efficiencj in the respiratory zone
increases with particle size there must be a point at which
the deposition there is a maximum.  The peak alveolar )
deposition has normally'been predicted to lie between 2-4 Um
particle diameter, although this has never.been confirmed
experimentally (TASK GROUP ON LUNG DYNAKICS, 1966). Moreover,
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it seéms not to have always been appreciated that since the
ahount of aerosol loss in dead space is likely to vary
considerably with breathing pattern, the alveolar peak may
not always be at a fixed particle size (HEYDER et al, 1975).

Tidal volume and breathing rate rarely change in
isolation from one another. A high level of exercise may
result in an increase in both (SILVERMAN et a1, 1951). At
higher breathing rates there will be increased particle
impaction in the dead space airways; since particle residence
times are then lower it is likely that there is a simultaneous
decrease in sedimentation losses, Therefore, whether or not
there is.a change in the aerosol exposure level in the
respiratory zone will dgpend on the relative. importance of
inertial and gravitational deposition in the dead space
airwayé. At higher breathing rates tThere will also be
shorter particle residence times in the respiratdry zone and

consequently a lower aerosol deposition efficiency.

It is most important to distinguish between a change in
reépiratory zone deposition efficiency and a change in the
absolute amount of aerosol which deposits there per unit
‘time.  TFor example,.a doubling of breathing rate may well
result in about a halving of the respiratory zone deposition
efficiency, but since double the amount of dust enters the
respiratory tract; and sometning prebably close to double
may enter the respiratory zone, the change in the absolute
amount of dust which deposits in the respiratory zone may
- be slight.. .- .

The influence of tidal volume on aérqsol deposition
is not alﬁay%tentirely dependent on the fact that inhaled
particles are taken 'deeper' into the lung (LIPPWANN, 1977).
The increase in penetrance of particles which have already
entered the respiratory zone, to the level of the alveolar
ducts, with even a substantial increase in lung volumé, is
only of the order of a few millimetres (Table 1.1.1). At a
given Bfeafhing rate some of the importance of tidal volume
may also lie in the relative proportions of the inhaled
aerosol which occupy the dead spacé airways and the respiratory
zone. Since during quiet breathing a typical tidal volume is

something like 600 ml (CCWMROE et al, 1955), the dead space
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airways may well account for a substantial fraction of this.
At higher tidal volumes the dead space airways become a smaller

fraction and a higher relative amount of aerosol deposits in

the respiratory zone.

The influence of the degree of lung inflation on aerosol
deposition is still controversial. Heyder et al (1975) claim
that it is the functional residual capacity (FRC) which mainly
defermines the observed differences in total deposition
between subjects. However, Davies et al (1977) argue that
total deposition correlates better with the residual volume (RV),
since FRC includes the expiratory reserve volume (ERV), 'which
changes more with age'., Such arguments depend on a number of
anatomicél imponderables, such as relative numbers and size
of alveoli between subjects.  Other arnatomical factors such
as variations in upper respiratory tract morphology, both

between and within subjects, appear to have been neglected.

In measuring the total and regional deposition of
aerosols in the respiratory tract the influence of the amount
of aerosol which is transferred from the tidal to the
expiratory reserve or the residual air must be considered
(HEYDER, 1971). During the steady breathing of an aerosol
of uniform inhaled concentration, the concentration of:
aerosol in the respiratory zone increases until a steady
state level is reached. At this point the rate at which
aerogol is transferred into the respiratory zone is just
equal to the rate at which it deposits there. This process
is termed the 'wash~in'. On cessation of aerosol inhalation,
airborne particles may be observed in the expired air in ever
decreasing amounts for several breaths. This process is
termed the 'wash-out' (DAVIES et al, 1972). Consequently,
for aerosol particles small enough to remain airborne in the
breath which follows that in which they were first inhaled,
it is necessary to specify whether total deposition is being
measured before or after steady-state equilibrium has been
established. Because of the relatively high levels of total
 deposition measured for particles larger than 4-5(m
(LIPPMANN and ALBERT, 1969; TFOORD et al, 1978), it is
unlikely that steady-state influences are important above
this size (see Chapter 3, part 2(i)).
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The temperature and humidity of the inspired air must be
also considered as a possible factor in aerosol deposition,
If the.pérticles are inhaled from air at ambient temperature,
normally about 17°c cooler than the lungs and not completely
saturated even at this lower temperature, there exists the
possibility of the condensation of water vapour on their
initially cooler surfaces. Some total deposition experiments
have been conducted at room temperature and humidity (LIPPMANN
and ALBERT, 1969; TFOORD et al, 1978) while others have for
technical reasons required the inspired .air to be at ~ 37°c
and ~ 1006 relative humidity (HEYDER et al, 1973).  Such

“influénces are discussed furthér in Chapter 3, part 3.2.(iv).

Finally, attention is drawn to a potentially important
means by which inertial aerosol deposition in the respiratory
tract may be enhanced that appears to have been overlooked in
the literature. Relative inertially-induced movement between
an inhaled airborne particle and its carrier airstream may ‘
arise quite inderendently of the éhanges in the magnitude“or
direction of the airflow relative to the 'fixed' human
respiratory tract, if the individual is himself accelerated
relative to the earth's inertial frame of reference., The
magnitude of such an-effect relative to the gravitational
force, may be seen crudely by considering the ability of the
human being to Jjump into the air, overcoming gravity, for
short periods. Considering that occupational dust exposure

must occur against a backcloth of work and therefore movement,

‘such effects may merit investigation. In particular, the

rapid mechanical vibrations induced in an individnal by hand-
held machine tools should be considered since these may

simul taneously give rise to a high local dust concentration.
It should therefore be borne in mind that the laboratory
derivation of aerosol deposition curves for the stationary
sﬁbject may not necessarily be readily applied to the work
gsituation, even when differences in aerosol character and
breathing conditions have been taken into account,

Criteria for defining aeroscl hazard to the human respiratory
tract

The induction of lung disease through the inhalation of

airborme matter may be due to a multitude of factors: individual
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susceptibility; toxicity of dust; solubility of dust;
amount of dust deposited in diseased region; residence
time of dust in deseased region. In the present work

the latter two factors are of most relevance,

Perhaps the two most notable contemporary examples of
aerogol hazard evaluation are thoseof the mining and atomic
energy industries. Of particular concern in both industries
is the dust fraction that is able to penetrate to the
respiratory zone of the lungs. In a miner's lungs this
dust fraction may give rise to silicosis or pneumoconiosis,
whils for & worker in a6 &tomil sieigy +ndusuiy Lue Ladiation
dose arising from inhaled radionuclides is highly dependent
bﬁ fﬁéir pulmbhary résidgnce fime;y_ In estéﬁiiébing dust
hazard criteria it is desirable-to detemmine the désé-response
characteristics of each dust. This requires the environmental
sampling of the dust in question'such that the individual or
average dose to the employees may be determined. Dose-response
correlation will be greatést when only that fraction of dust
which would deposit in the regioh of the lungs of most
interest is included in the sample (JACOBSEN et al, 1970).

As the region of mcst interest and relevance, historically,
-has been the respiratory zone of the lungs, a size-fraction of
dust has been defined which purports to represent that fraction
of the total inhaled dust which deposits in the respiratory zone
under nomal working conditions (ORENSTEIN, 1960). ' This dust
fraction is usually termed, perhaps rather misleadingly,
'regpirable dust's, Although definitive respirable dust
" pampling criteria have been adopted by a nimber of nations
(Figure 1.3.1) it is important to appreciate that the relative
amount of dust which deposits in the respiratory zone is
‘likely to bé highly dependent on the breathing pattern adopted,
It is also important to appreciate the historical origin of
~ these criteria, for their basis is only partly empirical.
Currently, the possibility of establishing sampling criteria
for 'inhalable dust' is being considered (OGDEN and BIRKETT,
.1977)° Interest has also been expressed concerning the
size fraction of dust which deposits in the dead spaée airways
(ROGAN et al, 1973) which could be implicated in the aetiology

of chronic bronchitis. For such new criteria to be established
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Figure 13.1: Respirable dust sampling criteria in U,K. (BMRC)

and U.S.A. (ACGIH). (I represents inhaled aerosol).
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more experimental work is required concerning the fate of

the larger inhaled particles in the respiratory tract.

In Chapter 2, the historical origin of existing dust
sampling criteria is reviewed from the viewpoint of the

experimental work on which they were partly based.
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2. HiSTORICAL AND EXPERIMENTAL BACKGROUND

The possibility of a relationship'between the inhalation of airborne
matter and lung disease has long been recogniéed (GALEN; 129-199) .
However,-it was not until late into the industrial revolution, by which
time induétrially derived aerosols were ubiquitous, that serious attempts
were méde to quantify'the airborne hazard and to investigate the nature
of pulmonary defehce mechanisms.,  Although the history of such work has
been described many times (HATCH and GROSS, 1964' STUART, 1973) and the
eXperlmental flndlngs have often been applied to practical problems of
1ndustr1allhea1th (TASK GROUP ON LUNG DYNAMICS, 1966), the techniques used
to obta@n fhese fesulfs have rarely been examined (DAVIES, 1974). The
emﬁhasis placed iﬂ the present work on éxperimental accuracy and control - -

AL nflSs COnLGAL.

may be hetter understood in this context.

In 1868, LISTER reported that air lost its power to cause putrefaction
when mixed with blood by virtue of its having passed into the lungs. The
observation was taken as evidence of the air purification properties of the
lungs. This was seemingly corroborated by TYNDALL, who in 1870 reported
on one of his egrlier,experiments which he believed had demonstrated the
'deeper portions of expired air' (probably what would now be called the
expifatory reseréé air) to be enfirely,frgg of inhaled airborne matter.

As described by OWENS (1923), Tyndall's work was widely misinterpreted to
mean that the lung acts as a perfectly efficient filter of all dusts.
Although OWENS (1@23) clarified the interpretation of these results and
had also shown Tyndall's exper1menta1 technique to be insufficiently
sen51t1ve to ‘detect very fine partlcles, in the intervening years the

belief that the iﬁngé act as a highly efficient dust filter became wide-

sﬁppar! a”-’.‘: t\:is wiow e+ woret ate in man-sr mr\r‘ov\n tavtha A{q nf mndsnjv\o

-Gl Sive R4 3 AW, SRR &,

and . phy51ology.

'Particles below 1 um in size are nearly the only -ones to
penetrate into the pulmonary depths.... - Their deposition
rate in alveolar spaces is very high, exceeding 90% of the
total number of small. particles inhaled, for any respiration
rate and depth.' . L. DAUTREBANDE in 'Microaerosols', 1962.

2.1 Total Deposition

The first attempt to measure total aerosol deposition in
man, i.e. the total amount of  aerosol which deposits expressed

as a fraction or percentage of the total amount of aerosol



21.

inhaled, was that of SAITO et al. (1912). The size
distfibution of dust employed and the breathing pattern of the
subjects were not well defined however. Similar commeﬁts
apply to the works of BAUMBERGER (1923) who attempted to
measure differences in the total deposition values of tobacco
smoking subjects 'puffing' and 'inhaling'. Baumberger was the
first to employ an electrostatic precipitator, which enabled
the exhaled aerosol to be collected without the problems that
can arise when exﬁaling through a resistive filter. The
" electrostatic precipitator was later used in experiments
conducted by SAYERS et al. (192L), but the first experiments to
measure total deposition at a well'definqd breathing pattern
were those of DRINKER gﬁféi.“(ﬁ928); ) Théifue;géfimeﬂégwséfve"}
usefully to illustrate the more fundamental experimental
problems that may be encountered when attempting to measure

total deposition.

According to the simple'definition.of total deposition
mentioned above, other factors being equal, there are oﬁly two
quantities which need to be measured: the total amounts of
aerosol inhaled and exhaled by a subject. Ideally, the .
aerosol to be inhaled should be sampled as closely as possible
to its point of entry into the subject, in ordef to avoid
particle losses in any connecting pipework. The exhaled
aerosol must be separately collected, or sampled, and mixing
with any dead space aerosol in the apparatus, together with
actual losses of exhaled aerosol iﬁ this dead space, should be
" “minimiséd. ~In the apparatus of DRINKER et al. (1928), the
\\aerosol to be inhaled was sampled remotely from the subject,

thus allowing the possibility of high particle losses in the
connecting pipework, particularly at large particle sizes.,

The separation of inhaled and exhaled flows, using flap valves,
may have resulted in significant losses of exhaled aerosol
before it could be collected. The overall tendency would

therefore be for total deposition to be overestimated.

Many later tatal deposition experiments employed methods
possessing similar or equivalent drawbacks (C,E. BROWN, 1931;
VAN WIJK and PATTERSON, 1940; WILSON and LA MER, 1948;
LANDAHL, 1950; DAUTREBANDE, 1957). The scatter of these
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observations has been considerable (DAVIES, 1964),

ALTSHULER et al. (1957) introduced a new aerosol sampling
techniqﬁe'based on'opfical scatter from a monodisperse aerosol
which overcame many of the disadvantages mentioned above. The

aerosol concentratlon was measured, as a function of time, close

‘to the point of entry into the subject. By relating this to

simultaneous recordings of respiratory flow rates and volumes,

" the relatiVe amounts of inhaled and exhaled aerosol were

calculated Altshuler's basic apparatus was much 1mproved by
MUIR and DAVIES (1967) since no co-operation from the subject

was needed for the manipulation of valves. Still further
'improvemeﬁte haye been made by HEYDER et al. (1973), (1975),

particulal-— v with vegard to the application of analogue

[
g S

computing techniques in the automatic calculation of results.

Despite these improvements the optical scatter technique
still imposes a few limitations., Measurement of the exhaled
aerosol is more difficult than measurement of that inhaled,

since the concentration of aerosol falls rapidly from the

'beg1nn1ng of an exp1rat10n and the estimation of the true

average is d1ff1cult (DAVIES, 1974). This is the converse of
the aspiration sampllng problem when it is, in general, harder
to obtain accurate estimates of the total inhaled aerosol than
total exheled.‘ Large particle sizes are particularly

difficult to study using the technique.

Reglonal Dep051t10n and Clearance

Technlques for measuring regional dep051t10n have a more

recent history. Two distinct experlmental approaches have

been adopted. One is based on the fractionation of the
expired air into sepafate volumes and the amounts of aerosol
contained within each are then measured. BROWN et al. (1950)
first used the technique for this purpose and their results '

have probably been applied more extensively than any other in

the derivation of international exposure standards (TASK GROUP

ON LUNG DYNAMICS, 1966). For this reason their work merits

some attention.

The experiments of BROWN et al. (1950) are acknowledged by
manyAto have been misconceived (MERCER, 1973; LIPPMANN and
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ALTSHULER, 1976). Central to these misconceptions is the
assumption that the aerosol concentration measured at a given
expired volume can be directly related to the amount of aerosol
deposition that has occurred at a givenbdepth, or region, in
the lungs. Those who have reviewed their work have usually
pointed fovthe weaknéés of assuming that aerosol particles
follo& the same course in the lungs as gases, which neglects
the greater diffusibility of gases. In essence, this means
there will be an error in the estimation of the amount of
aerosol which can be said to have penetrated no further than
the dead space airways. More fundamental objections to their
methods have sometimes been overlooked. - Their basic equatlons
used in the calculation of dep051t10n results;fféﬁ'the raw
experimental data are mutually inconsistent. A few of these

inconsistencies were pointed out by ALTSHULER (1959).

The other technique for measuring regional deposition is
that first described by ALBERT et al. (1955). It is based on
measurements of the proportion of inhaled radioactive partidles
cleared from the lungs at about one day after aerosol
administration. At an earlier date, WILSON and LA MER (1948)
used radioactive particles in an attempt to measure regional
deposition, but the method was based on the premise that by
placing a collimated radiation detector over a section of the
lung periphery, a representative measure of relative
respiratory zone deposition could be obtained. It is
apparent from Wilson and La Mer's paper (1948), that they well
~understood the épproximate nature of the techhidue;“' Neverthe-
less, their work also merits attention because of its extensive
use in the derivation of internationally accepted dust exposure
standards (TASK GROUP ON LUNG DYNAMICS, 1966).

Wilson and La Mer's data (1948) from seven subjects were
averaged to obtain a plot of 'relative axillary count' versus
Optical particle radius. The meaning of 'relative axillary
count' must be made clear for it has sometimes been mis-
interpreted. It represents the number of detector counts per
minute per uCi of inhaled radioactivity, averaged over the seven
subjects. This is quite distinct from the amount of pulmonary

deposition relative to the amount of aerosol inhaled. As was

B
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pointed out by Wilson and La Mer, it is quite impossible to
obtéin éﬁy‘information on total respiratory zone depositibn,
from this data alone, relative to the inhaled aé;osol} In a
monogréph on pulmonary deposition and retenfion, HATCH ana
GROSS (1964) cite Wilson an& La Mer's data and describe their
plot of 'relative axillary count' versus particle radius as

'thelpefcentage deposition values in relation to particle size'.

A still earlier misinterpretation of Wilson and La Mer's
data (1948) appears in the paper of BROWN et al. (1950). In

_ this, Wilson and La Mer's 'relative axillary count' also

'~ appears as a 'percentage deposition' ordinate, but the higher

deposition peak (there were actually twc) is plotted at a level

o rmnt

~d b o/
cf 5o/, nGT T

fo g
he 37%

he or su, of HATCH and GRrUSS (1964), The
origin of the 5% value may be found in Wilson and La Mer's
_paper (1948). As this particular expression of their data
has been extensively applied to theoretical and practical

probléms of industrial health, its origin merits clarification.

As has already been mentioned in the present review,

. Wilson and La Mer had stated in their paper . (1948) that no
information could be obtained from their axillary detector
results on the amount of respiratory zone deposition relative
-to thefamount of aerosol inhaled. In an attempt, literally,
to 'determine this order of magnitude' they adopted two crude
calibration schemes:. one based on the calibration of their
axillary detector .in terms of absolute units of radioactivity;
the.other,.based on measurements of blood radiocactivity
c*neemtraﬁions. Tﬁe former metnod gave rise to the 5% value,
but 273% would have been equally valid since they had rather
arbitrarily decided that their calibration 'pad' represented
both lungs rather than the one nearest to the detector, the
fﬁrther one being excluded accordihg to their description of
the technique. The latter method gave rise to a range of
retention values falling between 18 and 6%/ of the inhaled
aerqsol. The highly approximate'nature of both these methods
was clearlyAgtatgd by Wilson and La Mer (1948).

...The interpretation put on Wilson. and La Mer's data (1948)
by BROWN et al. (1950) is repeated in many of the reviews of
the literature (DAUTREBANDE, 1954; STUART, 1973). Moreover

P
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the same misinterpreted data have been used by Committee 2 of

the TASK GROUP ON LUNG DYNAMICS, which sat in 1965 under the
auspiceé of the ICRP*in order to provide a sound basis for
inhaled radionuclide dosimetry and setting of international
exposure limits. In their report (1966) the Wilson and La Mer
data (1948) appear as in the paper of BROWN et al. (1950). As
can be seen in Fig.2.2.1,a theoretical curve for percentage
respiratory zone deposition (designated 'pulmonary zone
deposition' in the report) for mouth breathing, was derived

from the Wilson and La Mer data (1948) after making certain
adjustments for particle hygroscopicity. Equivalent theoretical
-curves for nasal breathing-were derived from the experimental
results’ of BROWN et al. (1950). This was long'after =

ALTSHULER (1959) had first questioned the basic eqﬁations that
appeared in BROWN et al. (1950). The work of the ICRP Task
Group forms the basis of current international exposure standards

for inhaled radionuclideé.

The radioactive aerosol technique, described by ALBERT et al. ) .
(1955), for the measurement of regional deposition was later
developed by the same principal author and his later co-worker
Lippmann (LIPPMANN and ALBERT, 1969). The technique is based on
the assumption that the non-respiratory zone of the luné clears
mére quickly than the respiratory zone, by virtue of its being
largely ciliated. The radioactive aerosol technique presents
many technical difficulties which are descriﬁed in later
chapters. The results of LIPPMANN and ALBERT (1969) and those
of 'the other two groups ‘who have collected data 'in "this field

are discussed in Chapter 4.

Besides work on the aggregate clearance of inhaled particles

in which the fundamentals of clearance mechanisms are often of
“only indirect interest, there have been many studies of the

basic mechanism of mucociliary clearance and measurements of
specific clearance rates in the ciliated airways. These
investigatibns fall broadly iﬁto two categories: histological
study of tissue excised from animals and man and the study of
clearance rates in live subjects. It is beyond the scope of
- the present review to describe work on long-term clearance or

to review the literature which deals with the esentially

* International Committee on.Radieclogical Protection.
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mechanistic ciliary properties.-

From histological study it has been possible to obtain

information of limited reliability on clearance rates in
airways of various diameters in animals and man (DALHAMN, 1956;
ASSMUNDSSUN and KILBURN, 1970). This is possible because the
cilia beat with a degree of independence from the central
nervous system and may continue to beat for some time after
death. The limitations to the reliability of this approach
arise because of the inevitable experimental interference with

the ‘delirat

LR85t LIRS S

(SLEIGH, 1977).

haoalanmra AfF Alanvranaa Flwd e AnmA ‘'~ v anda .
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In conclusion, this review has considered soﬁe of the
experimental techniques used to obtain the results of the most
important investigations into the deposition and clearance of
inhaled particles. The reliability of many of these
techniques has been questioned and some errors in the
interpretation of certain widely quoted results have been

indicated.
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3. EXPERIMENTAL METHODS

Particles

This section describes the techniques that were developed
to produce a monodisperse test aerosol (coefficient of
variation < 10%). = The particles consisted of polystyrene

labelled with a y-emitting isotope, Technetium99m (Tc99m)

s Wwhose
half-life of radioactive decay is six hours. The latter is a
convenient figure for measurements over a period of about one

day. Polystyrene particles have been used in many human

.aerosol inhalation studies conducted elsewhere (BOOKER EE.EL"

1967; THOMSON and PAVIA, 1969; FOORD et al., 1978). BLACK
and WALSH {197C), reported on the work of EVANS (1967), who
observed no obvious short-term toxic effects in in vitro cell
studies, At an earljer date, SCHOENBERG et al, (1961) studied
the phagocytosis of polystyrene particles in the reticulo-
endothelial system of the rabbit and concluded they were meta-

bolically inert and non-toxic to the host.

The advéntages of employing monodisperse particles in a
human aerosol inhalation study are eséentially twofold.
Firstly, if the mass of aerosol which deposits in a particular
region of the respiratory tract is estimable, it is possible
to express this value as a fraction of the total inhaled mass,
directly. If a polydisperse aerosol is used, the size

distribution of each deposition fraction must be measured in

“order to determine the fractional deposition of each'cémponent

size, but this is rarely possible. It cannot be assumed that
the deposition fractions measured at a mean diameter of poly-
disperse aerosol, whether it is derived in relation to number,
area, or mass, are necessarily equal to the deposition
fraction that would be measured using a monodisperse aerosol
of the same number, area, or mass, diameter, In the case of
a practically monodisperse aerosol, differences between mean
diameters expressed in terms of mass, area and number, are
minimal. Assuming a loé-normal distribution, i.e. one in
which the relative frequency plotted against loge of size is
normally distributed, the diameter, dm, of the particle having

a mass equal to the average mass of the sample, is given by:
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1n.dm 1n.d + 3°5 1n.° og sascsesssesecescquation 3,.1,1
- , 4 .0
where d is the count-mean diameter, = N 2 ni.di
i

and N = number of particles in sample

ni

number of particles of diameter di
0g = geometric standard deviation of the sample.

For og = 1°1, the difference in value between dm and d is 0-1k m

at d = 45 ym and 042 ym at d = 13:0 ym, which is the size range
used in the present study. The deposition fractions measured at

a given value of d for a practically monodisperse aerosol may
therefore be assuméd to be close to the value 6f the sanié deposition
" fractions that would be measured for a perfectly monodisperse

aerosol (og = 1) of the same diameter.

The second main advantage in employing a honodisﬁerse test
aerosol is that the difference between partiéle deposition
measured in terms of particle number and particle mass is minimal
(HEYDER, 1971). This allows comparison of. results with those
of similar studies hased on measurements of inhaled and exhaled

particle number concentrations (HEYDER et al., 1973, 1975).

(i)  Aerosol generation principles

Monodisperse polystyrene particles labelled by chemical

99m

chelation with Tc were produced using a commercially
available spinning-top aerosol generator (Recearch Engineers
Ltd.).. In this technique the solution to be atomized is fed
via .a fine needle, at a constant rate, to the centre of an air-
driven spinning-top. The feed solution spreads rapidly

across the flat surface of the top and is angﬁlarly

accelerated tb the.edges at a rate which depehds on the
rotational frequency (Fig. 3.1.1). The solution first forms

a ligament as it leaves the edge (i), the ligament then
elongates (ii) and finally disintegrates into two or more
droplets (iii), (PHILIPSON, 1973). The smaller droplets are
termed satellites and the larger droplets termed primaries.

By equating the forces on the primary drbplet due to angular
acceleration and surface tension and determining an empirical ]

constant of proportionality between them, the following

relationship has been derived which is useful in estimating
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-the primary droplet diameter, dp, at a particular rotational

frequency (MAY, 1949):

4f5<jl>% ceceecvecsssssassssssequation 3,1.2

W= \De
where, (@ = angular velocity of spinning-top in radians sec.™
T = surface tension of droplet in dynes cm.”!
D = diameter of the top at its surface in cm.
p = density of feed solution in gms cc.™?}
dp = primary droplet diamefer in cm.

3

There is a practical upper limi{ %o spinn&ng—top speed
normally determined by the maximum available air-flow. It is
therefore usual practice to produce smaller particles, termed
secondaries, by evaporating off the bulk of the primary droplet,
leaving behind a smaller, solid, residue. The diameter, ds,
of the secondary particle depends on the concentration of solute

in the initial solution and is given by:

1
102.¢c |? . ;
dS:dp pm——— -........-........o...equatlon 3.105
ps . .
where, c = wt.vol.”! concentration of solute in feed
solution in gms l.=1
ps = density of solute in gms ml,"!

ds = secondary particle diameter in centimetres.

dp = primary particle diameter in centimetres.

MAY (1949) stated that the satellite particles are about
four times aé numerous as the primaries and about one quarter
of their diameter, In the present work a mean size ratio of
0-41 I .04 (10 observations I standard error of the mean) over a
size range of 4-5-13-0 ym diameter was determined (see part (iii)

below for sizing technique).

The monodispersity of the resultant aerosol-is dependent
on a number of factors (WHITBY, 1965). An important one is
the separation of the feed needle tip from the spinning-top
surface, since if this is too great partial droplet formation
may occur at the needle orifice, Accurate céntraliiation of

the feed needle tip is also important, otherwise the feed

solution tends to spread non-uniformly over the spinning-top
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surface. Both these reduirements necessitate some form of
fine-control positioning mechanism for the feed needle..
- Another influence on aercsol monodispersity is the steadiness

and rate of feed of solution to the spinning-top:(RYLEY, 1959).

The MAY (1949) apparatus (Research Engineers Ltd.)
incorporates an automatic satellite removal system which
. employs the Bernoulli principle and is vased on the fact that
the satellite particles are projected a lesser distance from
the spinning-top édge~than tﬁe primaries, In practice the
system is not always workable because of the poor -optimization
-0f .suction flow rate with satellite diemeter. Moreover, if
updraught - or downdraught collection of z2erosol is employed, the
.satellite removal system may be ineffective owing to disruption

of air flow in the region of droplet formation.

3,1 (i1) Descriotion of aerosol generation and labelling

In attempting to measure the clearance of radioactive
particles from the lungs it is essegtial.to employ a radio-
active label that is stable in the wgtcry fluids that line the
:dead Space.éirways. For this reasoh the radioactive label,
i099m, was>chemica11y.chelated into the polystyrene molecules
as tetraphenylarsohium pertecﬁnetate by the method of FEW et al.
.(j§70). - In this procedure the 1gbei1ing is performed while the
polyStyrene is still in solution, before aerosol production.
The radiocactive label is therefore incorporated throughout the

" volume of each particle, not just on the surface, and the amount
of.rédioac£ivi£y %ér.particle faries as the particle mass,
_Thé overalﬁ’préc:ss %a: act very effiziznt ond relatively high

- amounts of radioactivity ( ~ 30mCi) had to be used at the

initial stage.

The solution from which the pafticles were produced -
cqnsisted of % (weight for volume) polystyrene dissolved in a
mixture of xylene and methyl iso-butyl ketone of 4:1 volume to
volume ratio. The ketone was inclﬁded to retard the
evaporation of xylene over the spinﬁing-top surface which other-
wise resulted in the excessive accumulation of polystyrene

) residue and consequent degradation of particle size uniformity.

Production time was always limited to below 20 minutes as

impacted polystyrene tended to accumulate on the spinning-top

ey
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housing, which eventually interfered with its operation (BLACK
and WALSH, 1970). Solution feed rate to the spinning-top was
optimised at below a nominal value of 0+5 cc min.”! as above
this the particle size uniformify was found to be unacceptably
poor (> 10%¢ coefficient of variation). No more than 10 cc of
solution could therefore be sprayed and this necessitated the
use of a feed system in which the volume of liquid dead space

was minimal.

As was described in 3.1 (i), there are several important
practical veguirvements for the praduction of 2 mencdieperse
aerosol. To solve the problem of feceding the radicactive
-solution at a predetermined and steady rate with minimal liquid
dead space losses, the apparatus illustrated in Figure 3.1.2 was-
devised. It was found that mechanical injector and peristaltic
pumps tended to produce spasmodic fluctuations in feed rate.

To smooth the liquid feed a simple damping mechanism was used in
conjunction with a mechanical injecfor pump (C.F. Palmer Ltd.).
Water was fed at a predetermined rate into a coﬁl of silastic
rubber tubing. The coil served both as a reservoir for the
incoming water and as a damper of any sudden variations in its
feed rate. The silastic coil was connected to a 10 ml. vipette
which contained the radioactive solution, thus forming an air-
tight system. Owing to the hydrostatic pressure of liquid in
the pipette, the air préssure in it was initially negative.

This steadily grew more positive as liquid feeding progressed
"and the hydrostatic pressure of the solution diminished. Water
'mOQEEentxin the silastic coil therefore confiﬁuanélj coabensated
for the pressure changes and in consequence, the average feed at
the needle orifice (internal diameter = 400 pm) was normally a
fraction of about 0-6 of the predetermined value. The latter

-1

was always set at 0'5 cc min,”, giving a value at the feed

needle head always equal to or lower than this and an average
rate of about 03 cc min."}. As the radioactive solution was
completely expelled from the pipette there were no liquid dead

space losses.

Research IEngineers Ltd. supply a device to control the
positioning of the feed needle, known as a spider, but this is

cumbersome and inaccurate in use and has the disadvantage that
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aerosol losses tend to occur on it during aeroscl production.

If radioactive particles are produced it is unsafe to make

ad justments during'é production run, as is often necessary.

Full external fine-positioniﬁg controi was accomplished in the
present work by means of the device illustrated in Figure 3.1.2.
In this, fgur screwed.thread reds were mounted crosswise to a
central perspex collar, which housed the feed needle, The four
free ends of the rods protruded through the walls of a perspex
boi which housed the spinning~top unit. TFeed needle positioning
control was achieved by rotation of butterfly nuts attached to
thé;rod ends. Rbtation of opposite pairs of butterfly nuts in
céﬁcurrent directions resulted in movement of the needle along
the axis of the rod in guestion, with no alteration in the
height of the needle or in its position in a direction perpen-
dicular to fhis axis. Contrawise rotation of any opposite pair
of butterfly nuts resulted, owing to a slight central inflection
at the crossbar midpoint, in either upward or downward movement
of the needle, depending on whether such rotation was an inwards

or outwards screwing mction.

The automatic satellite removal system (MAY, 1949), was
found to be unsatisfactory in a number of respects, for reasons
already mentioned, and was therefore blocked off. This was
found not to have any adverse effect on the aerosol mono-
dispersity. Both primary and satellite particles were collected
by means of the updraﬁght collection system illustrated in
Figure 3.1.2. The pafticles were swept upwards in airstreams
which converged at two millipore filters (Millipore Filter
Corporation) on which they were collected. In order to ensure
no external leakage of radioactive particles the updraught
collection airflow‘rate was always set at a greater value than
that of the air supply to the spinning-top stator. The air
pressure in the production unit was therefore always negative
and the induced air inflow was directed via a multi-hole collar
which surrounded the Spinning-top'housing, in order to provide an
additional collection updraught. Millipore filters of nominal
pore diameter equal to that of the expected satellite diameter
were used, These filters are resistant to xylene vapour and
the Coefficient of variation in pore dismeter is claimed by the

manufacturers to be less than * 5%, The degree of particle
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Figure 3.1.2: Aerosol generation apparatus.



36,

penetration through the millipore filters was checked directly
in the pfesent work by measuring the radioactivity associated
with an additional millipore filter placed in-line with that of
a main collection filter (see 3.2 (i) ). The results indicated

a particle collection efficiency close to 100%.

In order to ensure good particle size reproducibility

" between production runs a calibration curve of air supply flow,
in arbitrary units of rotameter scale, versus count-mean
particle diame;er was derived (Figure 3.1.3). Direct
comparison with the theoretical values of particle diameter
predicted using equations 3.1.1 and 3.1.2 is not strictly valid
in this case, owing to the possible effects of blocking the o
tellite removal porv on the spinning-top rotatlional frequency

at a given air supply rate.

Before an aerosol production run the spinning-top and its
housing were cleared of excess polystyrene. The spinning-top
surfacc was roughened using medium grade carborundum powder
which facilitated the wetting of its surface by the spraying
solution (MAY, 1949). The entire aerosol production unit was
housed in a fume cupboard in the interests of radiological safety
(Figure 3.1.4),

It was necessary to remove the satellite particles from the
sample after a production run. This was accomplished by making
use of the fact that primary particles fall more quickly in a
fluid than the satellites., Using a centrifuge if was possible
to quicken their rates of fall. Ten separate centrifuging
.6§e;aﬁions were performed for each sample and the clear portion
of liguid, which contained mostly satellites, 'was removed after
each run. The appropriate levels and durations of centrifuge
spin were determined empirically, By such means it was found
that the proportion of satellites in the sample could be
reduced to 2.5 * 2.l¢ by mass (mean of. 18 observations
standard deviation) from the initial value always greater than

' 2%.

Finally, the required amount of radioactivity was drawn off
from the sample and placed in 1-2 ml of ethanol ready for

administration to the subject. Aerosol administration techniques

and procedures-are described in section 3.2.
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Figure 3.1.4: Photograph of aerosol generation apparatus

in fume cupboard,
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(iii) Particle characterisation and in vitro leaching

The count-mean diameter of a sample of 200 particles was
determined after an experiment using a Timbrellldouble-image
micrometer and particle size analyser (Fleming Instruments Ltd.).
The sample was takén from slides placed in the main spraying
'chamber of the aerosol administfation apparatus, which enabled
estimates of the proportions of aggregates and satellites in the
sample to be determined simultaneously. The calibration

accuracy of the sizing instrument was periodically checked using

The count-mean diameters of the particles were found to be
log-normally distributed (Figure 3.1.5). It was more convenient
to express the particle size uniformity in terms of the
coefficient of variation, @ , (X = standard deviation, O, + count
mean diameter, d) than geometric standard deviation, og.
According to FUCHS and SUTUGIN (1966),X = 1n og, for small values
of X .

(a) Aerodynamic diameter

For purposes of comparison between the aerosol deposition
results of the different research groups it is useful to express
such results in terms of the aerodynamic diameters of the aerosol
particles employed in each case. 'The aerodynamic diameter of a
particle is defined as the. diameter of a unit density sphere
having the same falling speed as the particle in an identical
fluid. .At a given size it is dependent on particle shape and
density. ' ' '

The density of polystyrene has been quoted at 1-06 gms cc~}.

(BLACK and WALSH, 1970). However,'the possibility of the
inclusion of some gas or vapour at the moment of particle
formation should not be excluded. Particle density was therefore

checked directly.

Polystyrene particles of ~ 10 ym count-mean diameter, which
have conveniently short settling times in liquids, were placed

in & temperature stabilised ethanol (p = 0-789 gms ml~! at 20%¢)*

* C.R.C. Handbook of Chemistry and Physics, 1968.
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based solution whose density could be modified by the addition
of known volumes of glycerol triacetate (p = 1:156 gms ml=! at
20°%)*. At a solution density of 106 gms ml~! and temperature
of 20°c, particle buoyancy resulted in slight upwards movement
of the particles after several hours, Gravitational settling
could just be observed after twenty-four hours at a solution
density of 1-03 gms ml~! and steady temperature of 20°c.
According to Archimedes' principle, the upthrust on a pafticle is
equal to the weight of an equivalent volume of fluid which is
just supported at rest. When the particle is also just
supported at rest, in relation to the fluid, the densitiés of
fluid and particle are equal. It Qas therefore concluded that
at this particle diameter the polystyrene density lay in a range
103 - 106 gms ml~! at a temperature of 20%. Particles of
k-5 pm diameter were also checked, using the same procedure, and

were found to have densities in the same range.

Figure 3.1.6 shows an electron micrograph of a typical
particle sample, Although the dverall shape of the particles is
shown to be essentially spherical, they are severely indented.
Many are 'apple-shaped', having large single indentations.
Particles produced from the unlabelied polymer also tended to be
'apple-shaped' but were less severely indented. The possibility
was considered that the fluid resistance experienced by such
particles would differ from that of spherical particles of
identical mass to a degree that would significantlj influence

their falling speeds in air,

The falling speeds of microscopic particles are difficult to
measure experimentally and particle shape factors are equally
difficult to treat theoretically (ALLEN, 1974).  Two
experimental approaches were adopted: one based on a macroscopic
simulation of the microscopic surface irregularities; the other
based on direct measurement of the falling speeds of the
microscopic particles in which spherical 'control' particles were
used. The purpose of the former approach was to give an
indication of whether such surface irregularities were likely to

be at all significant; that of the latter was to quantify any

* C.R.C. Handbook of Chemistry and Physics, 1968.

13



Figure 3.1.6: Electron micrograph of 6.7 '};n1(dia.) particles

showing their non = sphericity.
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such effect as directly as possible, using the actual poly-

styrene particles.

A plasticine particle of 1:2 cm diameter, having an
expanded polystyrene interior for increased buoyancy, was used
to determine the effects of three distinct surface character-
istics on its falling speed in glycerol (absolute viscosity =
1,450 centipoise @ 20%)*. The Reynolds number of the particle
in glycerol was below 0:05, which is low enough for Stokes' law

to remain valid (see Ch.1, part 2(i)). The plasticine extension

: . TVAAA et {2 a4 mcbmganm s POV L I
2f the portisle wag meoulded intc: (1) o cpherg;. (ii) i 'apple-

shape' with smooth exterior; (iii) an 'apple-shape' with
severely indented exterior. It was the latter which was
considered to most closely approximate to the appearance of the
polystyrene particles observed on the electron micrographs.
Falling speeds were measured over a distance of 20:5 cm in a
graduated cylinder containing the glycerol, the temperature
remaining constant throughoﬁt. The respective falling speeds
were: (i) 0-894 ¥ 018 cm sec.”t; (ii) 0-805 I .022 cm sec.w1;
(iii) 0695 : *011 cm sec.”?, each figure being the mean of eight
observations - the standard error of the mean. This large
(~22% at the extremes) variation indicated that particle surface
irregularities were indeed of some consequence, at leést on a

macroscopic scale.

-
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2le Sur
on the microscopic scale an attempt was made to measure the bulk
settling rate of pafticles in olive o0il (p = 0:918 gms cc-?! @
15%, absolute viscosity = 84 centipoise @ 20%)*. The major
difficulty of such exneriments lies in the near impossibility of
eliminating thermal motions in the settling fluid. A further
difficulty is the fact.that owing to the spread of sizes present,
even'in samples of good size uniformity (coefficient of variation
< 10%), the falling edge of the sample in solution, or hydrosol,
tends to be more representative of the falling speed of the lower
end of the overall particle size distribution than that of the

count-mean size. An attempt was made to eliminate these

* C.R.C. Handbook of Chémistry and Physics, 1968.
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systematic errors by using particles of human serum albumen,

which appeared to be smooth and spherical, as controls,

The falling speed of a particle in a fluid in the laminar

flow region may be predicted using the Stokes' equation in the

form
: 2
Vp = Kldp’App ..o.onoonooluoooequation 3.101"
2 o ’ _
Va = K‘da 'Apa ooooototoo'coonoequation 3.1.5
oy wherenvvp4%5- = the falling speed..of perfectly-spherical
polystyrene or albumen particles in cm.sec,~}

dp, da = the diameter in centimetres of the polystyrene

.or albumen particles,

App,ApO = the difference in density between the poly-
styrene or albumen particles and the fluid

medium, in gms cc -1,

K = —— where g is the acceleration due to gravity in

cm.sec © and n is the fluid viscosity in poise.

For pérticles having surface irregularities falling in a

fluid subject to thermally induced fluid motions, the distance

~..c-of-fall .of -the falling edge of perfectly monodisperse hydrosols

- of polystyrene or albumen particles may be written as

Dp

K_dpz. App-t-Sp -K" eeecscescsssssssequation 3.1.10

: 2 , :
Da = Kda .A/)G.t.SG—K ceceessscssscsssequation 3.1.11
- where Dp, Da = observed distance of fall of falling edge of the

polystyrene or albumen hydrosol in cm.

"Sp, Sa = the dimension less drag coefficients which equal .

unity for a perfect sphere.

K = the distance of thermally induced upwards shift in

the falling edge of the poiystyrene or albumen

hydrosol, in centimetres.

ey
Y
ot
!

= period of settlement in seconds.
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When Dp ~ Da, over the same period of settlement t,

2 . -
I_;g jd Q%LAM .aooooooooequation 301012
da’. Apq .Sa :

In practice, perfect hydrosol monodispersity is unobtain-
able. It was therefore necessary to measure the count-mean
diameter not of the whole sample, but of those particles which
lay at the falling edge of the hydrosol in the fluid medium, dpe

and dae, for polystyrene and albumen particles, respectively.

for, Dp ~ Da Sp ~ Dp. dae? Apa cessesequation 3.1.13
and Sa = 1, Da dpe? AP,

It is not claimed that experimental error was eliminated
using this technique. There would undoubtedly be errors in the
estimation of the location of the falling edge of the hydrosol
in both cases. However, because the two samples were placed in
almost identical geometrical and temperature environments the
systematic error would tend to be of similar magnitude for each.
The purpose of conducting the experiment was to provide what was
considered to be a reasonable quantitative indication of the

magnitude of the effect on a microscopic scale,

Using equation 3.1.13 to determine values of Sp eliminated
the need for absolute viscosity measurements. Variations in
viscosity due to temperature changes did not therefore affect

the result,

Polystyrene and albumen particles of various sizes were
tried until an approximate match in their falling speeds in
olive o0il was achieved. The count-mean diameters for the
polystyrene and albumen samples were dp = 13-1 pm, (coefficient
of variation = 8°9%) and da= 8'6 um (coefficient of variation =
5:2%). The count-mean diameters of the polystyrene and
albumen particles sampled, by means of a syringe, at the falling
edges of their respective hydrosols after one day of free
settling were dpe = 12°6 = 002 pm (5 observations - standard
error. of the mean), and dae = 8-2 ¥ 0:008 pum (5 observations ¥

standard error of the mean).

The hydrosols were left to settle out over a period of
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about one day, when movement in the falling edges was uéually
about 8 mm. Both samples were placed in 5 mm boreAglaés
tubing, sealed at one end, marked with an éxtefnal scale. The
tubes were placed adjacently in a beaker of water in order to
ensure their temperatures would be nearly equal at all times,
Five separate runs were performed. No aggregation was observed

in either sample rehoved from the falling edges of the hydrosols.

For final determination of Sp, it was necessary to measure
the density of the albumen particles, pa. This was done using
a procedure similar to that described ‘above for polystyrene
particles, except solutions of acetone and carbon tetrachloride
were  employed., It was found that pa lay in the range 1-26 -
1.27 gms m1~?! and the mean f

gure of this range was used in
equation 3.1.13 to determine Sp. The result was Sp = 77 ¥ -02
(mean of 5 observations I standard error of the mean) indicating
that particle shape factors were of comparable importance for
both microscopic. and macroscopic particles. The aerodynamic
diameter of the particles could not therefore be taken as equal
to their count-mean diameter. The implications of this result
for purposes of comparing the aerosol deposition and clearance
data of different research groups are discussed in Chgpter b,

part 2(ii).

(b)  In vitro leaching

The degree of radioactive leaching from the particles was

measured initially in vitro. - Particles of 4.5 pm diameter-were

 produced using the methods described above, including the centri-

fuging stage. Oneé volume was ieft to siand for avout one day in
ethanol solution alone, at ambient temperature (~ 20°c), the
other was dried of ethanol and placed in distilled water alone

at a temperature of 3700, also for about one day.

At the end of the leaching period both solutions were
centrifuged and the bulk of clear liquid was removed from each
sample for radioassay. ~ Two measurements were performed in each

case, The degree of leaching in distilled water was measured

" to be within 0:0%% of the initial activity in the water sample

(~1-5 mCi), after allowing for isotope decay. For ethanol,

the degree of leaching was considerably higher, at 2:6% of the
initial- activity. For this reason the period for which the

Fa
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particles were stored in ethanol prior to an experiment was
always kept to a minimum ( ~ 20 minutes). The possibility
of an iﬁ vivo. leaching of the particles is discussed in 3.3 (i1).

Measurement of total deposition and control of
physiological conditions of aerosol administration

() Total deposition

Total deposition is defined here as

fD(I) ='B .Oooooooaoooooocequation 3.2.1
I
vhere £ D(I) is the total respiratory tract deposition, D,
expressed as ‘a fraction of the amount'of aerosol inhaled

by a subject, I, over one or more whole breaths.

alternatively £0 (I) may be expressed as

fD(I) =[1 - 1} ...9-......--...equati0n 3@2.2
E

where E = the amount of aerosol exhaled by a subject over one

or more whole breaths.

In this context, a whole breath is defined as an inspiration

to a volume, V, litres (37°c, and 100% relative humidity),

. followed by expiration of the same volume, where V, is termed the

tidal volume of the subject. If inspired and expired volumes

are not enual, or nearly eqgual, in every breath it ic not

..... - - o

possible to measure, or closely estimate, f 0 (I), by this

definition. . P T o . . .. s L T SN

The amounts I, D, E, may be expressed in terms of mass,
surface area, number, or radioactivity, of an aerosol. For a
monodisperse aerosol (coefficient of variation < 10%) it is
assumed that the values of fD (I) calculated on each such basis
are nearly equal (see 3.1). The distinction between the simple
definition of £ D (I) in equations 3.2.1, 3.2.2, and the more
complicated steady-state definition of total deposition, was
discussed in Chapter 1. The difference is not important at that
particle size above which no aerosol can be recovered in the
expired tidal air of the breath: which follows that in‘which the
aerosol was first inhaled. Owing to the small percentage of

tidal air known to be involved in the breath to breath tidal and
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reserve air mixing process (HEYDER and DAVIES, 1971), and the
relatively high (> -7) values of f D (I) measured in the present
work at the smallest particle diameter employed, 4:5 um, it is
unlikely that steady-state influences are of any significance

at or above this size.

Accurate measurement of f D (I) requires accurate measurement
of I and E, Some of the experimental difficulties likely to be
encountered when attempting to measure total deposition were
described in Chapter 2. Large particle sizes are particularly
difficult to study owing to their greater tendency to aeposit
by gravitational settling or inertial impaction, in the aerosol
administration apparatus. Referring tolFigure 3.2.17 and firstly
considering the provlem of estimating the amount of aerosol
inhaled by a subject, it may be evident that the sampling
configuration illustrated in (i) has certain merits. The sampled
aerosol is obtained close to the point of entry into the subject
and is therefore likely to be representative. Moreover, if the
instantaneous sampling flow rate,_fs, could be made at all times
equal to the instantaﬁeous inspiratory flow rate, fi, then owing
to its inherent symmetry nearly equal aerosol losses would occur
in both arms of the Y-piece and the amount of aerosol drawn
through the sampling port would be nearly equal to that inspired
by the subject. o

LANDAEL and his co-workers (1947, 1948, 1950, 1951, 1952)
were -the first investigators to empldy a Y-piece sampling con-"
figuration in human aerosol inhalation exXperiments and, as far as
cain be asceriained rrom the literature, were the only ones to
have done so. However, in their experiments the onus was always
on the subject to maintain an inspiratory flow that was at all
times equal to a constant sampling flow. Moreocever, the
necessity imposed on the subject of having to move to a separate
port in order to exhale made this task especially difficult
(LANDAHL and HERRMANN ,1948).  An improved approach might be to
derive a sampling flow that was somehow made to 'slave' to the

inspiratory flow, which was allowed to vary.

Figure 3.2.1 (ii) illustrates how this might be achieved
in principle, for radioactive particles. An airflow meter, M,

measures total flow into the system which is at all times equal
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to the total outflow derived by the subject, S. By some
undefined servomechanism, the pump, P, derives an equal.flow at
the sampling port and returns this back into the system in order
not to affect the relationship between total inflows and out-
flows. During this process the radioactive particles are drawn
into a collection bég, Ic, for later radioassay. Servo-
mechanisms based on pneumotachographic or other similar measure-
ments of inspired flow were rejected on the grounds that this
might seriously diminish the amount of aerosol able to reach

the subject, particularly at large particle sizes. Spirometers
provide a simple and trouble-free means of measuring gas flow
(MERCER, 1973). By using a pair of nearly identical spirometers
in the configuration illustrated in Figure 3.2.1 (iii), these
sahpling principles are brought closer to practical realisation.
Several difficulties remain, however, Besides the difficulty
of sealing at 'Z', on the figure, after a number of idSpiratioﬁs
the sampling bag would expand to the limits of its capacity and,
Similarly, the spirometers would eventually reach the limits of
their movement, Also, the exhaled aerosol must somehow be
collected. Figure 3.2.1 (iv) illustrates the final design at
least as rega;ds aerosol sampliﬁg. In this apparatus movement
between spirometers was transmitted via pulley wheels attached to
a freely rotatable shaft; which could be easily sealed at 'X' on
the figure. The expansion of the collection bag, Ic, during an

inspiration, was compensated for by an equal volume of contraction

~during an expiration, by means of pump P, acting via a filter and

solenoid valves Sﬁ, S2.  Rather than separately correct for the
inspiratory moﬁement ol the spirometers (A and B in the figure),

the contraction of the collection bag 1Ic during an expiration,

was used to achieve this in a single action. Thin walled neoprene-
rubber collection bags were used in order to ensure that attenuation
of radiation during radioassay would be negligibly small (see

3.3(ii)d).

The mode of action was as follows: at the end of an .
iﬁSpirétion the valves V1, V2, moved to the positions shown in
Figure 3.2.1(iv)b. The subject was then free to expire via the
expiratory port of V1 into an expiratory collection baé, Ec.

Expired volumes were measured by spirometer C, shown in the

figure. The solenoid valves &1, S2, re-directed the suction

R
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flow of pump P at the beginning of an expiration (to be
distinguished from the end of an inspiration), which resulted
in a contraction of the expiratory collection bag Ec. On
commencement of this contraction, the pressure within spiro-
meter B fell below that of atmospheric and its downwards
movemént was induced. This movement was facilitated by the
opening of valvej V2, which permitted a compensatory inflow of
aif info the apparatus. The downwards movement of spirometer
VB, during expiration, was accompanied by an equal and opposite
movement of Spirbmeter A. Contrary to fhe situation which
existed during an inspiration, spirometer B then led the
movement of the spirometer pair and the apparatus.was essentially

in reverse opevration.

It was also necessary to re-set the position of spirometer.
C, following an expiration. This was achieved in a manner
similar to- that described above for spirometers A and B, except
"that the processes operated only during an inspiration, In this
case, valves V1, V2, moved into the position shown in figure
3.2.1(iv)a, at the end of an expiration. Both the inspiratory
and expiratory re-setting processes could be halted at a pre-
determined point by means of the proximity switches R1 and RE,
respectively, illustrated in Figure 3.2.2. These were magnetically .
actuated open/close switches (Radiospares Components Ltd.) and the
actuating magnet was radially mounted on the spirometer pulleys.
The radial arms of the pulleys were slightly weighted in order to
épuntefbalance variations in spirometer flotation weight.

\

{llipere filters {(see 5.3(ii) ) were used to coilect the
radioactive particles within the collection bags during the re-
setting processes. Millipore filter holders (Millipore Filter
Corporation) incorporating an 'o' ring for effective sealing were
also used. A direct check for possible particle penetration was
made by placing a filter of a nominal pore diameter (3 pm) equal
to that of the collection bag filters, in-line with that of the
suction feed tube of the expiratory collection bag. .An,aerosol‘
containing both primary particles (~ 6-5'um diameter) and
satellites ( ~ 30% by mass, ~ 2-6 um diameter) was sprayed into
the main chamber of the apparatus and a period of simulated

breathing was undertaken (by a method described in 3.2 (iii)b).
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The radioactivity measured on the in-line filter (< 50pCi) was
0:1%b of that measured on the main collection filter ( ~ LOuCi)

indicating a collection efficiency of nearly 100%.

(i1) Breathing control and valve actuation

The apparatus described above does not represent the final
system; Neither the mechanism of valve aétuation at the end of
an inspiration or expiration, nor the method used to control the
breathing pattern of the subject during aerosol administration-

have yet been described.

(a) Valve actuation

Actuation of the respiratory valve(s) uSed to separate
inhaled and exhaled aerosol,flowé is one of the most difficult
experimental problems in human aerosol inhalation research
(WALSH et al., 1977). Its importance lies mainly in the danger
of misdirecting a portion of the exhaled aerosol through the
inspiratory port of the apparatus. The concentration of the
exhaled aerosol falls rapidly from the beginning of an '
expiration (MUIR, 1967) and if at this time a small volume of
the ekpired flow were to be misdirected, an error in the

_estimation of the exhaled aerosol would result,.the magnitude of
which might be far greater than the actual fraction of the mis-
directed expired volume would suggest, particularly at large

particle sizes,

A number of approaches to the problem of valve actuation
have been adopted by other-investigators.-. ALTSHULER et al.

- (1957) used manually operated valves to separate inspired and
expired aerosol flows, with the accompanying danger of subject
error and excessive breath-holding. DENNIS (1950, 1971)
introduced a valve sensitive to pressure changes at the mouth-
piece, but the delay between the application of pressure signal
aﬁd completion'of valve movement was high (~ 200 milliseconds).
A much improved pressure sensitive valve has recently been
developed which uses sensitive pressure sensors and rapid-action
solenoid actuators (WALSH et al., 1977). The authors state
thét the time delay between generation of a signal at the
mouthpiece and completion of valve movement was reduced to about

4O milliseconds, which resulted in a measurable volume of mis-
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directed expired air of less than % of tidal volume. Ihis
delay is close to that ( ~ 50 milliseconds), measured for a
compressed-air driven valve V3 (Figure 3.2.2(ii) ) constructed
for use in the present work, which was found to be the best

that could be achieved. One of the main objectives of the
present work was to measure total deposition at fhe largest
particle sizes able to penetrate below the larynx. At such
particle diameters, which turned out to be greater than equal

to 13 um (see Chapter 4), the error due to the misdirection of
exhaled aerosol is likely to be far greater than that which
obtains when using aerosol particles of about half this diameter
(FOORD et al., 1978). Considering fhe relatively higﬁ falling
speeds of 13 ym diameter unit density spherical particles

(Vy; ~ 054 cm. sec™? in air) it is possible that the majority
of exhaled pafticles at this size are returned from the trachea,
which is almost vertical during aerosol administration, and
‘main bronchi, whose total volume is only about 42 ml (WEIBEL,
1963). This figure is comparable with the expected volume of
misdirected expired flow at a tidal volume of one litre, It was
therefore considered necessary to adopt a method of valve
actuation that would prevent any of the expired flpw from being

misdirected, at all,

Before describing this method it will first be necessary
to discuss the other major problem encountered in humanvaerosol
inhalation experiments; that of breathing pattern control, since
to some extent the same techniques have been applied in solving
both.

(b) Breathing control

The possible influences of breathing pattern on the deposition
probability of inhaled particles were discussed in Chapter 1. A
symmetrical 'clipped sawtooth' breathing pattern was adopted and
aerosol administration was initiated at the subject's functional
residual capacity, which had been measured previously (Figure
3.2.3). It should be appreciated that when a subject breathes
via an apparatus respiration may become more conscious than it
would be normally and some form of artificial control might in any
case be required. The reason for adopting a fixed tidal volume

and breathing rate was to standardise the residence time of

I

B,
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particles in the respiratory tract between different breaths.
Specific air flow rates and the average residence time in
different airways must also be considered. In common with the
work of HEYDER et al. (1973) and DAVIES et al. (1972), the instant-
aneous airflow was made equal to the mean airflow over times ti, te,
(Figure 3.2.3), vhere ti = te, ideally. This greatly simplifies
the problem of standardisation betWeen different research groups.
Aerosol administration was initiated at the functional residual
capacity of the subject because this most closely represented the
lung volume during normal breathing at rest, or quiet breathing.,-
It_maj also be the lung volume at which the total deposition
between different subjects can be equalised, at least at small
particle sizes (HEYDER et al., 1975). ° The cémplicated consider-

ations involved in this problem were discussed in Chapter 1.

The problem of breathing control is particularly acute in
. experiments inQolving the inhalation of radioactive particles.
Once these have been administered to the subject there can be no
opportunity for a second attempt, if at all, until the radio-
activity has almost entirely decayed. It is therefore essential
to adopt a procedure that is simple and effective in use, even

* for previously untrained Subjects.

The apparatus shown in Figure 3.2,2(i) was used to set lung
volumes prior. to aerosol administration., The subject first
completed a maximal expiration and then inspired a fixed volume

-of airjy-equal-to-expiratory reserve-volume plus tidal-volume,
from a rubber baé. Wearing a noseclip thrcughout the procedure,
the subject then iransierred I the moutlipicce of Lue main
apparatus and preceded aerosol inhalation proper with an
expiration. The pfécédure was practised several times before an
experiment to ensure that no air would be inspired or expired

during transferal.

Control of the two main respiratory parameters, tidal'
volume ‘and breathing rate, présents a more severe practical
problem. As was discussed above, it is particularly important to
ensure ‘that inspired and expired volumes are equal in any breath,
Yet it has been stated by both DAVIES Eﬁ.ﬂl’ (1972) and HEYDER
et al. (1973), that even experienced subjects cannot ensure that

this is achieved. If the expired volume is less than that

&
3
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inspired in any breath, then the volume difference will be
erroneously measured to have been completely deposited. Part

of the problem of breathing control may be that the subject is
often required to attempt simultaneous control and co-ordination
of different variables. An improved approach might be to place
one of these variables under automatic control, thus allowing

the sﬁbject to concentrate more on the control of the remaining
variable. The obvious candidate for automatic control is

tidal volume, since this can be controlled by means of volume '
limits, whereas automatic flow rate control might necessitate some

means of artificial respiration.

Automatic tidal volume control was achieved by means of
magnetically actuated volume limit switches operating in
conjunction with a mouthpiece blocking-valve, V3 (Figure 3.2.2
(ii) ). Although this same expedient is closely related to the
more complicated problem of respiratory valve actuation, for the
sake of clarity, its role in breathing control will first be

considered separately.

Referring to Figure 3.2.2 (ii), A and C are the spirometers
used for the detection of inspired and expired volumes,
respectively (nomenclature as in Figure 3.2.1 (iv) ). Spirometer
C was thermostatically maintained at a temperature of 3700. LT,
LE, represent proximity limit switches (crossover type,

..... - ek T &
dicsona C (9= I XY

~aeom - 3 0\ R PR
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; whose position was adjusSied relative
to R1,-RE, {(the resetting process limit switches mentioned in
3.2-(i) ), to obtain the desired tidal volume; rdefined at~37°c

and 100% relative humidity. Inspired and expired volumes were
equalised by appropriate adjustment of LI, allowing for gas
-expansion in the lungs, assumed to be at 37°c and 100% relative
humidity, from ambient temperature and humidity. The temperature
of the air in the aerosol administration apparatus was measured
prior to an experiment by means of a mercury-in-glass thermometer,
permanently housed within it. The inspired air was always very
nearly saturated with water vapour owing to the présence of a
water-filled spirometer in the apparatus, Although a small
émount of ethanol vapour was also present its partial pressure
contribution was negligible. A slight lowering of temperature

(< 2%) occurred because of ethanol evaporation: this needed
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about 60 calories of latent heat of teporisation, compared to
the 30 or more calories of heat required to change the
temperature of air within the spraying chamber by 1%.
Correction factors were calculated using the ideal gas equation

in the form

us _ 1273 + ti 760 - Pe .

Vl = [273 + te 760 . Pi . Ve ..........equatlon 30203

where, ti = temperature of inspired air in degrees centigrade
te = temperatufe of expired air = 37°c (after warming).
Pe = saturation vapour pressure of water at tec

CPi = sétufatlon vapour pressure of water at ti%

Vi = volume of inspired air at. ti% and 1OQ% relative

humidity

The expired air was assumed to be at 37°¢c and 100% relative
humiaity because of uncertainty in the amount of cooling and
condensation that might occur before its exit from the mouth
(WALKER gt.gl;, 1961). This assumption was of no consequence
because of subsequent re-heating and re-saturation of expired
air in the wetted expiratory collection bag (Figure 3.2.5), which
was-almoet instantaneous (less than 1'5 calories of heat are
needed to raise the temperature of 1 litre of air by S5°c). It
was possible to check ‘the equality of inspired and expired volumes
using a simple bag-in-a-box breathing simulator (see 3.2 (iii)b).

In the restlng subgect the volume of Jnsplred a1r, temperature and

" humidity notwithstanding, exceeds that expired by less. than % in

any breath, owing to unequal exchange of carbon dioxide and
oxygen in the lungs (COMROE et al., 1955). Over ten breaths
this could amount to about 10% of the tidal volume or about

100 ml at - a tidal volume of 1-0 litre. As this figure was small
in comparison with a typical functional residual capacity of

about 2 litres, the effect was ignored. It should be appreciated

that this volume error is distinct from the error which results

from the misdirection of the early portion of expired air (see
above) . Its significance lies not with the calculation of total
deposition as such, but with the control of the lung volume of
the subject during aerosol administration. It should also be
borne in mind that in the absence of automatic volume-controi a

drift of at least this order is to be expected from breath to

b
1
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breath: this would not only result in a change in lung volume
throughout aerosol administration, but also cause an error in the

measurement of total deposition.

Referring again to Figure 3.2.2 (ii), and considering only
at this stage the role of the respiratory control valve, V3,
and its positions at various stages in one breathing cycle: V3
was a rapid-action blocking valve which prevented airflow
through the mouthpiece by closing at the end of an inspiration.
or expiration, determined when the magnet actuators on the
Bpiroiieier pull€y &armns reach ne 1limii switcnes LI, LE, respect-
ively. At the instant that V3 closed, the subject received a
signal to change from expiration to inspiration, or vice-versa.
Referring to Figure 3.2,2 (iii), this signal vas applied by a
miniature siren situated close to the subject'é right ear which
sounded for as long as the subject took to respond. Tts
purpose was to minimise the duration of breath-holding. The
mean figure for the latter, for all subjects, was 0°38 sec.

(o = *14 sec., 20 observations).

The respiratory flow control system is shown in Figure
3.2.2 (iii). This incorporated a pair of miniature edge-level
indicators, one of which, termed the target display, was
connected to a sawtooth wave generator of adjustable wave
frequency and amplitude. It could therefore be used for a
variety of tidal veolumes and ficwratcs. Mounted directly above
this was an identical indicator, termed the breathing display,
whose indicator followed the movements of the inspiratory and
expiratory Spirométers A and C in each half cycle, adjustable
for scale. The subjeét had therefore to match the movement of
the two indicators. This proved to be more effective than a
metronome in controlling breathing rates. For those subjects
in the main study of particle size at constant respiratory
pattern (breathing rate = 10 breaths minute =!, tidal volume =
1-0 litre) the mean figure was 10:16 breaths minute -1 (13
observations, 0 = 0:26 breaths min.”}). The method was less
successful in controlling the relative durations of an
inspiration (ti) and an expiration (te) within a single breath.

Most subjects consistently inspired more rapidly than they

expired, the mean figure being te = 1:22 ti (20 observations,
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g = 0°4), In some individuals this tendency was particularly

pronounced (see Tables 4.2.2 and 4,2.4),

The breathing patterns of each subjectmheré récorded by
means of a U.V, light-sensitive paper recorder (S.E. Electronics
Ltd.). Only the excursions of tﬁe inspiratory spirometer were
recorded as this was all that was necessary to derive the times,.
ti, tp1, and T from which te could be estimated by assuming

tp1 = tp2 (Figure 3.2.3).

(¢c) Overall overation of apparatus

. . In the first part (a) of this section the problem of
respiratory valve actuation was described, with particular
emphasis on the necessity of preventing any of the initial
portion of expired air from entering the inspiratory port. For
the sake of clarity the method of breathing control was described
separately, in part b. The overall operation of the apparatus
is described below insofar as it is relevant to the problem of

respiratory valve actuation.

Figure 3.2.4 is an attempt to repreSént the overall operation
" of the apparatus, the nomenclature being the same as bhefore. The
blocking valve V3 is again of central importance, Its purpose
. iq;this instanée,‘besides that of assisting in the control of the
tidal volume of the subject, was téienable the main respiratory:
valve V1_ to change its position when a signal to chénge from
inspiration_toiexpirétion, or vice-versa, was indicated to the
sﬁ%ject, in anticipation of the subject's response. - Since V1
changed position before any changes on the part of the subject,
and since after V3 had blocked the mouthpiece it could only be
_opened again by application of the appropriate ‘pressure signal by
the subject, there was no possibility of any misdirection of

expired aerosol.

It should be noted that while the position of V1 was
determined only by the limit switches LI, LE, V3 was under
combined automatic and sﬁbject control, Referring as before to
Figure 3.2.4, the position of the respiratory valves and spiro-
meters during an inspiration was as shown in (i). During the
early period of inspiration the position of the expiratory

spirometer, C, was re-set in the manner described above (see

g b
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(see 3.2 (i) )., The end of inspiration (ii) occurred when the
magnet actuator on the pulley of spirometer A, reached LI.

At this point the main respiratory valve V1 moved into the

expiratory position and V3 closed, blocking the mouthpiece.

Simultaneously the subject had received a signal to begin an
expiration, in the manner described in part b of this section.

At this point, V3 was under subject control and when the subject
responded to the applied stimulus by expiring, micromanometer
probes detected the resultant pressure change (operational
threshold = + 0.2 mmHz20), which caused V3 to be opened by the
eiqctro-pneumatic control apparatus (Figure 3.2.5)., V3 did not
opén if the subject continued to apply only a negative pressure
at the mouthpiece., At the instant that V3 opened, defined as
the beginning of an expiration, the spirometer re-setting process
was initiated for spirometers A and B (iii). The end of
expiration (iv) occurred when the magnet actuator on the pullej
of spirometer C, reached LE. At this point ﬁhe main respiratory
valve, V1, moved into the inspiratory position and V3 closed,
blocking the mouthpiece. Simultaneously the subject -had
received a signal to begin an inspiration. At this point, V3
was once more under subject control and when the subject responded
to the applied stimulus by inspiring, micromanometer ﬁrobes
detected the resultant pressure change (operational threshold =
-0.2 mmHz0) and V3 was opened. V3 did not open if the subject
continued to apply only a positive pressure. At the instant
thét‘V3 opened, defined as the beginning of an inspiratioh, the

spirometer re-setting process was initiated for spirometer C (iv).

As a safety feature it was considered necessary to
incorporate some means of preventing a change in the direction of
respiratory excursion before the limit switches, LI and LE, had
been reached by the magnet actuators; i.e. dufing modes (i),
(iii), in Figure 3.2.4. To this end, if a small positive
pressure of +0.05 mmHgo} in the case of an inspiration, or of
~0.05 mmH20, in the case of an expiration, occurred, V3 closed
until the correct pressure was re-applied. Inevitably, if such
an error was committed by a subject, a small volume of aerosol
would be misdirected during the delay (~50 millisecondé)

between the application of signal and completion of valve move-

ment, : In the event, the additional facility was not neededlon

5
)
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Figure 3.2.5: Photograph of electro - pneumatic control,
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a single occasion during the study.

‘The respiratory valves V1, V3, and the respiratory flow

rate control device are shown in Figure 3.2.6,.

(iii) Treatment of dead space errors and testing of
sampling accuracy

(a) Dead space errors

Errors due to dead space losses were iﬁportant above a
particle diameter of about 10 ym and had therefore to be taken
into account (Table 3.2.1). Two types of dead space error were
distinguished in the treatment: those due to particle losses in
the mouthpiece during expiration; and those due to particles
which remained.airborne long enough in the dead space to be
passed into the inspiratory or expiratory collection bags. The
latter quantity, kn, was estimated from the known volume of

mouthpiece and sampling tube dead space, 25 ml in both cases,

and the amount of aerosol known to have penetrated beyond the

line b', shown on Figure 3.2.7 (i) (see equation 3.2.6).

Aeroéol losses in the mouthpiece during expiration were estimated
by assuming .equal loss efficiencies in both directions of flow;
hence the losses in each direction were assumed to depend only

on the relative aerosol concentrations and average pérticle
residence times in the mouthpiece during'inSpiration and
expiration, Owing to the smallness of these losses their values

could be approximatéd using equétion 34265

The equation (3.2.2) fotr the calculation of total

‘deposition, £D (I) becomes,

£fo(I) =1~ [ Ic-Kn+DSI-1{] = [Ic-(Ec+DS-DSI{].;.equation 3.2.h4
Eg-Kn+1e c-Kn+DS'5li

and, -'1i > Ic ti DS sevesceeesee.equation 3.2.5
Ic+Ec ti+te

. ) , . |
Kn = ( 0-025 ) (Ic+DS ) cceeeccensssssequation 3.2.6
VT

Sy
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| @m | DS*0%ofI| DSto%otI
! 65‘ K 046422 . msatan
674 179148 | 126 +80
‘ 10445 57089 YA RVR|
13:0L 7:00+93 71 5%-45

Table 3.2.1: Dead space losses in mouthpiece (DS) and
sampling tube (DS’/) averaged over three
subjects at each particle size (d pm).
(Subjects of variable particle size study
only).
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Figure 3.2.6: Photograph of respiratory control valves and

breathing control apparatus,
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where, Ic = amount of aerosol drawn into inspiratory collection
bag |

Ec = amount of aerosol passed into expiratory collection
bag ‘

Kn = average amount of aerosol per breath which occupies
the mouthpiece or sampling tube at the end of an
insPirétion, times the number of breaths, n.

1i = aerosol losses in the sampling tube or mouﬁhpiece,
assumed equal during an inspiration.

le = aerosol losses in mouthpiece over all expirations

DS = total inSpira%ory and expiratory aerosol losses in
the mouthpiece, assumed to equal (1li + le) .

DS’ = total aerosol losses in sampling tube

ti = average duration of inspiration

te = average duration of expiration

Ve tidal volume in litres at 5700 and jOQ% RH.

[l

One type of dead space error was ignored in this treatment.
This was the sampling error which results by virtue of the valwve,
V3, which closed shortly before V1 and spiremcter B (Figure
3.2.4), occupying a finite volume, Their combinéd effect was
estimated to lead to an underestimate of less than 0-4¥ in the

amount of aerosol inhaled by the subject.

The amounts of aerosol deposited in the various dead space
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each, At the end of aerosol administration the mouthpiece,
sampling tube, and connecting tubing tc.thc,expiratory
collection bag, were swapped. The collection bags were
removed and folded into geometrically identical containers for
radioassay. Attenuation of ¥ -radiation through the walls of
the folded rubber bags was only slight (< 5%) using Tc99m
(photopeak energy = 140 keV) and in any case about equal in
each bag and sample. Radioassay of samples was performed using

a vhole bedy monitor, details of which are given in 3.3.

(b) Testing of sampling accuracy

Owing to the sensitivity of the aerosol sampling system to.

minor air leakages the air-tightness of the apparatus was always

checked before an experiment by withdrawing. a known volume of
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air from the.system and checking this again&t’spirometer
deflection , as measured on linear scales fixed paféllel to
the spirometer-bell attachment strings (Figure %.2.8 (i) ).

A previously calibrated brass syringe (1:0 litre) was used in
this and was always pumped about ten times in order that the

cumulative cffect of a minor leak would be apparent.

All spirometers vere constructed from thin aluminium
sheet in order that their mechanical response to preSéure change
would be as rapid as possible, This response was measured by
means of a pneumotachograph (Fleisch No. %) connected to the
mouthpiece.  Flov rates at the mouthpiece could then be

compared to the volume changes calculated from the movement of

A sma e ]
T K. o MeaSured
> I Ly easure

1
1

or
i
"

ingpiratory spiv
potentiometer attached to its pulley wheel, Figure 3.2.9 shows
the results for airflow rates of 32 and 41 litres minute~!,.
which confirmed that spirometer response was satisfactory at air
fiow rates greater than those likely to be encountered in the

experiments (target rates = 13-20 litres minute-!),

As the overall accuracy of a total deposition measurement
depended on a multitude of factors it was considered necessary
to devise a method of checkiné it as directly as possible. To
this end, the apparatus shown in Figure 3.2.7 (ii) was used to
measﬁre the accuracy of aerosol sampling and collection over a
number of breaths. It was also useful in determining the

aerosol delivery efficiency at a given particle size and more-

. over served as a direct check on the acciracy of volume control

since the volume of nir in Ehe

-~ o VoS L

(17}

colloction box D, chanzed
considerably over a number of breaths for only a small inspired
and-expired volume inequality. V'The aerosol which was 'inhaled!'
into the qollection bag D, ¢€ither settled out or was passed
into the expiratory coliection bag Ec. The actual quantity of
'inhaled' aerosol could therefore be derived from measurements

of the radiocactive contents of the expiratory collection bag

Ec, and bag . D, taking into account the dead space losses.

The measured quantity of 'inhaled' serosol was then

compared to that predicted from equation %.2.8.
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Figure 3.2.7: Dead space and accuracy test.



(i)

70,
" linear m
scales : '
spirometer C n/ \ﬂ_L spirometer A
at 37 100%RH 3 | ) at ambient’c ~00% RH
~_ | 7
C A
ﬂ) © €
———
ﬁqn - c::::é&: rubber
thermostat - © flange -
and pump circulating : o
water at 37% :
(id) nebulizer
_thermometer' —

mouthpiece
T~
20mcCi Ti 20[’/3‘
source

—

sample -slides

Figure 3.2.8: Constructional aspects of apparatus,
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I measured = (Ec-Kn+le+Dc) eosvassosotquation 3.2.7

I predicted = (Ic~Kn+DSI-1i) seonsoreotquation 3,2,8

where, Dc = amount of aerosol deposited in the collection bag D

(DS-13.)

and, le
(other nomenclature having the same meaning as above).
The results of nine such observations, all at a tidal

volume of one litre and mean breathing rate of approximately

10 breaths minute~!, are given in Table 3.2.2, having a

v

satisfactory accuracy at all particle sizes. The mean R
predicted figure, expressed as a percentage of the wmeasured

iy sy S , ]

figure, was 100-02 - 0-&5, (< standard error of the mean,

o= 2,

(iv) Re~dispersion of narticles and aerosol characterization

The techniques employed for the generation and character-
ization of monodisperse polystyrene particles were described in
3.1, However, as these particles were re-dispersed at a later
stage for aerosol administration, full characterization of the
aerosol actually inhaled by the subject regquired consideration
of changes in its bulk aerodynamic properties after secondary

dispersal.

(a) Re-disversion

The particles were re-dispersed in the aerosol administration

. apparatus by incorporating them into 1:2 ml of ethanol, which was

subsequently dispersed as a fine mist by means of an air-jet
nebulizer (Figure 3.2.8 (ii)). The nebulizer was operated by

a small pump which aspirated from the ambient air at a rate of

12 litres minute’l; such that nebulization was normally completed
within about ten seconds. The assumption was that the ethanol
droblets, most of which would contain one particle, quickly
evaporated leaving the dry, airborne polystyrene particles. In
such circumstances it was considered inadvisable to rely solely
on theoretical predictions of droplet lifetimes. There was the
possibility, for example, of water vapour condensation on the
particles immediately following dispersion, owing to the lowering

of their temperature relative to that of the surrounding air as



DOTCA | test | Ipredicted
dia.ym no. as% Imeasured
43 1 100418
G5 p3 102-15
457 3 98:96
65 4 9537
&5 “ 5. 97-76
45 6 103-80
45 7 100-86
95 8 10146
13-0 9 9357
644 | means | 100:02

Table 3.2.2; Testing of sampling accuracy - results.
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the ethanol evaporated. However, experimental observation of
fine droplet evaporation is a difficult problem ( PORSTENDORFER
et al., 1977) . Iﬁ order to make such observations as directly
as_possible the apparatus shown in Figure 3.2.10 was used to
trap a portion of sprayed particles in a viscous oil‘(silicone
0il, kinematic viscosity = 200 centistokes), for subsequent

microscopic examination.

A sample of polydisperse polystyrene particles, in 05 ml.
of ethanol solution was Sprajed into a 28 litre perspex box which
was kept saturated with water vapour. When spraying vas
completed,'after abont ten seconds, a tap was turned to alldw in

a displacement flow of air into the box and force a portion of

$v]

s

the aerosoel bhrough o norrow or
the particle laden airstream impacted into a fine jet of the oil
and those particles that were captured became trapped in a
reservoir directly below. The purpose of using the oil jets

was to encépsulate the particles in a fluid as rapidly as
possible, thus arresting any evaporation process and facili-
tating their direct microscopic examination, That the technique

- was effective in achieving this was confirmed by placing oil-
impaction jets at about one centimetre from the nebulizer nozzle,
when ethanol was sprayved oﬁ its own, Ethanol ‘droplets in a
variety of sizes coﬁld be observed on microscopic examination of
the fluid. On microscopic examination of the particles collected
in the manner descriﬁed above, no liquid residue could be
discerned. Liquid droplets were distinguishable from solid
particles because of their good sphericity which contrasted sharply
with the surface irregularity of the polystyrene particles. As a
final check, ethanol w&s also sprayed on its own into the box,

No droplets were observed in the fluid.

The absence of any fluid around the barticles also indicated
an absence of any significant water vapour condensation on the
particles, As the particles must have undergone considerable
cooling during ethanol evaporation, this result suggests that
condensation of water wvapour on the particles on entering the

warmer, saturated, respiratory tract, is also of no consequence.

The volume of alcohol sprayed into the apparatus for aerosol

administration was determined as that which would not result in
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Figure 3.2,10: Testing of particle dryness following dispersion,
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any respiratory discomfort for the majority of subjects
(ethanol concentration ~13%-3% milligrams litre™ or ~ 1% by
volume). HOLMA (1967) reported that the inhalation of ethanol
vapour had no effect on rates of short-term clearance in
rabbits at concentrations as high as %% by volume, In the
present work, ethanol was also found to have no obvious
bronchial constriction or dilation effects. The maximum
expiratory flow at 50% of forced vital capacity (MEF 50%) for
two subjects was measured before and after they had inhaled
alcohol vépour at a concentration of 13:3 milligrams litre-}
over ten breaths. 'The results before and after alcohol
inhalation were, respectively,(1) 3.76 : 014, 3-88 ¥ .019;
(2) 426 1 011, %25 L .002, all results hweing theo méan I the
.standard error of 3 observations, flow rates being expressed,

at body temperature and pressure, in litres second-!, ,

Average aerosol delivery efficiency over ten breaths,
expressed as the amount of aerosol inhaled by the subject
relative to the amount sprayed into the apparatus, ranged from
approximately % at a particle diameter of 13 um, to nearly %%~
at a particle diameter of L5 ym. Alternatively expressed as
the percentage decrease in aerosol concentration in the actual
volume of air inhaled by.a subject, the figures were at least
P and L4 for 13 pm and 45 um particles, respectively., As
this decrease normally occurred over a period of at least one
minute of breathing, the decreaée in aerosol concentration over
a period of one breath (3-4+5 seconds) was small. The mass of
aerosol deposited in the subjects was typically in the region of
100 ugm, corresponding to particle numbers of between. 10° and
2 x 1CF, or an average inhaled concentration of between 5 - 100
particles per cubic centimetre. In the region of 10 jCi of
radioactivity was normally delivered to the subject, although
this sometimes varied owing to a degree of unpredictability in
the particle labelling efficiency and was set at about twice
this figure for some selective applications. Radiation dose
wvas set as low as possible, consistent with reasonable counting
statistics. "Relevant aspects of r%diation counting statistics
are discussed in 3.3. Radiation dose given to the lungs varied
according to the proportion of clearance., The maximum dose

given to the lungs, assuming complete retention, varied from
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approximately 2 ﬁ,rem'tp 17+5 merem, but 5 m.rem typically,

In many cases, most of the particles deposited in the lungs were
rapidly translocated to the abdomen. Assuming complete
clearance to the transverse colon, the radiation dose to this .
organ again varied from approximately 2 m.rem to 17:5 m.rem,

and 5 m.rem typically. Three subjects participated in repeat
studies and in their case total radiation dose in each of the
ahove organs was below 15 m.rem, Conversion factors from

absolute radiocactivity to radiation dose given to specific organs
were taken from ICRP report No. 17 'Protection of the Patient in

Radionuclide Investigations' (1971),

(b) Aerosol characterization - -

The possible influence of electrical charges on airborne

particle deposition was discussed in Chapter 1. Although it was
considered unlikely to be an influence in the pafrticle size range
of the present study (45 - 130 um diameter), the electrical
neutralisation of the test aerosol was attempted by 'exposing .it
to a mixture of positive and negative free ions generated by an
ionizing radiation source. Owing to a degree of uncertainty in
the published literature as to the time taken to achieve a
Boltzmann distribution of free ions, the strenpgth of source used
was set considerably higher than was considered absolutely
necessary (TAKAHASHI and KUDO, 1973). It was not possible to
measure the charge dictribution of the teat aesrosol diractly.
The radiation source used consisted of a 5 x 25 cm rectangular
metéi foil impregnated with approximately 20 m.Ci. of Thalliuuﬁ°4,
which is a pure B-emitter (energy = 0:77 MeV) and has a
conveniently long half-life of radioactive decay (T% = 3.9 years).
It was housed in a lead-lined box which had a hinged 1lid to
facilitate radiation exposure during an experiment (Figure 3%.2.8
(ii)).

The time in secoﬁds. tb, taken to achieve a Boltzmann charge

distribution was estimated using the equation of GUNN (1954).
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th = 1 oscensessssesequation 3.2.9
H]Te N H

where, e = fundamental unit of electronic charge (esu).

N

[i]

small ion pair density (number cc=}).

small ion mobility in em.®V-lsec.-?

Y
Values of ion pair density corresponding to a given B8-
radiation source in a given volume were taken from the empirical

data of TAKAHASHI and KUDO (1973). A value of
po= 1k em.2V-tsec,”! was used, which is the average mobility of
positive and negative ions quoted by BRICARD and PRADEL (1966),

giﬁing a value for tb of 1-6 seconds. This value should only

be taken as an o ihn mube ag anuation 3.2.9 was

t
ki
'
¢
‘
v

rreder of magnitude egliimn
not intended, strictly, to apply to particle diameters above
about 3 um. It is however within an order of magnitude of the
value of tb predicted by FRY {1970), who employed a S-radiation
source of similar strength, but with much shorter particle
residence times (~ 1 second) near it. In the present work,
there was normally greater than a 30-second delay between the end
" of particle dispersal and the first intake of aerosol by the

subject,

It should be appreciated that the purpose of such electrical '
neutralisation was not to eliminate such effects entirely, but

merely to standardise them between separate experiments,

Besides defining the size, shape, density and electrical
charge characteristics of the particles,'it was also necessary
to consider the relative proportions of satellite and aggregated
particles present in the aerosol.inhaled by each subject. Since
satéllite particles fall more slowly than their corresponding
primaries it is likely that their relative concentration would
increase with time after initial dispersal, with a more
pronounced effect at increasing particle size. The effect was
measured at 10-, pym and 15 pm particle diameters by aspirating
for one minute, about 30 seconds after particle dispersal,
through a millipore filter attached to the mouthpiece of the
aerosol administration apparatus., The relative proportions of
satellites to primaries on the filter, Ns1/Npi, was then compared

to thaﬁrmeasured on glass slides, Ns2/Np2, placed on the floor
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of the main spraying chamber: Two such tests wepe perforped

. Ns Np
for each size and the average result expressed as =51 ZRZ
i Np\ Ns2 ,

which gave a figure of 2-3, 2-8, for 10'L um and 13 ym diameter
particles, respectively. The ratio of satellites in any given
particle sample at these sizes was calculated as the product of
this factor and the proportion of satellites measured on glass
slides placed on the floor of the spraying chamber during aerosol
administration, In only two cases (KD, TDW), at particle

diameters 2 10+, um, did this value exceed 2%. Differential
settling of catellites and wrimorics ot the tuc zizcc ctuldicd
below 10°L um, was found to be negligibie over a period of two
minutes. The relative proportions of satellites and primaries

for all experiments are listed in Table 3.2.3.

Aggregation of particles was not generally significant above
a particle diameter-of 4°S pm because of the relatively fewer
numbers dispersed from solution. At L5 ¢m particle diameter,
the proportion of particles sprayed as singlets fell in a range
8%-95%, of the total number of entities, the average value being
88-%. The majority of those particles not dispersed as singlets
vere either doublet or triplet entities (Table 3.2.3). The
proportions were obtained by microscopic analysis of glass slides
which had been placed on the floor of the spraying chamber during

aerosol administration. The degree of aggregation was reduced

o] o4 o o— - o
ags far as poss ng th umber

Gr Concentratiog of
particles in the ethanol spraying solution and by subjecting it to
several minutes of vibration in an ultrasonic bath prior to
aerosol administration. Owing to a rapid decline in aerosol
produétion efficiency with low polymer concentrations, a lower
limit to particle number concentration in the ethanol spraying
solution was imposed and a finite degree of particle aggregation

was unavoidable,

The effects of particle agglomerafion may be examined using
the semi-empirical relationship of Stober (1972) which applies

to chain-like aggrepgares of particles:



2o,

coeficiert|primaries|singiet s |doublets
‘ \ o
subject| dpm vur%t ion % mass | °e by no. OT/rg}eés
| DCFM 455 9-01 n.d, nd. n.d.
AM L.58 565 92:2 875 11-9
A R 4-53 8-80 95-0 826 13.0
groupav] 455 7.82 935 851 12:5
HG 7.00 10-00 964 96 0 40
RB 6-32 7-10 97-8 728 17-9
PCE 690 8:03 n.d. n.d. nd.
groupgay; 7 £.27 374 3k 110
PTaqy| 1038 5-90 98-2 973 27
PH 1044 5.06 $9-0 1000 0
KD 10-53 531 899 945 55
groupav| 1045 542 95-7 97.3 2.7
TDW 12-86 474 913 98-0 20
JH 1305 860 ° | 989 962 3-8
AD 1323 1015 - 9'8:9 1000 0
grou'p(]v 1304 783 96-4 98-1 19
ATM 4:50 693 995 91-6 84
| F Hi- 449 7-95 382 950 55
R H 448 9-00 984 955 s
groupav; 449 7.96 987 940 61
V.C 458 7.05 96.7 91-Q 9:0
MS av| 460 741 97.9 833 12-3
JV 464 8:22 96-9 897 96
grbup avi 481 7-51 97-8 88-0 10'3

nd=not determined

Table 3,2.3%: Particle characterization.
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1
dae = K-pz.n .d .........;...equation ‘3.2:.10

»nl-

where, K = a constant of proportionality H;Q; .
p = 'primary' particle density
n = number of 'primary' particles in the agglomerate
d = 'primary' oarticle diameter |
dae = aerodynamic diameter of the agglomerate

"'Using a value of K = 1, which lies closely between the
empirical values observed by KOPS et al. (1975) and STOBER
(1972), this gives ‘a value of dae = 5.05 pm for doublets,and
~dae = S¢li ym for- ‘triplets, at d bes . The overall effect
- of partlcle aggregatlon in’ the proportlons observed in the

present work at 4:5 pm, is therefore likely to be small.

- (v) Construct1on of apparatus ‘and control electronics

Only a brief descr1pt1on of certain constructional aspects,

considered relevant, w111 be attempted here,

It was 1mportant that the subject's mouth was effectively
sealed over the mouthplece durdng aerosol adm1n1&trat1on. Since
the diameter of mouthp1ece used was in ah;‘case made relatively
wide (2:5 ¢m), in order to minimise alrfiow re51stance. the
"resultant stretching of the subject's 11ps favoured good sealing.
As an. additional safeguard a rubber flange was 1ncorporated into
the mouthpiece (Figure 3.2.8). . The right. and 1eft edges of the
flange were elongated in order to prevent_'51de-breath1ng' by
the subject. The flange was fitted about one centimetre along
the mouthplece such that the latter normally penetrated to a

distance of about three centimetres into the subaect s mouth.

. The subject sat in a chair, of variable height, such that
his back was slightly off-vertical during aerosol administration,
as shown in Figure 3.2.11, which also shows the comblete_aerosol

administration apparatus.

From the descr1pt1on of the breath to breath operating

iy

sequences described earlier in thls chapter it may be apparent
that an electro-pneumatic coritrol system of con51derab1e
complexity was required. It was also essential that h;ghw%

reliability was achieved, because of the one-off nature of.the
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Figure 3.2.11: Photograph of a subject breathing on aerosol

adninistration apparatus,




3.3

experiments, A circuit that employed as few discrete
components as possible was used in order to minimise the

probability of a failure occurring in the whole system.

Pressure changes were detected using a commercially

available micromanometer (Mercury Electronics Ltd.).

Measurement: of repgional aerosol deposition and clearance

(i) Definitions

While the total deposition fraction may be measured by

necessary to employ indirect techniques in the estimation of
the regional distribution of this fraction within the

respiratory tract.

In Chapter 1 the essentially continuous nature of the
respiratory tract was described and the difficulty of defining
specific boundaries betwéen regions was emphasised. Yet some
practical means of distinction must be adopted when it
becomes nécessary to consider the aerosol filtration character-
istics ofveach region separately., However, if indirect
techniques are employed such distinctions ought not to
presume an automatic correspondence between the anatomical

region under consideration, however precisely it is defined,

-and the deposition fraction measured empirically. For these

reczsens purcly functional definitions of regional depositicn

_fractions were employed which related as closely as possible

b
to the experimental methods used for the derivation of each:

1. "fw(I) That fraction of the inhaled aerosol which could be
recovered by washing of the mouth shortly after the
end of aerosol administration, normally within 1-2

minutes.

2. fs(I) That fraction of the inhaled aerosol removed tc the
stomach, by swallowing, between the first and
second readioactive lung burden measurements, the
_second performed normally 9-12 minutes after the
end of aerosol administration, The purpose of
measuring fs(I) was to estimate aerosol losses in

the pheryngeal and laryngeal regions which could
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not. be recovered in fw(I), but neither could be

strictly counted as a lung deposit.

3. fc(I) That fraction of the inhaled aerosol cleared from
the lungs between the second and final radioactive.
lung burden measurements, the final measurement
normally being performed 20-22 hours after the end
of aerosol administration. If it is assumed that
only that fraction of the inhaled aerosol which
initially deﬁoéited on the ciliated airways was
cleared, and completely cléared, during this period,

fe(1) is that fraction. ' .

4., fr{I) That fraction of the inhaled aerosol retained in the
lungs at the time of the final radioactive lung

burden measurement.
These fractions and all others relating to azerosol
deposition in the present work, have been written in the general
form,

f)((y) = s0600esececnoe equatjon 3.301

X

Y

where, X is the magnitude of the quantity under consideration
expressed as-a fraction of another quantity, y, expressed

in the same units as x,

hence;
fw(I) = ‘Eg teveceenccaans equation 3.3%.2
: és(I) = E? svessssscessss €quation 3.3.3
fc(I) = ~%L covcevesseenss equatioq 3.3 4
fR(I) = %i cesressacoecsss €quation 3.3.5

and, £0 (I) = fw(T) + fs(I) + fc(I) + frR(I) ... equation 3.3.6

v, was measured in arbitrary detector counts and expressed
directly as a fraction of I. S, C and R, were measured firétly

as fractions of quantities other than I, and then converted to



fractions of I, by means of the following equations,

£s(I) = felc+r+s)(f0(I)=fw(I)).ccv..... equation 3.3.7
fe(I) = fele+r) . (f(I)-fw(I)-fs(I))..... equation 3.3.8
fR(I) = fR(c+R).(£f0(I)-fw(I)=fs(I))..... equation 3.3.9

where, fs(c+r+s), fc(c+r), and fr(c+r), were estimated from

measurements of whole body radioactivity.

and,  fc(e+R)+TR(CTR)IZT wessesesessss equation 3.3.10

(ii) Measurement technioues

(a) Mouth and throat deposits

Radicactive particles deposited in the mouth during
aerosol administration were removed by means of the apparatus
illustrated in Figure 3.3.1. Several pressurised water-jets
were directed upwards into the subject's mouth from a 50 ml
syfinge, in order to ensure that any particles removed would be
washed downwards into the collection vessel. Mouthwash
dufation was normally about thirty seconds. Gargling methods
were rejected as these were found to be more likely to lead to
swallowing, which in this case it was desirable to avoid as far
as possible, The radiocactive content ot the mouthwash
collection vessel was measured in arbitrary detector counts.
For each radioassay the vessel was placed in a standard position
within the detector and the amount of fluid was always made up
to a standard level., Further details of radioassay procedures

are given below (3.3 (ii) e).

In the determination of dust-exposure standards it is
desirable to have some knowledge of the proportion of aerosol
which is able to penetrate beyond‘the larynx at a given particle
size or breathing pattern. Estimation of the proportion of
inhaled aerosol which deposits in the laryngeal region presents
severe practical difficulties however, In particular, the
subject is able to remove some or all of the initial throat

deposit before it can be measured. LIPPMANN and ALBERT (1969)
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were the first to attempt such measurements, In their
technique the throat and lung deposits were measured in sequence,
the lung heing the first to be measured. In the present work,
in order to minimise the time available for swallowing, the
measurement of initial lung and throat deposits was performed in
a single manoeuvre, This eliminated the need for measurements
of aBsolute radicactivity in the subject's throat since the
throat deposit could be expressed directly as a fractipﬁ~of the
total deposit, in arbitrary detector counts. No conscious or
deliberate coughing or_ swallowing was reported by any subiect

in this early period after aeroscl administration. Moreover,
it was possible by means of the technique to detect whether a
significant amount of radioactivity had actually been swallowed
before the first radioactive body—burdén measurement. None was
observed for any subject. Further details of the method are

given in 3.3(iidc.

(b) Retained and cleared fractions

The fraction of the inhaled radioactive particles cleared
from or retained in the lungs of a subject at a given time ought
not to automatically be assumed to correspond to the fractions of
aerosol which initially deposited in the largely ciliated non-
respiratory, and non-ciliated respiratory, zones of the lung.
The reasons for this were discussed in Chapter 1. The
definition of an aeroscl deposition fracticn in terms of levels
of retention or clearance at specific times therefore enables
the behaviour of aerosols in the respiratory tract to be

described using the minimum number of assumptions.

In order to obtain the levels of lung retention at a given
time, ideally, the total radicactive contents'of both lungs .
should be measured. However, owing to an arbitrary degree of
anatomical overlap between the lungs and those organs through
which swallowed radiocactivity must evehtually traverse, notably
the stomach, duodenum and transverse colon, this would appear
to be impossible to achieve in practice even when using
detectors of the highest available resolﬁtion° By resolution
it meant the ability of a detector to distinguish between
regions. If the resolution of an instrument is increased it

is normally at the expense of a decrease in sensitivity which is
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most often measured in terms of the number of detector counts
above background per absolute unit of radioactivity measured.

In a clearance study such difficulties are further compounded

by the necessity of monitoring thé radioactive lung burden for
relatively long periods, since this requires the use of an
initial radioactive lung burden that is high enough to leave a
detectable magnitude of radiocactivity at ﬁhe end of the

clearance period. Detectors of relatively high sensitivity

are normally employed in lung clearaﬁce studies (LIPPMANN and
ALBERT, 1969; CAMNER, 1971; MORSY et al., 1978: FOORD et al.,
1978). 'These may detect relatively low lung burdens, considered
ethically.accéptable for administration to healthy volunteer
subiects, but only at the cost of a relatively poor detector
resolution. A compromise is therefore normally requiréd betwegn
detector resolution and sensitivity such that a reasonably large
fraction of the lung burden may be measured while it is at the
same time ensured that there is no significant_coﬁtribution to
detector counts from radioactivity that has already been passed

down the oesophagus.

With- the exception of CAMNER (1971), the other

vorkers mentioned above employed radiation detectors placed in

-a stationary position relative to the subject's chest. The

main disadvantage of such an’approach is that the magnitude of

the abdominal contribution to detector counts is subject to a

degree of uncertainty for any‘gi&en measurement, with the

attendant conséquence that more of the lung radioactive burden
may be excluded than was absolutely necessary. ECORD et al.
(1977)- have demonstrated the large inter-subject differences
and rapid temporal variations in the abdominal contribution to
fixed detector count rates. CAMNER (1971) employed a linear.
scanning detector to measure rates of short-term clearance.
The advantage of this approach is that a one-dimensional profile
of whole body radioactivity is obtained from vhich it is
possible to estimate the relative radioactive contents of lung
and abdomen and their degree of mutual overlap for a given
detector resolution. A similar teéhnique was employed in the

resent work, details of which are given below,
P ' 24

st o4 g
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(¢) Use of profile scanner in the estimation of deposition
" fractions and clearance rates

* The profile scanner used in the present work is illustrated
in Figure 3.3.2. The apparatus was essentially that described
by TOTHILL and GALT (1971), who conducted a quantitative
analysis of its performance, Two diametrical detectors were
positioned above and below the subject, which reduced variations
in detector response along any vertical line between them. The
detectors consisted of thallium activated sodium-iodide crystals,
optically coupled to single photomultiplier tubes. Parallel .
slit lead collimators were fitted and their width could be
varied to give a range of spatial responses and resolutions.

The subject lay in a supine position approximately mid-way
between the detector-pair and could be moved at a pre-determined
rate, in a horizontal plane, such that the full body -length was

scanned.

The two photomultiplier'outputs were first amplified and
then passed via a mixer into a multi-channel spectrum analyser
operated in the multi-scaling mode. In essence, this mode of
operation enabled the detector output for a given period, at a
particular time, to be assigned a particular location or
channel number in the analyser memory corresponding to the
‘particular position of the scanner trolley at that time. A
whole body profile of the radioactive distribution within the
subject could therefore be obtained, an illustrative example of
vhich- is shown in Figure 3.3.3. By setting the analyser
counting period or dwell time, to one second, and setting the
scanner trolley speed to one centimetre per second, each point
on the scan profile, of which there were 200, corresponded to
a one centimetre trolley movement. The calibration accuracy
of the apparatus was periodically checked using a stop watch,
both with and without a subject on the scanner trolley. Total
scan time was 200 seconds which was sufficient to obtain
Q,OOO;S,OOO detector counts per jCi of inhaled radiocactivity.
Only some 50 seconds of this period weére spent actually scanning
the lungs, in which time only a small degree of clearance would
be likely to occur. From a series of such profiles a lung

clearance curve for each subject was derived, by a method

described below, each point on the curve being derived from one
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profile scan. " From the magnitude of lung retention averaged
over the three final scans, normally performed 20-22 hours after
aerosol administration, values for fc(c+r), fr(c+R), were
derived (equations 3.3.(8-10)). Owing to the large number of
scan profiles obtained for each subject, which varied from 20-50,
corrections for backgfound radiation and isotope decay were
performed on each profile by means of a PDP 11/20 computer
(Digital Equipment Corporation). The unprocessed profile scan

data were first stored on punched tape and then transferred to a

- magnetic storage disc. Figures for background radiation and

time. of scan were fed into the computer . via a teletype and a

computer program (HANNAN, 1978) applied the necessary corrections

to each data peint of the profile, printing the corrected
version on an electrostatic printer.‘ The figure for background
radiation, normally between 1,500-2,500 detector counts, was
derived from the average of five or more scans perforwmed during
thelclearance veriod without a subject on the trolley, The
coefficient of variation in background detector'counts was alwaysA
within < % of the average value during the scanning period.

Relevant aspects of radiation counting statistics are discussed

in 3.3(iidd.

- As the lung clearance measurements were performed in a
hospital department where radioisotopes were in frequent use,
care was taken to ensure that the subject was not contaﬁinéted
by this- env1ronment, as far as possible. The subgect was
instructed to wear shoes when it was necessary to venture 1nto
the hospital corridor and to remove them before a scan.
Scanning of the experimental operatives who had been in the
hospital for several hours confirmed that there was normally no
pick-up from airborne radioactive'contamjnation detectable above
normal background radiation. Before use it was necessafy to
set an 'energy-window' on the multi-channel analyser such that
only those scintillation photons that had arisen mainly as a

99m)’-_photons (photopeak

result of photoelectric absorption of Tec
energy = 140 KeV) in the scintillator crystal were included in
the dafa output. This ensured greater ovérall accuracy by
preferential exclusion of background radiation, at slight cost
in terms of sensitivity due to exclusion of scintillation

photons that had arisen mainly as a result of Compton



interactions within the scintillation crystal or subject.

As was described -above, a compromise is needed between
detector resolution and sensitivity such that as large a
portion of the lungs is measured with a minimal contribution
from swalled radioactivity. In this, it is essential to have
some means of knowing the contribution of the cleared radio-
activity and its distribution within the abdomen at wvarious
times after aerosol administration, for a given detector
resolution. ° Such knowledge cannot be obtained by calculation
alone but must he determined emnivirally, In order to-
determine the optimum collimator slit-width, profile scans were
performed using two volunteer subjects who had been

99m

ihtravenously injected with Tc lazbelled human serum albumen
microspheres., These subsequently became trapped in the
pulmonary fine-capillary structure and their distribution on
the whole body profile was compared to that of Tc99m labelled
polystyrene particles taken orally (i.e. swallowed). S1it
widths from 2 to 20 centimetres were tried. At a slit-width of
2 centimetres the advéntage in terms of lung/abdominal overlap
appeared minimal in comparison with the results obtained at a
slit-width of 5 centimetres, when detector sensitivity was some
six times greater. Lung/abdominal profiles were barely
distinguishable above a collimater width of 8 centimetres, but
appeared satisfactory for both subjects at 5 centimetres

(Figure 3.3.4(i) and (ii)). At an isotopic photopeak energy

of 140 KeV the mid-planar resolution, defined as the width of

a profile peak at half its maximum height obtained by scanning

a point source at the mid-line of the mid-plane, is

approximately three times the slit width (TOTHILL, 1974). For

a slit width of 5 centimetres this implies that for radioactivity
plaéed at the boﬁndary of an organ, its contribution to detector
counts will not fall below half its peak value until the

detectors have moved approximately 7°5 centimetres off a vertical

line above the boundary.
" This contribution will fall to zero at a distance,

do = q[’g‘ - 1] ;.ooooobaoo.noequation 3.3-11
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Also, the full width.half maximum resolution, R, could be

apprbximated by,

R=4do + q cesesascesco €quation 3.3.12

where, q = collimator slit width (5 centimetres)
d = distance from the crystal to ﬁid-plane
a = collimator length (11 centimetres)

do = distance in a horizontal plane from the slit edge to
the point at which the contribution of a point’

source at tne mid-iine of the mid-plane is zero.

At the mid-plane (d = 35 centimetres), this gives a value
do = 10-9 centimetres. Consequently, even if all swallowed
radioactivity remained at the nearest point to the lungs, i.e.
~in the stomach, the portion of the lungs scanned by the region
of maximum detector response could still be between about one half
to two thirds of the total and yet still exclude the abdominal
contribution. Variation in spatial response in a vertical plane
parallel to the collimator slits is discussed in 3.3(ii)d. The
relatively small degree of lung/abdominal overlap on the scan
- profiles at a slit width of 5 centimetres shown in Figure 3.3.4,
is consistent with these predictions, Collimator slit-width

was set at 5 centimetres for all measurements.

Figure 3.3.5(i) shows the characteristic shape of a scan
profile obtained as soon as possible after aerosol administragion,
normally within 1-2 minutes. The channel number of the small
'hump' on the otherwise smooth larger peak always corresponded,
to within approximately 2 centimetres, to the position of the
subject's larynx relative to the scanner trolley. After
completion of the first scan, the subject was asked to gargle and
swallow several times with drinkinglwater. Following this
procedure the second profile scan, normally performed within
8-10 minutes after the first, had the characteristic shape shown
in Figure 3.3.5(ii). The laryngeal 'hump' transfers to the
abdominal region, with no selective de€posit remaining in the
laryngeal region discernible on the scan profile. This
indicated that the period of time between the first and second

scans was sufficient for material deposited in the laryngeal

region to have been cleared, by whatever means, and passed
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down the oesophagus.

The magnitude of the laryngeal 'hump' was obtained by sub-~
tracting the channel counts of the second profile summed over
channels (0 - C1) from the corresponding ones of the first,
where C1 was a standard reference voint obtained by superimposing
the two profiles and determining the point at which they
converged (Figure 3.3.5(iii)). There were actually two points
of convergence, C1 and C2, Summation and subsequent profile
subtraction could therefore have been made either over channels
(€2 - 200) or (G - Ci). In-.practice it was normally found to
make no difference on which side the subtraction was executed,
indicating an insignificant change in count rate, or sensitivity,
due to the changed spatial distribution of the radioactive

particles,

In obtaining the larjngeal/pharyngeal deposit, fs(I), by
such means, an element of cleared upper-tracheal deposit below
the lérynx was included, Estimation of this devosit by, for
example, planimetric analysis of the first scan profile,would not
overcome this difficulty as it could not be assumed that some of
the 'hump' was not due to selective tracheal losses immediately
below the larynx. Assuming a tracheal ciliary transport rate
of one centimetre per minute (GOODMAN et al., 1978), the
approximate maximum boundaries of the region thought to be
included by adepticn of this method may be as shown in Figure
3.3.6. In practice it is unlikely that the material included
extended this far below the larynx owing to the additional
clearance delay introduced by the larynx itself. While it is
technically possiblé to estimate the laryngeai/pharyngeal
initial deposit by means of fixed radiation detectors (LIPPMANN
and ALBERT, 1969), the profile scanner has the clear advantage
that it may be confirmed directly from the scan profile
whether or not a significant amount of radioactivity has been
swallowed before the first measurement. However, it ég;ﬁid be
appreciated that any differences between the estimates for
'throat losses' of different research groups may be due not
only to differences in technique, but also to differences in

the definition of this fréction.
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The initial value of the lung deposit from below or just
below the larynx, was derived from the second scan profile
performed 9-10 minutes after the end of aerosol administration.
There may have been a finite fraction of tracheal deposit
cleared in this period, most of which would be included in the
fraction, fs(I). This magnitude may be estimated from the
lung élearance cufves averaged over three subjects at each
particle size(Figures 4.,3.1-4, Chapter 4). In the particle size
range studied (4°5 - 13-0 ym diameter), this magnitude was
between 2-4% of the initial deposit over the first ten minutes
of clearance after aerosol administration, the largest particle
sizefexhibiting.the most répid clearance as might be exnected.
In teéms of thé.amount of aeroéoi.inhaled by a subject these
magnitudes reduce to, (fc(I) + fr(I)) x (2-4%) which gives
values in the range 1:5-2:0% 'in the particle size range studied.
In addition to the two profile scans performed 1-2 and 9-12
minutes after aerosol administration, between these times,
approximately 4-5 minutes after aerosol administration,
measurements of tracheal radicactivity immediately below the
larynx were conducted using a fixed radiation detector system.
lA second such measurement was made immediately following the
second profile scan, about 11-14 minutes after aerosol
administration. These measurements were actually initiated for
a quite different purpose, exvlained below, and not all subjects
were measured. Details of the method are given in 3.3(iii).

By estimating the area of the tracheal clearance curve bounded
by these times|, the magnitude of the deposit which had passed
thfough the trachea in that interval could be estimated in
relation to fhe magnitude of the deposit subsequently cleared
through the trachea, i.e. to fc(I). These estimates confirmed
those obtained from the averaged profile scan clearance curves,
giving average values at each particle size in the range
0:3-1+6% for the deposit cleared betwéen the first and second
tracheal measurements, expressed as a percentage of the amount
of aerosol inhaled by the subject (Table_3.3.1). These
percentages amounted to only a small fraction of fs(I) at any
particle size (see Chapter 4). It is not possible to reach
conclusions as to the proportions of aerosol which initially

deposited in the pharynx or larynx separately, owing to
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two throat meas. Particle size range 45 -~ 13 pm.
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uncertainty concerning the amount of clearance from the larynx
before the first, fixed detector, throat clearance measurement.
However, it may be observed that owing to the small proportioﬁ
of radioactive particles estimated to have been cleared in the
first 9-12 minutes after the end of aerosol administration, the
striking differences between these results ond those repbrted
by ALBERT et al. (1967); LIPPMANN and ALBERT (1969); ALBERT and
LIPPMANN (1973), cannot be explained in terms of differences in
the definition of deposition and clearance fractions.
Differences in technique must therefore be considered. This is

discussed further in Chapter L,

Figure 3.3.3 shows s¢an ,profiles; for one subject at
successively greater times after aerosol administration. The
regions containing cleared and retained radioactivity are

readily discernible on the later scan profiles,

Planimetric analysis of.the scan profiles (CAMNER, 1971)
was rejected on the grounds that assumptions would be required
concerning the shape of the purely abdominal or lung profiles
in the region of overlap. Instead, the lung contribution was
obtained by summation of all counts to the right of an anatomical
reference point, marked 'X' on Figure 3.3.5, a certain number of
channels heyond which it was considered that the abdominal

contribution would be negligible. Before each experiment the

1

"
=

suhject's chest was marked close to the Xypheid process ef the
sternum bone, such that the position of the mark relative to the
scanner trolley, and hence to the scan profile, could be
convenieptly determine.d° Five separate clearance curves were
initially derived from the whole series of scan profiles for
each subject: Xk, Ix-5, Ix-10, 7x-15, 2x-20; each of which,
except for Ix, were derived by summation of five fewer channels
than the preceding clearance curve (Figure 3.3.5(iv)). The
same section of the lung profile would therefore be included in
the determination of each point on the curves, provided the
anatomic reference point had been accurately measured. It
should be noted that by adopting this method of analysis, the
derived levels of retention may well exceed unity for certain
periods as material is cleared upwards into the selected

summation region of the profile scan prior to removal into the
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ahdominal region, The effect is likely to be most pronounced

over the smallest summation sections (e.g. 2x-20, Figure 3.3.7).

As might be expected the clearance curve based on the
highest number of detector counts, i.e. Zx, exhibited the least
scatter of points, and that based on the smallest, i.e. 2x-20,
exhibited thé largest. An example is shown in Figure 3.3.7.
However, the scatter was greatef than anticipated on a purely
statistical basis, discussed in 3.3(ii)d. ~ Moreover it appeared
not to be entirely random but often formed distinct peaks along
the curves when several successive points were close, which
became more pronounced on those derived on scan profile sections
at successively greater distances from the reference point, 'X',
implying an association with the upper vesches of the lungs,
towards the trachea. The possible origin of this phenomenon
is discussed below and in Chapter 4, This scatter reduced
considerably for the {inal profile scans, 20-22 hours after
aerosol administration, although by.this time purely statistical
scatter was more important. A small range of values for
fc(c+r), fr(c+r), was therefore possible and it was considered
necessary to adopt a standard criterion for the selection of the
summation section to be-employed in the derivation of these
values, in each case, As the position of the abdominal pesk on
the scan profile was of moét importance in determining the degree
of lung/abdominal overlap, the criterion adopted was derived by
projecting the right-hand side of the abdominal peak, which was
in all cases discernible, to the channel number scale baseline
at 'a', Figure 3.3.5(iv). In the event of a small quantity of
ahdominal radioactivity residing at 'a', in the subject; it would
be approximately ten channels further along the profile before
its contribution to détector counts fell to nought. The
summation point was therefore selected as that which was greater
than ten channels from 'a'. This was normally either Tx-5 or
2x-10, and in a few cases, x-15. The proportion of total
initial lung counts included in the derivation of the selected

.+ + s
clearance curves averaged 52 - 24 (mean - standard deviation).

A comparison between the methods used to obtain the lung
clearance curve from the scan profiles was made in one subject

(Figure 3.3,8(i)). One clearance curve was derived using a
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planimetric method based essentially on the assumpticn of |
symmetry between the right and left halves of the abdominal and
lung )ect1ono of the scan profiles. The other clearance’ cirve
was derived from the same profiles using the summation method
described above, As shown in the figure the scatter of points
is. far less for the curve derived by the planimetric method and
is similar to those reported by CAMNER (1971)., A larger
scatter of points was observed whenever the summation method was
employed. Individual and group average clearance curves are

presented in Chapter U, part 3.

It was considered that the clearénce pulses may have arisen
as a result of an experimental artefact, although none was known
that could satisfactorily explain such nen-random behavicur,

To investigate the possibility that the phenomenon was due to
genuine variations in the radiocactive content of the lung section
being scanned, for one subject, a single tixed radiation
detector was placed vertically over the throat at regular
intervals during the clearance period, The detector consisted
of a scintillation crystal (Nuclear Enterprises Ltd.),

optically coupled to a photomultiplier tube and was mounted in a
cylindrical brass collimator (bore = 6'5 centimetres) at a depth
of 8 centimetres. iThe~phqtomu1tip1ier outnut was fed into a
counter-ratemeter énd single channel analyser (JAand P
Engineering Ltd., type MS310) and the number of detector counts
obtalnod over a two-minute countlng perlod was recorded manually.
Flgure 3,3,8(ii) shows the rcsult obtained after appllcatlon of

the appropriate corrections for radiation background and isotope

A decay.'_ The reasonable degree of temporal matching betwéen the

scanning and fixed detector clearance pulses indicates that the
clearance pulses were‘indeed associated with the distribution of
radioactivity in the subject, The phenomenon was further
investigated in other subjects and more refined methods of
measuring the clearance of radioactive particles in the throat

were developed. These are described in 3.3(iii).

- (d) -Limitations of vprofile scanning

.The use of a profile scanner in the e: stimation of the.
deposition and retention of radioactive particles in the

respiratory tract has been described above, but not its
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limitations. These are difficult to quantify and involve

complex considerations.

An important limitation was that the spatial response of
the scanner was not entirely uniform but varied in a complicated
way according to the photopeak energy of isotope used, the mode
of combining detector counts from each detector output, and the
degree of variation in tissue scatter from point to point
(TOTHILL and GALT, 1971)., Spatial response was measured using
a hardboard phantom of approximately unit density, to simulate

tissue scatter. A e 2o

noint source was placed at various
points within the phantom and a brofile scan was performed

for each source pesition, the settings being the same as they
would for a profile scan of an actual subjeci. The total
detector counts for each scan were corrected for-background and
isotope decay and expressed as percentages of the counts

obtained after scanning the point source at the mid-line of the
mid-plane between the detectors (Figure 3.3.9). Point to point
variations of nearly 7% were observed.' However it should be
avoreciated that such variations would only be of any
'consequence when the initial spatial distribution of radioactivity
differed significantly from that of the final, The fraction of
initial radioactive lung burden which was retained in the lungs
would be measured with the saﬁe overall sensitivity throughout

all profile scans, other factors being equal, if the spatial
distribution was constant throughout. This would not be the

case with the total lung burden as it would include that fraction
to be later cleared from the Tungs, which wonld bhe unlikely to
have the same spatial distribution as the retained fraction at
any time. Quantification of the overall effect presents great
difficulties owing to the variety of unknown anatomic and particle
distribution factors. It should be_bppné in mind that it is the
initial distribution of deposited particleé in the lungs that is
important, not their distribution during the clearance process
which has no bearing on final point determination. If the
particles were initially deposited in the small airways (< 2mm
diameter), their spatial distribution might be expected to closely
resemble tQFt of the fraction later retained in the lungs, which

would reside wholly or mainly in the non-ciliated respiratory zone



 —

g ,( |
| collimctorl (side view)
| slit ' :
means: | o
. le A
verical : _ rectang :
horizontal l
. L}
g rectangie B
7483 95:79 110.88 9584 76443
8379 66:04 7863 12540 s1;31./ 67+84 o __#._
8435 71;27 99;71. 96‘;99 9(%-14 73‘-59
.. . . . .. . ~20cm
8596 71:63 91,16 100 92120 7481
______________ e o _midiplane
89:99 7687 9743 102748 95:02 7341
8577 7861 | 10389  112:02 101:20 | 82:06
105:88 84:57 1411 128-70 11516 36,87 ‘
I R A o N I A TN I N R M WISV R e LI A R AR AR L
i . I ;
’ ?\ scanner bed
I |
|eg I ASON—— 5
I |
|
Imicdine

\\

Figure 3.3.9: Spatial response of profile scanner.
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of the lungs. It is therefore likely that the effect was most
important at large particle siéés, where penetration to both

the small airways aad respiratory zone is small. In this case
the initial particle distribution of the fraqtion to be later
cleared from the lungs would tend to be more centralised than
that of the retained fraction, which would therefore tend to be
more peripheral. The'overall effect may be quantified in a
crude worst-case manner by assuming that the fraction to be
later cleared has an initial uniform distribution entirely
enclosed within the rectangle A, Figure %.3%.9, while that of the
retained fraction is uniformly distributed in the remaining
area, B, Taking the average of all percentagé values>in each
area gives 86-15% and 97-67%%, for areas B and A, respectively.
The radioactivity in area A is therefore 'overestimated’ by
approximately 1% relative to that in area B, which is
considerably less than the maximum point to point variation.

In practice it is probable that even at large particle 'sizes
there is a finite degree of overlap between the initial
distribution of retained and, later, cleared fractions, hence the
overestimate of the latter compared to the former would be lower
than 1%5. It should be note@ that this figure is a percentage
of the cleared deposition fraction, not of the amount of inhaled

aerosol, I.

Using the profile scanner it was uniquely possible to obtain
direct evidence of the magnitude of the combined effects of
variations in detector spatial response and tissue attenuation,
not over the thoracic cage alone, but over the whole body.

This was accomplished by plotting the total detector counts over
the whole of each prbfile scan, corrected for radiation background
and isotope decay, over the whole series of scans obtained for
each subject. Fixed radiation detectors which measure a
selected part of the body cannot readily be used for this
purpose. Variations in the measuring sensitivity of the cleared
fraction due to its movement from the chest to the abdomen might
be expected to be comparahle if not actually greater than those
arising from differences in the spatial distribution of radie-
aq}ivity within the thoracic cage, owing to its initial
concentration inté*the regions bounded by the stomach and small

intestines, The results for all subjects are shown in
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Figure 3.3.10: Variation in total count rate over first
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Figure 3.,3%.10. It has been assumed that no faecal clearance
of radiocactivity occurred during the first five hours after
aerosol administration. The percentage variation in total
detector counts was shown to normally be within 5%, rarely

exceeding 10%, of the initial value, indicating that the

-percentage error in the estimation of the clearance and

retention fraction, fc (c+r), fR(c+r), would be comparably
small, and still smaller in terms of the amount of aerosol

inhaled by a subject, I.

It should .be noted that some of the variation shown in
Figure 3.3.10 wvould undoubtedly have arisen as a result of
errors in the positioning of the subject on the scanner
trolley. As far as possible the subject was always central-
ised on the same horizontal line relative to the detectors,
but subject movement during a scan (duration = 200 seconds)
could never be entirely eliminateéd. Intrinsic variation and
drift in the detectors and associated electronics could be
accurately monitored by scanning several standard radioactive
samﬁles throughout the measuring period, under conditions of
constant geometry. Detector drift rarely exceeded 5% of the
initial value from first to final scan, which was approximately
double the typical percentage variation from scan to scan.
Further details are given below. The results shown in_

Figure 3.3.10 therefore indicate that the variation in detector
spatial response and fissue attenuation were not serious
1imiting'fac£ors in the accuracy of the determination of the
retention, clearance and deposition fractions,using the profile
scanner. This, coupled with the considerable advantages of

profile scanning over "fixed detector methods, makes the method

the most appropriate for lung clearance studies.

Radioactive decay is a random process and there is therefore
a degree of uncertainty in the accuracy of any measured value
that is dependent on the number of recorded detector counts per
unit time, the number of repeat measurementé, and whether or not
the final value has bheen obtained from measurement of additional
quantities, e.g. background radiation, in which there is also =a

random variation.
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The standard error or standard deviation, 0 , of individual
values about their mean may be estimated, by assuming a Poisson
distribution, using, '

Oy = \/ﬁ ~ \/;\z’—, if ¢ is small ..... equation %.3,13

where, N number of detector counts

N = average number of detector counts over an infinite

series of measurements each of which were obtained

aver equal perigds of time

The standard error of the mean of m independent 'measurements

.is giVén by‘ R Coee s 7 e N AR o e
ONm = g&i ceceessscs equation 3.3.15

where, Nm is the average value of N over m measurements.

Expressed in terms of the relative standard error,\)Pi, or
coefficient of variation about the mean of m measurements this

becomes,

N

Nm = 100 0Nm = 19_((&)’}% ceeecseseess equation 3.3,15
Nm Nm " '
The standard error, 0, , , of the sum or difference of two

independent measurements is given by (TOPPING, 1965),

’ 01 2 = (012 + 022 )% @0e0ec0c0cesceoeo equation 3.3-16

where, 0, , 0,, are the standard errors of each measurement.

Using equations 3.3.13 and 3.3.14 to determine oijarn , the
standard error of the difference of two measurements over m

independent observations, gives,

N |3 - -

(o Py = 1+2||| " cee00ecsoses equatlon 303.17

12m ) : :
m

and from equation 3.3.15,

1_:ém= ']OO <N1+._—2rn>% ‘/:6 .-aae.o..noo: e(l\.;ation 303.18
N{:."zn1 m



where, N3 = the average sum or difference of

1+2[~n 3 1"2m

detector counts over m independent
measurements, each of which were.

obtained over equal periods of time,

Calculated from equation 3.3.18, values of N2,
needed to be in the region of 3,500 detector ccunts, equivalent
to approximately 0:78 uCi of whole body radioactivity at the
time of the final scan, or about 12 pCi at the time of aeroéol

administration, to ensure that was within < 2% of the

-2 m
mean value that would be obtained from an infinite series of
measurements, with'a'prObability of* 0683 that the average value
over 3 ohservations, (m = 3), would fall within this range, or

a prebability of 0-885 that it would f2ll within twice this
range. _These were considered to be the acceptable levels of
uncertainty. In some cases'VEan exceeded 2%, the highest

value being 3-0%, the average being 1:81%, owing to a certain
degree of unpredictability in the aerosol delivery efficiency

of the cerosol administration apparatus and in the value of total
deposition, fp(I), for any subject,

(e) Use of profile scanner in the measurement of radioactive
samples and detection of in vivo leaching

All radioactive samples were positioned at a standard
vertical and horizontal position relative to the scanner
d?tectors, for radioassay. The aerosol collection bags (see
3;2(iii))4,were.falded into almost flat, geometrically identical,

cardboard envelopes, such that the entire somple was scanned at

n

OO T T S TS
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& CONSTANT ﬂ’élg,.‘u.o

It

"Radiocactive attenuation through the walls of each sample
container was small, e€stimated to be less than & and in any
case approximately equal for each sample. For samples
containing liquids (mouthwash), a calibration factor was
derived in a separate experiment involving reference sources.
Three independent measurements of each sample were taken and
cne sample, the inspiratory collection bag, was scanned
repéatedly throughout the measuring pericd (20..22 hours) as a
check on the ‘stability of the profile scanner electronics., The
drift in the latter only occasionally exceeded %% from first to

final scan, which was approximately double the typical percentage
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variation in sample counts, from scan to scan. A correction
factor for amplifier drift was applied on the basis of the mean
percentage change over three scans of the inspiratory

collection bag,performed at the beginning and end of the period.

By means of a standard reference source of known absolute
radioactivity, it was possible to calculate the radiation dose
administered to the subject, Calculation of total deposition
and its subdivisions did not depend on a knowledge of-absolute
radioactivity,because all samples were measured -with the same
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counts for each needed to be determined.

:The:inaccuracy in the measurement ofhfhé'fédibactiﬁé‘Samples
due to random statistical variations in emitted radiation was
negligibly small, because these were measured shortly after
aerosol administration when only a small amounf‘of radioa&tive
decay had occurred. The exception to this was when the radio-
activity of a sample was extremely small (<.~ 24) in relation to
that of the aerosol inhaled by the subject, I. In this case
although the coefficient of variation \), calculated from
equation 3.3.718, might be relatively high (> ~ %), it was still

negligibly small in relation to I.

Profile scanning is of considerable advantage in the
detection of poésible in vivo leaching of radiocactivity from
labelled particles since if radiéactivity is removed from one
zone it inevitably appears in another. - According to HARPER et al.
(1966) the physiological behaviour of pertéchnétate compounds is
.sihilar to that of iodine which is selectively concentrated in
the thyroid and salivery glands and the stomach, transferal
occurring via the bloodstream, With the exception of the
stomach such concentrations would be readily discernible on the
scan profiles if of at all significant magnitude. Moreover,
any radioactive content in the bloodstream would be apparent as
an excess of counts above background over those channels on the
scan profile corresponding to the position of the subject's legs
on the scanner trolley. Such concentrafions or excesses of
radicactivity were not observed for any subject. The
possibility of urinary excretion of leached radioactivity was

investigated in one subject (A R ), by collecting the total
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urinary output .-for eight hours after aerosol administration.
The urinary sample was measured for possible radioactive
. content using the profile scanner, but the detector counts

were found to be at the background level.

(iii) Observation of tracheal and laryngeal clearance

The origin of these observations was described in 3%.3(ii)c.

A single detector was used in the first instance in an attempt
to observe ciliary clearance in the throat of one subject

(Figure 3.3.8(ii)). However, this detector was insufficiently
well colllmated to guarantee effective exclusion of the uppermost
section of 1ung, that nearest the first rib of the subject. which
extegdb tprCdlly to a line approximately four centimetres above
the manubrium sterni at the chest mid-line, as observed on

chest radiographs. Consideration was given to the origin of the
clearance pulses and the possibility that they arose as a
conséquence of a periodic accumulation and emptying of ciliary
transport fluid within the larynx was investigated, A fixed,
double, radiation detector apparatus was cohstructed: one detector
vas vositioned over the subject's larynx (Tq); while the other
was situated over a region'just below the cricoid cartilage of
the larynx (T,), such that a short section of the trachea would
be included in its field of view &nd the upper lung lobes would
' be wholiy excluded (Figure 3.3.11(i) and (ii)). If the
clearance pulses were arising as a consequence of a periodic
accumulation and emptying of ciliary clearance fluid within the-

larynx in an otherwise *smooth’ clearance process, two distinct

clcaranz £ gurrer wanld ha ohid

Toranss gurve (R ~

2incd: Tone choroctoristic ¢f the
penulne variations in amounts of radiocactivity enterlng the
larynx,v the other characterlsflc of some other process
occurring wiFhin the larynx itself. If, on the other hand,

the clearance pulses were reflected in genuine variations in the
distribution of radioactive particles entering the larynx, the
larynx itself playing only a minor modifying role, two similarly
pulsatile clearance curves would be obtained which were out of

" phase by_the time of ciliary transit between the two detectors,
Figure 3.3.12 shows the first result (subject A D) using the
douhle detectors, which is highly consistent with the latter

view,
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The same detector configuration was used for all subjects

3.3.12, and similar

studied subsequent to subject A D, Figure
results were obtained in many cases {see Chapter &), Owing

to intersubject anatomical variations an apparatus designed for

a supposedly average subject could never be completely effective
in all cases., The collimator design and dimensions were .
selecfed following examination of a number of chest radiographs,
both lateral and frontal (N.C.B., medical survey unit). From
these, a typical value of four centimetres for the distance of
“vertical separation between the upper lung lobes and'top of the
manubrium sterni- at the chest mid-line, was determined. This
leaves very little room for the placing of a detector between

the cricoid cartilage of the larynx and the uppérmos£>parf'of

the lungs. Advantage had therefore to be taken of the area of
tissue between the right and left upper lung lobes, by placing a
slit-collimated detector at a slight inclination ( ~ 20°) over
this region, in order to detect tracheal clearance (Figure 3.3.13).
Collimator design and positioning of the purely laryngeal

detector was more straightforward (Figure 3.3.11(i)). In many
cases, particularly at large particle sizes, the bulk of

material was cleared within the first few hours after aerosol
administration, as measured by the profile scanner. The tracheal
and laryngeal detectors confirmed these rapid clearances and
moreover their detector count rate was later observed to fall to

id level, thus confirming that there had been no

e
the bhackgrou

inclusion of radioactivity in the upper lung lobes.

Inevitably, because such a small area of the respiratory
tract was observed during any measurement, radiation counting
statistics were often poor, particularly towards the end of the
clearance period. The 99% confidence limits have been indicated
on all throat clearance figures. It should also be noted that
the clearance pulses cannot be explained in terms of passage
of single or small groups of particles beneath the detectors.
There were normally fewer than two detector counts per particle
through the measuring period, which is distinct from and
considerably lower than, the number of photon emissioné per

particle per unit time (< 4 per second), as estimated from:
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N, U AT
Ml anas == 23



119.

X
X L‘Cn-tm
- D=

= eccsesesscequation 3.3.19
h=A NN T TEC(TY. We X td

where, Nc = the number of detector counts for one particle
present beneath the detectors for td.
td = time of detector measurement ( ~ 0.033 hour)
tm = time of total measuring period ( ~ 9 hours

continuously)

v - R T
V)

- T
VS VT IV R AV

mEadurcae

nLs vver periovd im.
N: = number of particles inhaled by the subject
--Nn = number of particles presentbbeneath the defedtors
during the period of measurement, tm.
Cn = total detector counts over each period of .
v measurement, td, corrected for radiation background

and isotope decay

zfiCn total detector counts of each measurement, Cn,

_'121 summed over all measurements, X .

Being single detectors,. there was a greater variation in
throat detector response with source depth than for the
profile scanner. The hypothetical range of vertical movement
for a source within the trachea or larynx would be in the region
of two centimetres. If a point source moved this distance from
an initisl position ten centimetres frem the detector crystal,
the response would vary by some 3(0%, expressed as a percentage
of the maximum, However, it is improbable that such a range
of movementy, in a vertical direction, would occur in the trachea
(assumed horizontal) from one measurement to the next. In the
larynx the situation is less certain, but the close matching,
both temporal and in terms of relative magnitudes, obtained
between the laryngeal and tracheal clearance curves suggests

that the effect of any depth response variation was not large.

As the purpose of making the observations was eséentially
qualitative, no attempt was made to determine absolute or
relative magnitudes of radioactivity being cleared at different
times. The rates of rise and fall of the clearance pulses and
their degree of matching in the larynx and trachea, were

considered to be of most interest. ' For this reason as many



\N

v

120.

observations per unit time as possible were made for each
subject, Four consecutive throat detector measurements, each

of two minutes' duration, were .interspersed with a single

. profile scan, giving an interval of 8-10 minutes between each

set., Before either type of clearance measurement the subject
swallowed a mouthful of drinking water to assist in the clearance
of material lodged in the pharynx. Clearance measurements of
oné-form or fhe other were therefore conducted continuously for

aAlong period, normally. 8-9 hours after aerosol administration.

The throat clearance results are presented. and discussed in

B e ia SN L S L e

the~nextchapters

Subjects and experimental procedures

Consent to perform the experiments was obtained from the

M.R.C. Isotope Advisory,Panel (at the time of writing now under

the auspices of the D.H.S5.5.) and the local ethical cpmhittee
of the hospital in which the experiments were conducted, The

radiation doses administered to the‘subjects (average ~ 4t m.rem

to any organ) was considerably less than that given in a typical

chest X-ray. A total of eighteen male volunteer subjects
participated in a total of twenty experiments and the nature of
the work was fﬁlly described to each, Their physiological and
lung function data are listed in Table 3.4.1. Only a few

subjects reported symptdms of respiratory infection on the day

.of an experiment and those concerned have heen indicated in' the

table - ’

Bach smoker subject was requested not to smoke on the day

before, or on the day of, an experiment. Instructions to

‘subjects -as regards swallowing and coughing, during and shortly

.after aerosol administration, were described in 3.3(ii). No

special instructions were given-as regards coughing after the
secéﬁd profile scan since if this were an important factor in
the natural clearance process qfwa(Spbject it was considered
desirable to allow it. However, only one subject (V.C ),-a .
smbker, was observed to find it necessary to occasionally 4
cdugh throughout thé continuous part élearahce measuring period
(8-9 hours). . During the latter period the subjects spent

approximately half their time in a supinelpositiqn. The

possibility of a graviﬁational influence on ciliary clearance

&

Y

[ PN

.
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|subject| age |height fweight| FeV!|FVC | VC |ERV

vears| m. kg.

DCEAM| 45 | 186 | 71 | 432 {570 |nd | nd |[1108 [NS

AM | 29 |17 67 | 475 | 575 | 602 [ 217 } 1218 |NS N

AR | 26 | 167 | 68 | 307 |355 | 360 | +30 | 808 |NS Y

gp_ov 333 1-74 69 7 4L04 500 481 1-74, 1045

HG { 30 {186 | 94 | 450 |607 [ 594 | 148 [1023 [NS N

RRB 26 183 81 485 | 588 633 | 195 [ 1102 [NS

PCE | 26 | 180 | 78 | 480 {628 | 602 {nd |11+6 | NS N

B L T L e —— s et o s 1 e s § e g

gp.av| 273 | 1-83 843 | 472 | 608 | 610 | +72 | 1080

PT | 55 172 | 67 320 | 460 | 484 | ¥65 | 941 |NS N
PH 25 1-78 57 507 | 248 524 | 210 [ 1179 | LS N
KD | 28 | 176 | 70 | 428 |s10 | 532 | 220 | 1044 NS N

gp.av.| 360 | 175 | 647 | 418 | 406 | 513 | 198 | 1055

TDW/| 46 | 180 | 84 365 | 496 | nd | 142 | 986 | PS N
JH | 31 |[170 | 63 [ 395 |470 | 475 | +90 |1039 NS N
AD | 25 |172 | 64 425 [585 | 576 | 252 [1063 | NS N

gp.av.| 3%0 | 174 | 702 | 395 |17 | 526 | 1.95 | 1029

ATM | 33 186 68 534 | 650 670 | 232 | 1242 | NS N
Fif | 28 ¢ i8s @ 72 542 ¢ 70U | 88Y § 344 | 1178 | NS Y
RH | 33 [187 | 8t |537 | &30 | 665 | 176 |1249 [ NS N

gp.av. 313 1-87 737 537 | 660 675 241 1223

VvC | s4 | 180 | 76 | 400 [s530 | 556 | 278 [1176 | PS M

MS 38 nd. [ nd | 490 [se0 | 540 | 200 [ nd. | NS N

JV 38 178 | 79 378 | 548 s00 | 127 | 969 [ LS N

gp.av. 433 179 775 423 | 539 532 202 1073

popay| 342 [ 179 | 729 t42 | 538 | 563 | 200 | 1085

s.d. 97 | 007 9.1 Q71 108 0-8s | 053 119

A.=9; of predicted FeV' N= no NS = non smoker
B.= smoking history Y= yes L'S=light smoker
C = respiratory infection " PS=pipe smoker
*» = bips. nd =not determined

Table 3.4.1: Physiological data.
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cannot be excluded. However, because of the relatively large
number of clearance measurements considered necessary for each
subject ( ~ 100) in order to observe the rapid clearance

fluctuations, this was considered to be an unavoidable situation.

Aerosol administration was normally initiated at about the
same time of day (11.30 a.m. - 1.30 p.m.) for each subject and
the clearance measurements were performed continuously fof a
period normally in the range 8-9 hours, with a final measurement
(3 profile scans) at 20-22 hours after aerosol administration.
A1l mouthpieces were thoroughly cleaned with disinfectant before

-an- experiment, in the interests of hygiene.

Y s wer e
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L, RESULTS AND DISCUSSION

Calculation and organization of results

As was described in Chapter 3, part 2(iv)b, in some cases
the proportion of satellite particles inhaied by a subject
exceeded &% by mass, or radioactivity. At the largest
particle sizes, owing to the small levels of lung retention
measured, it was considered desirable to attempt to express the
results for.two subjects (KD and TDw).in terms of those which
would be obtained if primary particles alone had been inhaled.
In Both cases the procedure demonstrated that the corrections

were always a small fraction of I (< F; Table 4.1.1).

The total deposifion.of an aerosol containing both primary

and satellite particles is given by,

fo(I) = (Ip + Is) = (Ep + ES)  eeeeense equation 4.1,
(Ip + Is)

where, Ip or Is, denotes the amount of primary or satellite
partibles inhaled, respectively.
Ep or BEs, denotes the amount of primary or satellite

particles exhaled, respectively.

. (1) = (Ip - Ep) + (Is - Es)

(Ip + Is)
gince, fo{I) = I - &
1
.z fo(I) = (fo(I)p. Ip + fo(I)s.Is)

(Ip + Is)

where, fd(I)p or fo(I)s, denotes the values of fp(I) for

primary or satellite particles, respectively.

Joo () = (fD(I)p‘+ f(I)s.Is )

e
%)

ip
which re-arranging leads to,

£0(I)p = £0(I) + Is . (£0(I) - £D(I)sS)...equation 4.1.2

“p
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subjectparticles| fom fw(r) fs fom TR
P+S 9417 0946 4195 2950 ‘1326
KD,
P 9644 1047 4605 3057 0936
Ps+S 9299 0589 4059 3906 0744
TDW.
P 9428 0636 4,365 3992 ‘0434
P = primaries
S = satellites

Tab;e 4.1.1: Satellite corrections.
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Therefore, if the difference between f0(I) and fo(I)s, as
estimated from the lower part of the measured total deposition
curve (Figure 4,2.1),is small, the difference between fp(I)p
and fp(I) is also small. This was found to be the case for
subjects KD and TDW (Table 4.1.1). The quantity Is/Ip was
determined from the slide samples placed on the floor of the
main, apparatus during aerosol administration, after allowing for
the effects of differential settling in the manner already

described (see Chapter 3, part 2(iv)b).

The ieglonal deposition fraction ol an aerosol containing
both primary and satellite particles in region, X, say, is

given by,

fx(I) = (Xp + Xs) cececsscassss €quation L b.3
(Ip + Is) ‘

where, Xp or Xs, denotes the amount of primary or satellite

particles deposited in region X, respectively.

since, fx{(I) =

H <

Ce fx(I) = (£x(Dp. Ip + fx(I)s.Is)
(Ip + Is)

which dividing and re-arranging as above, gives,

fx(I)p = £x(I) + Is (fx(I) - fx(I)s)...equation 4, 1.4
Ip
where, fx(I)p or fx(I)s, denotes the values of fx(I) for primary

or satellite particles, respectively.

If the difference between fx(I)p and fx(I)s, as estimated
from the lower end of the regional deposition curves (Figures
4.2.2, 4.2.3, b,2.k, 4,2,5) is small, according to equation
4L,1.4 the difference between fx(I)p and £x(I) is also small.
The largest correction to any deposition fraction was ~ 4% of
I (Table 4.1.1) for subjects KD and TDW. The amended values

for these subjects have been plotted in the figures.

The deposition fractions, fo(I), fw(I), fs(I), fe(I), frR(I),

were measured firstly at a constant breathing pattern (tidal
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volume, V; = 1.0 litre (BTPS); breathing rate = 10 breaths
minute=!) over a range of particle diameters (4:5-1%:0 ym).
Three subjects were:studied at each particle size, making a
total of twelve subjects for the variable particle size study.
Two subjects (DCFM and PCE) were not measured at ahout one day
after aerosol administration. In their case, the lowest point
on the clearance curve was used to calculate the final level of
retention. The results are presented and discussed in part 2
of the present chapter. In addition, the effects of varying

the breathing pattern at a constant.particle diameter (4-5 pm)

were investigated in nine subjects, three at each ‘pattern, three

Seing in common with the variable particle size study, making a
total of eighteen subjects‘participating in the research. The
results of the variable breathing pattern study are presented
and discussed in part 2(iv) of the present chapter. The
number of subjects who were willing or able to participate'in
repeat studies and the number of repeat studies possible, was
necessarily limited by the extensive time required for each
experiment and the cumulative radiation dose administered to
them. Two subjects (Pl and MS) participated in the
reproducibility study, two experiments being performed in each
case. ' The results of ‘the reproducibility study are presented

and.discussed in part 2(iii) of the present chapter.

For all subjects a lung clearance curve was derived from

‘.the_séries of profile scans, Four studies were performed

without any throat clearance measurements, vefore the
relevance of the clearance pulses was fully considered (see
Chapter 3, part 3(iii)) Six studies were performed using a
single detector, to‘measure laryngeal clearance, which was

described in Chapter 3, part 3(ii)c. Ten studies were

‘performed using the double detector apparatus, which was

described in Chapter 3, part 3(iii). The throat clearance

results are presented and their origin and significance is

discuséedg in part 3(ii) of the present chapter,

Aerosol deposition at variable particle size and

breathing pattern

The deposition fractions obtained for the twelve subjects

of the variable particle size study are listed in Table 4.2.1
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and theiriindi&idual breathing conditions during aerosol
administration in Table 4.2.2. 1t should be noted that
deposition fractions to four decimal places have been quoted
in these tahles because this is helpful when confirming the
accuracy of certain equations, as described later in the text.
The 9% confidence limits shown on certain figurés have been

calculated ﬁsing 'Student's t-test'.

The total deposition results, fo(I) versus particle size,
are plotted in Figure 4.2.1. These have three notable

i (AN b 2 mee
fzatures: [ :

with increasing pariicie
size ié small; (2) a large amount of aerosol is exhaled,
particularly towards the larger sizes, compargd,to the results
of other workers (see Figure 4.2.9); (3) there are finite
differences hetween subjects, The most important source of
inter-subject variability<wou1d appear to be fs(I) (Figure
L.,2.3). This is somewhat predictable as the laryngeal/
pharyngeal region has a highly variable geometry and flow rates
are high (see Chapter 1, part 1(i}). The first two features
may indicate the importance of the relatively large volume of
anatomical‘dead space in the mouth, pharynx, larynx and large
airways. Since much of these zones contains a significant
vertical velume element and aerosol which enters last, leaves
first, residing for only a short period, it appears that the
total deposition 'saturates' at or helow about 4'5 um particle

diameter, increasing only gradually thereafter,

. The deposition fractions fw(I), fs(I), show clear upward
trends with increasing‘particle size (Figures 4.2.2 and 4.2.3).
At this point it should be noted that no attempt is made in the
present work to plot the deposition fractions as a unique
function of an impaction parameter, e.g. particle density x
particle diameter® x mean flow rate, as some other workers have
attempted (LIPPMANN, 1975). Such an approach may well be
erroneous because the amount of aerosol depositing in a given
region is dependent on the amount which enters, from either
direction of flow, as well as its intrinsic aerosol filtration
efficiency. It is first necessary to express, if possible,
the measured values of deposition in terms of efficiencies, as

opvrosed to fractions, which may require a detailed preliminary
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analysis. Moreover, since aerosol deposition is never a unique
function of an impaction parameter, for example, a sedimentation
parameter might alsc vary as particle density and particle
diameterz, but inversely as flow, it must be borne ih mind that
the combination of variables of flow and residence times in the
respiratory tract are critical in this respect. In the

present work respired flow rates have been held nearly constant,
which is therefore not conducive to any attempt at
distinguishing the relative importance of sedimentation and

impaction, Other approaches have been attempted however (see

While the curve of fc(I) (Figure b.2.4) also shows a
génerally increasing trend with increasing particle size, this
appears to falter at the largest particle sizes. However, it
must be remembered that aerosol exposure below the larynx will
be considerably reduced owing tc the increase in £u{I) and fs(I)
(Figure 4,2.8). 1In this instance, it would be helpful to
attempt to express the deposition of the cleared fraction,
fc(I), in terms of the absolute aerosol deposition efficiency
in the region concerned. Considering the plot of fR(I) versus

particle diameter it appears that the larger sizes are able to

penetrate and deposit in the respiratory zone in relatively

large numbers (Figure %4.2.5); This is a most unusual result
when the relative magnitudes of the other deposition fractions
are considered (Figure 4.2.6). If fe(I) is reducéd at the

larger particle sizes because of greatly decreased aerosol

- penetrance below the larynx, it might be expected that owing

to the fact that the deposition efficiency in the dead‘Space
airways is certain to increase gfeaﬁly at the larger particle
siies, the measured values of fc(I) would be much greater in
comparlson to fR(I) than actually turns out to be the case
(Ilwure L.2.7). At both 104 ym and 13 ym particle diameter,
fr(I) is a significant fraction of fe(I). However, the
complicated interaction between aerosol exposure and deposition

efficiency makes Such intuitive analysis uncertaln. To anﬂlyse

this and other queotlonu more r:gorouoly, it is first necessary

to formulate a descriptive model of the lung, as a series of

discrete flltero, vhich may enable the regional d00031t10n

efflclen01es to be estimated within reasonable limits.
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(i) Definition and description of lung model

Four regional deposition fractions have been measured in
the present work: fw(I), £s(I), fc(I), frR(I).  For the
purposes of the following analysis it will be assumed that each
such fraction represents the fractional deposition value in a
particular region, i.e. W, S, C, R, corresponding to the mouth,
larynx/pharynx, dead'Space airways, and the respiratory =zone,
respectively. The validity of the assumptions will then be

considered.

In performing such an analysis it cannot be assumed that

the aerosol deposition efficiencies are equal in both directions.
of flow, for any region, without consideration of the physics of
the deposition mechanisms and possible'variations in the anatomy
of a particular region between inspiration and expiration. For
example, it is known that the glottal opening tends to be more
constricted during an expiration than an inspiration“\(see
Chapter 1, part 1(i)), which might therefore lead to a
correspondingly higher aerosol deposition efficiency in the
larynx during an expiration, Similarly, as a consequence of
the dichotomous brénching geometry of the airways, there might
be greater inertial impaction of particles in the dead space
region (C) during an inspiration, than an expiration.

Effectively,therefore, each deposition region with the
| ex.eption éf the res vo

w3 wadtansr
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behave as two filters assumed to possess unequal aerosol
deposition efficiencies, In the present analysis these filters
are denoted by the subscript, i, for an inspiration; W;, Si, Cis

and, e, for an expiration: We, Se, Ce.

In addition, it must be considered that notthe entire tidal
volume of aerosol traverses the filters W, S, and C, during an
inspiration. For the mouth and laryngeal/pharyngeal regions
the volume of tidal air not making the'complete traverse is
relatively small ( ~ 50 ml) and the error introduced by
ignoring this volume is likely to be negligible, (It should be
noted that the relatively large values of fe(I) measured at
large particle'sizes which may well be returned mainly from
these regions, do not have a disproportionate effect in the

énalysis owing to the dependency of regional deposition
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efficiencies mainly on =serosol exposure during an inspiration).
However, in the case of dead space airways thé proportion of
tidal air not making the complete traverse may be significant.
and must therefore be taken into account. According to
WEIREL (1963) the volume of dead space airways (generations
0-16) at about £ of maximum lung inflation ( ~ normal inflation
level) is 175 ml. This implies that up to about 18% of the
inhaled air would fail to reach the respiratory zone at a tidal
volume of 1:0 litre (BTPS), assuming plug-type flow. The
question of the degree of penetrance to the regpiratory zone 1is
complicated by the likelihood that airflow in fhe smaller airways
is of the Poisseuille type (i.e. the plot in two dimensions of
the forward flew velocity over an airway cross section possesses
a parabolic profile). The consequence of this is that the
respiratory zone may be reached by a volume of inspired air that
may sometimes be only some half of the dead space volume
(BRISCOE et al., 1954). This does not mean that the volume of
inhaled air which fails to penetrate to the respiratory zone is

always about half the dead space volume, since it is probable

%9 , where Vd is the dead snace
T

volume and V; is the tidal volume,

that at tidal volumes several times greater than the dead space
volume the fraction approaches,[

In the formulation of a lung model it must also be
remembered that a.proportion of the inhaled air, respiratory gas
exchange notwithstanding, will bhecome inektricably mixed with
the expiratory reserve and residual air already in the lungs
(see Chapter 1, part 1(i)). However, experiments using 1 pm
diameter particles as tracers of gas flow in the lungs have _
demonstrated that the amount of such mixing is negligibly small
(DAVIES et al., 1972).

" The journey of the inhaled aerosol into and out of the
respiratory tract may therefore be closely represented by the
lung model shown in Figure 4.2.10, The regions W, S, are
represented by four discrete in«serieq filters: W;, We, Sj, Se,
to allow for possible differences in the unidirectional aerosol
deposition efficiencies. Alternatively, these may be
represented together as a single 'head'filter, H, where

(Wi +8j) =H , and (We + Se) = He. The dead space airways
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are represented as three filters: two in-series, representing
the unidirectional aerosol deposition; and one in parallel
with these representing the deposition of the portion of the
inhaled aerosol which just fails to penetrate to the respiratory
zone. The respiratory zone itself is represented by a single
in-series filter, R, i The filters, Ci, R, Ce, Cd, may also be
repreéented by a single filter, (C + R), for convenience. in

some calculations.

Referring to Figure 4.2.10, the algebraic relationships are

aa .crvan halaAuw
26 JLVenl 22.0%,

W= (W + W) ceesecass €quation 4.2.1
S = (8; + Se) _ sesssaess equation 4,2,2
H=(W+8) =H +Hg eceeseess equation 4.2.3
Hj = (W, + §)) ceeosseos equation h.2.4
He = (We +_Se) ' coceseess €quation 4.2.5
C :H <Ci.;‘cd +-¢é) | cescsssso €quation 4.2.6
(C +R) =(Cj + qi + Ce + R) .........leqﬁation L,2.7
Wi = (I - Iy) eeseessss equation 4.2.8
.Si = {de - Igi ) | coveecaan equation 5.2.9
Ci = (Is” - Igj) voseesses equation 4.2.10
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Cq :}(ch~ E%d) : T eesscessees €quation 4.2.11
R = (Ici - ;) , ceccesssss €quation 4,2,12
Ce = (Eq - Ece') equation -L+.2.13.
Se = (BEce = Ege) cosscessos €quation 4.2.14
Wa = (Ege - ) cecsecsess €quation 4.2.15

D=(I-E)=W +5 +C +Cqg+Cec+R+Seg+V¥We ....equation

k.2.16
Icd = Y. Ig | . eecsseeses equation 4.2.17
I = (V=M. = YT eeesseeses equation 4.2.18
U Ig; f ;Si/ + Ied ceeceenees equation 4.2,19
Y ="{P.%gi‘ ceoessssas €quation 4.2,20
T

where, 'O< P < 1, arid P is the factor which determines the
_proportion of the dead space volume, Vd s occupied hy

the inspired air.

A deposition efficiency is defined here as the aerosol
deposition in a region divided by the total aerosol flux into

that region, i.€.,

€Wl = Wi ®o®a0cee00e00 equation l+.2.21
T .
€ = Si cosscssess equation 4,2.22
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€y = Hi veeseennes eQuation 4.2.23
I

€ei = Ei, eeeoesssss equation 4.2.24
Isi '

€eq = Cq cessecasse €quation 4.2.25
Ted

€r = R_ esccsesces equation 4.2.26
L

€ce = _Eii eeecescess €quation 4.2.27
Er

Ehe = He casecsscss equation 4.2.28
Ece

€se = Se_ eseassssss equation 4.2.29
EC@

e\we = ——W-Q— cecocececos e(}uation 14.2.30
Ese

The relationship hetween the inspiratory and expiratory
aerosol deposition efficiencies of certain regions, and that

between €cd and€¢j , or€c , are defined by 'qg- valués', i.eo,

Ced=ar€c eeecessses equation 4.2.31

"Che = QLY cessscsses equation 4.2.322
€ce = q3€ci coscesscss €quation 4.2.33
€cd =qs€ci

sea0caceess e eq_uation l+.2-7"+ :

“As the measured values of fw(I) were generally small at all
particle sizes it was considered not to warrant a separate

Ewi # €Ewe

analysis for the case of
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When the 'g-values' are unity,the aerosol deposition

efficiencies reduce to,

Ewi = Ewe = €w
€gi = €se = €5
= eH

A
' I
m
x
[¢¥]
!

The 'g-values', g, and q3, are of more importance in
determining the magnitude of the aerosol deposition efficiencies
than q1 or q,. It may be shown that the permissible values of
g1 lie in the range, 0 <q; < ~ 2, for small values of €cd, -and
Q;, =~ 94+ 03 e... equation L.2.35, which is intended as a simple

2 .
approximation only (Appendix 1).

Considering now the various cases when the 'q-values' are

non-unity, it may be shown that€ni Ehe , may be determined from

a knowledge of fH(I), fc+r (I), for a range of possible values

of a9,

Case A: EHi# Ene Nelb £1

now, H = Hj + He = €y I + Enebce

CUH - €H3[I + Qp( Tei ,—-(C+R))]

dividing by I, substituting Isi = I(1 - €y ) and re-arranging
gives, :

PN = €] Fap (=€) - Gz, forn(D)

So 02 EHi *+qy (Cri- Ewit) - qg.ferr(T) - fn(I)

. 2 pbE, +C ;

. 0= a€y Hi ceseescsss equation 4.2.36



where, a = qé

(1 + q,(1 - fc+r(I)]

C:fH(I) : -

Solving the quadratic equation 4.2.36 for €y; in the

normal manner, leads to,

2
.€Hi = b -: (b2 - I|ac )L o;'o..co.o equation 1"'02037
2a

Case B €ci #€ce 193 # 1

Now, C =Cj + Ce + Cd

€ci-Isi/ + €ce.Er ¥ Ecd.Ieg

-
Q
]

/

. / L
putting, Igi" =Y. Isi , Eg = (Igi - R), I.g4 = Y.Ig

;
gives, C = eci‘é JIgi + a (I - RE‘ + q,.€q.YoIg
putting, Igi = I(1 -€yj ); I = Ig’ . (1 - €q ),

gives, C = €Eg [Y’.IM -€y )+ q3(15;/. (1 -€¢) - R)jl
+q,€ci . YI(1 -€yi )

dividing by I and making similar substitutions and re-arranging

gives,
fc (1) =€ [}(’.(1 -€ )+ q3.Y’(1 -€; )1 <€ ) - q3fR(IE]

+ ql‘..€c§ LY(1 -eHi )

JLofe(D) = -6 ﬁyy’. (1'-6,“1 + € B’u -€4 (1 + qq + g..Y)
- qa.fR(I)J " | Y

S.o0= a'.E:C;z - 'b/'éci +c ‘ ..‘.........‘eéuation 4,2.38
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where, . [égl‘ Y. (1 'ieru ﬂ

‘- E,' - €y Yy o+ q3'Y/ + qL.Y) - q3,fR (I)]

]
H

[o3
fl

e
or putting Y 1 -Y),

v E1 -Exi (1 + g+ Y@L - 1-q3))—-q3fR(Ii

H

i

<’ fc (1)

Solving the quadratic equation 4.2.38 as above, for €, ,

gives,

1

FEo? g eeosssaass €quation 4.2.39

b - ba' ¢ )
{ 2a/

/
When q; = 1, b reduces to,

b/= kﬁ -€g )2+ ¥(q, - 2)) - m(Iﬂ

Having calculated values of €4 +Eci 4 for the desired values

of Ay s Ay 9o it is then pbssible to determine €g

Now,Er = R_
e
. 4 i 4
Yo, = Ig =Ci =Isi". (1 -€¢)

/

I = Isi ¥ =Y. T(1 =€y )

= K

L =
<o R TY'/'\ ~ Y (- VD)

S A -CHI /\l ~CC'/
' Ep = frR(T) ceseecesscs equation 4.,2,40

V(1 - €401 < E¢ )

When q, = 1, €yj may be replaced by€y , and when a; = 1,

€c; may be replaced by €, in equation k.2, 40,

It should be noted from equation 4.2.40 that€gr values have
their maximum when eHi and eci are also a maximum. Taking the
extreme and highly unlikely case of agsuming that all losses in
regions H and C occur during inspiration only, the values of

€4i and €¢; , may be calculated as follows,

inb.
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eH = g‘ = fH(I) . cescoovecoes eqllation “0201"‘1
I
(case q, = 0)
CCI = .C- = C = fC(I) coo equatjoﬁ )+o201+2
P 4 - .
Lsi YoI(T - Chi -y )y (case 3 = 0)
Case C: Egi = €s¢ =€s . Ewi= Ewe=Cw; G2 = 1

A though values of fw(I) were considered too trivial to
warrant an analysis of the case€wj=€ e , it was considered
desirable to at least express €y,€s , separately, in one case
(q2 = '])-

Now, W =W +W, = Ew(l+Ese)
and,- Ece=Ece = Se = Ece(1-€g) -

-.0 fw(l) = CWEl + fECe (1) (1 -es)}

e Ew = fw (1) cesceessen -@quation h,2.43%
[+ fEce (D .(T1-65)]
now, E = Ece - I{e_- Ece (1 —eH )

(Values of €, are more convenient to use here, and if

(€qi *+Ewi) =(€se+Ewe) then €y=Ee=Ey ),

VeBee= _E
(1 -€Ex)

fece (I) =  fe(T) = (1 = (1)) veeeeeoo equation 4.2.4b
(1 -€y) {1 -Ex) : » :

NOW, 5 =15 + S = €5(le + Ece)

.
L

and, Iy = I(1 -€Ew)
o 1s(I) = 63[(1 - Gy) +,fEce(I):l

substituting for €, using equation 4.2.43 gives,
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£s(1) = £ < - Rl >+ fece(T)

[1+ freelI) (1 -€57)7]

otsD. [+ teem i -e)] = &1e frce(D.(ee0)] - w65
+ fece(D) 8s[1 + Tre (0.1 -€9)]

. 0 = -£5(I) - F8(D). fece(I) + (D). feca(I).€s +€g + fEca(D).Eq
~ttce(T). €57 = M(I).Es + feeo(D). € +frca(T)’. Es

2 2 ’
—'fEce(I) . 65

. 29 .
0= - esz[mce(l) + fECQ_(I)] + € [1 +15 (1) o fE o(T)
2
b fEao(T) + foao(I) -f(I) + fece(x)] ;

- [fs(l) + fs(_I)_.fsce(I)]

2 v
-b€s +¢ ccvccone .o equation 4.,2.45

"= [recem O+ fece()]
[1 - twW(I) + fece(I)(2 + £5(I) + fsce(I))]

¢ = [18(D).(1 4 see(D )]

%
=
o
o}
o
-
o’ o
H I

n

Solving for €gin the quadratic equation 4.2.45 gives,

3

€c= b % (¥° - ud. &)
FEY

seccocsess €quation 4.2,46

It was considered necessary to adopt some means of
independently checking the accuracy of the calculated aerosol

deposition efficiencies for each subject.

.Now, D=H +Ci + Cq+ R+ Ce + He

fo(I)

1 [eHi I+ € WYLI(1 =€y )+ q,-€ci JYI(1 =€ )
I

+

Er(Y .I(1 =€hi ) = EqiY I(1 €y )

+

CcolY .11 -€y ) -€ci Y .I(1 -€hj )
- Ep(Y . I(1 -€4i) -€Cj.§’JK1“-€HiD)
+ Eue(Ye (1 <€y ) =€¢ Y .I(1 €4 )

| -GR(Y’ 101 -€ ) - €gj WYL I(T - €y )

“



129.

- Cce@/'l(q “€hi ) = €Y I(1 -€ )
- er (V.10 —€u) - £ Y LICT €5 D))

+ eye(ﬁ’l -€ui ) - q,.€ci Y(1 €y ))
Cancelling I and simplifying gives,
£0(1) = [E:Hi.f_eCi-Y/(" “€ni)* g, LY (1-Ey; )
$ER(Y(1=Em)(1-€ci ) +E€ce (Y11= Eni)(1-E¢; M1-€R))
+E€ua(Y(1-Eri)(1 =€ )(1-ER)(1=Ece )

+€He(\’(1—€Hi)(‘“‘ql‘.€c1))]' .

putting, Py = Y (1 -E4 )
P, = Py(1 -€ci )
Py = Po(1 -Er )
P, = P3(1 -€ce) = P3(1 - q,.€ci)
P1 =Y(1 =€)
Py =P, (1-gq,.6;)

Yhere in the above notation Px, say, represents the aerosol

penetrance to region, X.

|

‘. £o(I) = €Euj + P .Eci + P, 0q,+€ci + Py .Er + Py.€ee +. P, £ye
- - +P2’.€He

. . /

JLfo(I) =€y [1 4 g (B + Py )] + €5 [P 4 q Py + q3.B3] ¢

€g-P,

ceccseseee €quation 4.2.47

it

where, (1) = €, [1+ q,(P, + P2/ )
fc(I) = € [Py + qL.P1/ + q..B )

fr{(I) €

)

When q,= 1, €ni may be replaced by €x in equation 4.,2.47;
vwhen Qg = 1, €ci may be replaced _by€c , and q.,'byq,| .

Using the above equations it is therefore possible to

determine whether the predicted values of fractional depesition

t
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tally with the actual,

By an essentially similar process of calculation it may be
shown that to include the terms,Cw and€s, fo(I) should be

written (Appendix 2),
£0(I) =€y {1+ Ps + Py J+€[1 -€ + B + Py ]
, :
+€S| [P1 + qL‘P1 + q3.P3] +€R .P2

soseec0ecoe equation u02¢h8

where, fw(I) = €y (1 + Py + PJ)

£5(I) = €5 (1 ~€y + P, + P, )
£0{I) = €507 + q, B + g,.P5)
fR(1) = €g -P,

and, P, = Y (1 €y 11 <€)

Py = Py(1 «€¢i )
P3 = P,(1 -€g)
PL = P3(1-€Ce) = P3(1 - Q3o€C|)

Ps = P,(1 ~-€g)

45
i

Y(1 - €y ) (1 -Eg)
P7 = Py (1 - q,.€¢)
Py =Py (1 '-E'g)

(ii) Discussion of calculated rezional deposition
for variable particle size study

Teking an assumed value of P = 1, giving ¥ = 0-18, Y’ = 0-82,
values of €c have been calculated for a range of values of Ay
when q, = q4 = 1, using equations 4.2,37 and 4.2.38. The
individual and group average values of EQ;are plotted in Figure
' 4,2.11. Average values only for €~ are plotted in Figure 4.2.,12,
with error bars at the 9% confidence limit, for a range of
values of q4, i.e. 0°5, 1, and 2, the latter being an extreme.
This demonstrates that the influence of q, on €c values is not
large. Putting a reasonable estimate of q; = 1 throughout
subsequent derivations of .€. or €.;, for a range of values of

Ay A4 will not therefore introduce a significant error.
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Individual and'group-average values of €; for gy = 1 and

43 = q, = 1, are plotted in Figure 4.2.13.

The trend in €,,€., (Figures 4.2.11 and 4.2.13) is
generally upvards with increasing particle size, as might be
expected, At 10k pn particle diameter there appears to be a
disproportionate incresse in the curve for €y, but this falls

within the observed range of values.

The values of €4 may be further éubdivided into values of
€, and€g (this is not to imply that €y = €,+€s , in fact
€ - [1 - (1 =€y )(1 -E5)] , calculated using equations 4.2.43
and 4.2.46, The individual and group-average values for€y and
€s are plotted in Figures 4.2.14 and 4.2.15, respectively. Ew
manifests a clear upward frend with increasing particle size, as
did fw(I), and €5, while also showing a generally upwards trend,
possesses a similar scatter of péints to fs (1) and'éives an

obvious clue as to the main source of intersubject variability.

Values of €g for various values of €civ Eui » or€c,E,, may
now be calculated from equation 4,2,40. The individual and
group-average values of €r for q; = q = 1 are plotted in
Figure 4.2.,16. This shows an obvious downwards trend with
increasing particle size. However, the result is somewhat
remarkable in the light of an assumed dominance of aerosol
sedimentation in the respiratory zone. Before other factors
are considered it is first necessary to examine the possibility
that the downwards trend in €g, shown in Figure 4.2.16, is caused
by incorrect assumptions in the values of q, and q,. Figure
h,2;1? is a plot of group-average €g values for a wide range of
combinations of values of a, and P Whichever values, or
combination of values, is selected, the trend in €Er is always

downwards with increasing particle size.

The bizarre nature of the trend in €Er may be exemplified by
intuitively considering the relationship between the particle
falling speed, lung morphology and mean particle residenée times
in the airways, at the largest particle diameter: 13 um.
According to Stokes' law, a unit density spherical 13 um
particle falls in still air at'é rate of approximately 5 mm

every second. The diameter of the largest respiratory bronchiole

in the Weibel Model is approximately 540 um. Neglecting airway
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orientation influences, airborne particles entering the

respiratory region therefore need only to reside about a tenth

-6f a second before depositing. When the mean respired flow

rate, fy, say, is 333 cc sec,”!, as in this case, the average
time taken for particles to traverse the dead space, V4, is
given by %Q— , or 0°:55 seconds., Therefore, for a 6 second
breathing cgcle, the residence time of particles in the
respiratory zone would lie in the range O - 4-9 seconds,
averaging approximately 2°5 seconds, It may therefore be

safely concluded that the overwhelming majority of 13 um

wweuDarticles resided in the respiratory zone.for a.time . .far.greater

than that actually. required for deposition to be assured. Yet
according to the results plotted in Figures 4,2,16 and 4.2.17,
well over half such particles are able to enter and leave the
respiratory zone without depositing. It seems only pessible
to conclude that the measured depositicn fractions are

incorrect,

Besides possible errors arising in the experimental
technique, discussed in Chapter 3, there are two central
assumptions that have been made in the derivation of the
regional deposition fractions, frR(I), fc(I): (1) that an
insignificant amount of material which initially deposited in the
respiratory zone was cleared from the 1ungs'in the first day
after aerosol administration; (2) that an insignificant amount
of material which iﬁitially deposited on thedead space.airwvays
remains there thé fifst day after aerosol administration, Put
more simply, if one ‘of these assumptions is incorrect, it
implies either that: (1) C is overestimated at the expense of R;
or, (2) R is overestimated at the expense of C, respectively.,

The third possibility, that neither assumption is correct,
cannot be excluded. Although in that case the errors resulting
from each incorrect assumption would be partly, or wholly,

compensatory.

In Chapter 1, part 1(ii), it was concluded that on the basis
of recent evidence (GORE and ?ATRICK, 1978) it was quite ‘
possible that assumption (2) above, was incorrect, but probably
not assumption (1) (STAHLHOFFEN et 2l., 1979) ., If however

some of the retained fraction at 135 um particle diameter was

< PR

o,
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actually retained outside the réspiratory zone, this would have
the effect of lowering € = (—?—:—) still further. Only if the
whole of the measured retained _?'raction was actually retained
outside the respiratory zone, i.e. if there was actually
negiigible penetrance to the respiratory zone at this size
could the € values be explained in terms of assumption (2)
being incorrect. Before discussing this possibility further

the validity of assumption (1) will also be considered.

Let the systematic error in C be A , where A might be

3
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i
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+
-

o
D
o)

3
'3
D
3

D

>
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ive, derending on which czoumpticon is corroc
or dominant, Abeing positive if there exists a rapid phase
-of respiratory zone clearance. The systematic error in &

is therefore - A , i.e.

-ch(C+R) = C +A
C+ R
\ .
fr (C + R) = R A
: C_fR
Now, fc(I) = C . C+R
C+ R I

O ch(I) = c'+A = (1) - £ACI)
I

A
similarly, fr7(I

.’

A = (I} - £a(T

v

o)
= K

N

-

now, €p = R . cecessceses €quation 4,2,26

Ici
/ . / . .
and, I; = I¢i ~-Ci =Y .Ig - Ci

. nIC| = Y/'I(" -CHl) —C

. eR = R eeo0sessvo0o equation l*.aohg
) R
(¥ .1 (1-Cyi ) ;1

4 A
similarly, €y = R eoseoo €quation 4.2,.50

(¥ .I¢1 =Cpy; ) =G ™)




1l

\ .
where, Ci Ci + El ,Q_L_:I
C

now, C Ci + 4Ce'+ Cd

But if the invalidity of assumption 1 is causing the 'low’
values in €g, then it 'is likely that the 'real' value of €4
is -almost unity at a particle diameter of 13 pm. If 'real‘ER

is unity then obviously Co is zero,

..C=C; +Cd-

let €4 =€¢i 4 (@ = 1). A 'reasonable' value for the ratio -gi-
méy’“the‘refore be obtained, since, :

Cl = €C' o-y‘, .ISi
and, Cq = €Cd'Y°ISi =€c; Yolsj

V. C = €Ci oIsi .(Y/ +Y) :‘eci.Isi

ot =ci o+ YA

'which, substituting in equation 4.2,50, gives,

ERA = R - A | eseesssass €quation 4,2,51
[Y/.1(1 -€4;) - Ci - YLA] c

ia almagt unity | oo
L e [ SO - ~ oy

i unity, ion 1.2.1h9 lzadz 4o

R = [Y/.I(’{ -€4i) - Ci ]

substituting for [Y/.I1(1 ~€xj ) - Ci] in equation 4.2.51, gives,

€ =RrR-A
R - TA

VUERPR YD) =R A

CLUROLERY) = A - vED
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R " TRy - (3 - Y'Er™)

Taking ERA max., i.e. that caleulated forq, = 1, €4 =

eosoesvoseve equl—ltion L“02¢52

4

0-203% at 13 pm particle diameter (see equations h.2.37, 4.2.39,

4,2.40), and substituting this value of €5° in equation 4.2.52,
gives (Y = +82, fr2(1) = ~0646 at 13 pim)

ACT) = -956. R(T)

now; £R(T) = £R(T) = £A(I) = fR(I).[1 = *956] = -Obh:R(I)

or, fr(I)

= 22-73£RNI) = 1°47, which is impossible .

Therefore if an incorrect value in respiratory zone deposition

is causing the 'low' values in€g, then the A error must be, at

the very least, a substantial fraction of I, if not actually

greater, which is impossible.

Howéver, it would superficially appear plausible to explain

thé 'iow' €r values, in part, in terms of a short-term clearance

of particles which initially deposited in the resniratory zone.

I1{ the majority of particles which initially depocsited in

the resniratory zone were to be cleared from the lungs within

the first
clearance
first few
initially
let it be

day after aerosol administration, the resultant

curve vwould have a fairly predictable shape. In the
hours. after aerosol administration the material which
deposited in the dead space airways would be cleared,

assumed. VYhen the material which initially deposited

in-the respiratory zone was cleared, both the profile scanner and

throat clearance curves would register its transit. It is

apparent from examination of the profile scanner clearance

curves in Figure 4.3.4, that most material is cleared within a

short time after aerosol administration; the same result is

even nmore

apparent from examination of the corresponding throat

clearance curves (Figures 4.%.10 - 4,3.13 and 4.3.17, 4.3.18).

In the latter, there is in some cases no clearance whatever

registered by the throat detectors from several to nine hours

after aerosol administration (subject PT1), despite the fact

that other experiments in the present work using smaller
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: partidles. have demonstrated that material would indeed be

- cleared in this time-interval given a sufficient aerosol
penetrance., This strongly suggests that most material which
‘deposits in the dead space airways at a particle diameter of
12 um, does so in the first few airway geherations. This is
inconsistent with the finding of a finite value of respiratory
zone penetrance and retention at the largest particle size and
suggests no significant short-term respiratory zone clearance.
It shovuld be-noted that although for some subjects at large
sizes (e.g. JH, d = 13,ymj there is a finite amount being
cleared at- 8-9 hours, this does not necessarily imply a finite
penetrance to the smaller airways and respiratory zone and may

well he caused by a 'delayed‘ clearance from the large airways.

~"The implication of both the ahove analysis of the
regional deposition fractions and the evidence of the clearance
curves 1is that aerosol penetrance and subsequent deposition in
the respiratory zone was actually negligible at the largest
particle size, and that the measured levels of retention aré
. due to an incomplete short-term clearance of particles which
inifially deposited in the dead space airways. If 13 ym
diameter particles were not completely cleared, it seems safe
to assume that an unknown proportion of retention at other
particle sizes was also caused by a finite dead space retention.
This considerath comnlicates the internretation of the
measured deposition fractions,' Considering the situation at
13 pm, if the above conclusion is correct, it may be predicted
that €ci should become unity when the 'real' value of fc(I),

fC(I) real say, is substituted into the equations, where,

£c(1) real = fc(I) + fR(I) = 0-426 at 13 pm particle -diameter

This then serves as a test of the mutual consistency of the

analysis and the conclusion. Equations 4.2.41 and 4.2.42 are

the most appropriate. ones to use hore since. most mater1a1 will ,~v"

be 1oqt in the head and alrways during inspiration if the above

' conCLouon 1s correct.

€ci real = fc(I) real = 0-955, which is close to
Y (1 - (D)) unity.
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‘At a'certain particle diameter between bh.g . 13 pum, it is
possible that there was a finite penetrance to the, respiratory
zoné. However, without a foreknowledge of retention due to.
purely reépiratory zone deposition, which is likely to depend on
particle size, it is impossible to further advance the present
analysis of these resﬁlts. The present curve for fR(Ij may
therefore only be regarded .as an upper limit to’ respiratory

zone aerosol deposition.

Comparing these results to these of other workers (Figure

Iy o

222 TP ] o) - TR P
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1S Srparcnt thatl. Lheld -io dvabonabie egléciient in

£7(1) and £c(I) with the one result of STAHLHOFFEN et al. (1979),
and in frR(C + R) with FOORD et al. (1978), in a limited region

of particle size overlap and conditions of aerosol administration,
but the results for fr(I) of LIPPMANN and ALBERT (1969) appear

to be in much closerlagreement with existing reSpiraﬁle dust.

sampling curves, although there appears to be more scatter of

observations in the results of the latter.

The influence of ?article shape, as well as size, should be
borne in mind, however (see Chapter 3, part 1(iii)a).  All the
above mentioned groups used similar particle production
techniques to those of the present study and their data may well
be comparable, but caution should be exercised until more

information is available concerning particle shape factors.

_Aercsol losses in the mouth (fw{I)} are lower in the
present work than those reported by FOORD et al. (1978), who
used a one centimetre diameter mouthpiece, and LIPPMANN and
ALBERT (1969), whose subjects clamped their teeth onto tabs at
the centre-line of the mouthpiece in some tests and closed
their teeth and lips around the externai rim of the mouthpiece
(diameter not specified) in others. The results for fH(I)

(= fw(I) + f3(I)) are reasonably close to those of STAHLHOFFEN
et al. (1979), who used a two centimetre diameter mouthpiece
(c.f. 2:5 centimetres in the present work). It is therefore
possible that mouthpiece diameter and-design is an important
factor in determining the magnitude of aeroscl losses in the
mouth, but more experiments are clearly needed before reaching

a firm conclusion.
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Of all four groups, the widely quoted (MERCER, 1975)

observations of LIFPMANN and ALBERT (1969) exhibit the most

scatter in any deposition fraction, In the light of the

experience obtained in- the present work, the following

explanatory comments may be helpful:

A

fo(I): The inhaled aerosol was not measured directly
by LIPPMANN and ALBERT (1969), fo(I) being obtained
indirectly by measurement of D (I = D + E). This

requires careful measurement of the radioactive content
of the lungc using vhels kody {or whole  lung) coun
systems (XHRET et al., 1964).  While the variation in
point Yo point counting sensitivity of their detectors
has been described by ALBERT et al., 1965, the details
of how the arhitrary detector count rate was converted
into a meas ure of the radiocactive content of the uhole
thoracic cage, in absclute units, are too vaguely

described to form a sound basis for judging the overall

accuracy of the method.

fw(I):  The mouthpiece design favoured high mouth

losses and changed during their experiments.

£s{I): The difficulties encountered when attempting
to measure this fraction were described in Chapter 3,
part 3. In the method of LIPPMANN and ALBERT (1969),

1limator design was such as to be unlikely to

the ¢

e

| separately resolve the laryngeal/phar&ﬁgeai region from

the upper lung lobes (see Figure 3.,3.11). Some of the
high values shown on Figure b.299(iii) may therefore be
caused by the inclusion of some’ 1un radioactivity,
while on the other hand scme of the low values may be
caused by a failure to prevent swallowing between the
end of aerosol administration and the time of measure-
ment of the lsryngeal/nharvr~eal depQSLt It 1s

possible to argue this point both wayb because of

- possible inter-subject differarces in anatomy and

positioning.
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- D. Clearance: The rupid fall-off in retention often
observed by LIPPMANN and ALBERT (1969) and’ AILBERT and
LIPPMANN (1973), in contrast to the results of many other
studies (BOOKER et al., 1967; CAMNER and PHILIPSON,

'1978; PAVIA and THOMSON, 1976; STAHLHOFFEN et al., 1979),
indicates that‘the initial laryngeal/pharyngeal éeposit
may have been included in their initial values of lung
retention. This would be consistent with the

‘possibilities discussed in point C . above.

M e i A P B T A . D e
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> Ve in the present work,
are lower than those of both FOORD Ei.él' (1978) and LIPPMANN and
ALBERT (1969), but agree better at the smaller particie sizes
with those of STAHLHOFFEN et al. (1979). Although the results
for f0(I) in the present work show a generally increasing trend
with increasing particle size, the relative amounts of aerosol
exhaled at the larger sizes are quite high for some subjects, »
The aerosol which occupies Ehe mouth, pharynx, trachea, and main
bronchi (total volume ~ 100 cc), may be a significant
contributor in this respect. It should also be borne in mind
that aerosols in.the respiratory tract obey a 'last in, first
out' principle (MUIR, 1967). The residence time of particles
which fail to penetrate even to the iﬁfrathoraeic dead svnace
airways is therefore the smallest of any part of the respiratory
tract. Moreover, because of the nature of flows in a typical
bfénthiﬁg cycle,.these particiés are alsc carricd in the slowest
flows of any part of the cycle duration, which must also lower
the probability of deposition by inertial impaction.

(iii) Discussion of results of variable breathing
pattern study

In the generally accepted understanding of the deposition
aerosols in the particle size range of the present study, there
are two main deposition hechanisms: inertial impaction and
sedimentation. Other factors being equal, the former is

velocity dependent, the latter, time dependent. In
'investigating the relative importance of each mechanism it
would be desirable to hold the effects of one constant while
the other was allowed to vary. Variations of the physio-

logical parameters which define breathing pattern; tidal
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volume and breathing frequency, are of little use in this
resﬁect since both residence time and respired flow rates
change‘together when there is a change in either physiologicél
parameter. It is not possible tc vary the residence time of
pérticles in a lung airway without a simultaneous variation in

the mean air flow velocity through it (except by breath;holding).

However, by adopting breathing patterns 1 and 2, shown iﬁ
Figure 4.2.18, it is at least possible to investigate the
importance of the time-dependent deposition mechanisms in the
-resniratory sone,  Thig ic eccomplished by using the same
breathing flow rates in both patterns. The aerosol deposition
~efficiency in the dead space éirways during an inspiration and
expiration, which depends on breathing fldw rate, is therefore
constant in both cases. The aerosol penetrance to the
reépiratory zone (I¢j) is consequently a cons{ant fraction of
I and the effects of'varying the particle residence times (by
varying tidal volume) in the'reSpiratory zone, on€g, may be
exsmined. (It should be noted that in the calculation of €g,
.66‘ must also be determined, This depends on C, which may not
be exactly equal in t%e results of both patterns because of a
difference in Ce (not€ce ). However, since Ce makes about an
order of magnitude smaller contribution‘to C, than Ci, even at
the smallest particle diameter, the error in.€ci and hence €j

is probably negligible. = It should also be.notedf;hat although

.....

..the fraction, Cd,.is a different fraction of C, between the two
patterns, this is allowed for in the calculétion of €, by using
the appropriate values of Y/ ). Pattern 3 is another variation
which allows the effects of a cﬁange'in breathing flow rate to
be examined by a comparison between the values of€c; y€ce,

obtained from the results of pattern 2.

Three subjects were studied for each patterh, all at 45 ym
particle diameter, which was considered to be about the highest
size that could be employed in a study of the time-dependency
of aerosol deposition in the reSpiratofy_zone, : The deposition
fractions obtained are listed in Table 4.2.3 and plotted in
Figure 4.2.19. The indi§idual and groupraQerage breathing
conditions are llsted in Table 4.2.4. Thebcalculated regional

deposition efficiencies, €y . €c,€R » for values of 4, =q =1,
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are plotted in Figures 4.,2.20, 4.2.21, 4.,2,22, respectively.

' Values of Er show.no obvious increase between patterns 1
and 2, despite the fact that the mean particle residence time
was some 5C% higher in pattern 1, than 2. Values of €R in
pattern 3 also show no obvious differences over those of
pattern 1, although it should be borne in mind that the
relative aerosol exposure to the respiratory zone is slightly

different to those of patterns 1 and 2.

In view of the strong possibility of a finite retention of
"parficléé in the dead\sﬁécé.éirways about one day after
aerosol administration,Athe.results of the brégtﬁing pattern
study must.be treated with some.caution. In particular, it is
possible, for example, that there are differences in € between
patterns 1 and 2, being masked by a 1arge'proportional
contribution of dead space refenfion. Whatever the cause, the
analysis of the preceding section has demonstrated that the
devosition fractions, and therefore efficiencies, cannot be
correct.. It is therefore doubtful if any useful information

can be derived from this aspect of the present work.

(iv) Reproducibility of aerosol devosition fractions

Owing to limitations of radiation dose and the considerable
time spent by each subject involved in the study, it was not
possible to perform repeat observations in more than a strictly
..limited number of subjects (MS and PT). Nonetheless, agreement
between the two repeat runs was generally good in both cases
(Table 4.2.5). Values of fo(I) are almost exactiy equal, as
aré all the other deposition fractions for subject, MS. For
subject, PT, there appears to be an increase in fs(I) at the
expense of fC(I). This again indicates the importance of the
larynx as a source of variability in a subject. The
reproducibility of the clearance curves is discussed in the

next section of the present chapter.

Short-term clearance results

(i) Profile scanner clearance curves

The individual and group-average (averages calculated at

hourly intervals) profile scanner clearance curves are plotted
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in Figures 4.3.1-4.3.4. - The averages alone are shown in

- Figure 4.3.5. By means of the vertical scale shown in the
latter figure, the times taken to clear specific. percentages
of the initial deposit below the larynx have been calculated,
plotted in Figure 4.3.6. Although all individual clearance
curves exhibit a marked scatter of'points, whose possible
origin is discussed below, all manifest a clear downwards
trend with increasing time and a virtual levelling-off after

several hours, particularly at large particle sizes,

. This indiacates that the Jo=
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deposit in-the upper airways +to be cleared quickly, while the
smaller particles penetrate more deeply into the lungs and are
‘cleared more siowly. The results shown in Figure 4,3.6
indicate that the percentage of the initial deposit cleared is
a reascnably constant fraction of the final amount cleared,

at any particle size, for the early part of the clearance
period. This may imply that the relative amounts of aerosol
depositing in very large airways tends to be a reasonably '
constant fraction of the total deposit below the larynx, at

any size.

~_There is no obvious evidence in these curves of a delayed
short-term clearance from the respiratory zone, The final

point determination at 20-22 hours after aerosol administration

.ig invaria sval £ retention-measSured the

5 O

.
:
o

]

previous night, indiéating only a small degreeé of clearance in

the intervening period.

The observation of a very rapid fall-off in retention in

- the first few minufes after aerosol administration by ALBERT
and LIPPMANN (1973), is not supported by the present data,
which are more consistent with the results of BOOKER et al.
(1967) and STAHLHOFFEN et al. (1979). It is possible that full
account was not taken by ALBERT and LIPPMANN (1973) of the
-material which‘initially'deposifs in the laryngeal/pharyngeal
region. This is shown in the present work to be a significant
. deposit-at all particle sizes employed ahd, also, to be rapidly

translocated to the stomach.
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- (ii) Throat clearance curves

S.4 Ty e
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The origin and purpose of the throat clearance’measure-_

Tmenfé'was.described in Chapter 3, part 3(iii). As many

‘measurements per unit time as possible were made in order to

resolve the very rapid clearance fluctuations. The throat
clearance curves for those subjects with only a single detector
plaéed over the larynx are presented in Figures‘4.3.7-h.3.12,.
and those for subjects with the double detector arrangement,

in F1gures L,3,13-4,3,22. In the figures showing the double

An&-nf\&nm rocul s m Asimmesmn i mafasm Lo Va2 m.
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to the tracheal. -Two sets of curves are presented in each
case: a plot of total counts obtained in a two-minute counting
period (i) (after allowing for a radiation background and
isotope decay); and a plot of the average recorded counts over
four successive two-minute counting periods (ii). The latter

enables the slower phase changes to be more rapidly discerned.

The fhroat clearance curves .obtained at the large particle
sizes (PT1, Figure h.3;12; PT2, Figure 4,3.17; AD, Figure
L,3,13; KD, Figure 4,3.18), with the possible exceptions of
subjects JH, Figure 4.3.11 and PH, Figure 4.3,10, ( a smoker),
manifest a rapid fall-off in count rate after only several hours,
as might be expected. The throat clearance curQes for subject,
PT, obtained at different dates (c.f. Figure 4.3.12 and k,3,17(1),

) T nt 1n

1-4
[

ve are markedly similar.-,
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" the Tq, Tp, curves (Figures 4,3.20 and 4,3.21) obtained at

different dates and averaged over four consecutive measurements
(ii) show some agreemgnt, particularly over the first two hours,
but thié is not obviously apparent in the non-averaged curves
(i). In Figure 4.3.20(i), (MS1), any agreement between the
Qa/ﬁb, curves obtained on the same date is somewhat obscured by
the rapidity of the clearance fluctuations, but is apparent on

the averaged curves (ii).

The double detector curves for .subject, AD,bmanifest the
most obvious temporal phase-lag agreement between the T,/Ty
curves (Figure 4,3,13(i) and (ii)), while those for subjects
ATM, RH, KD, (Figures L.3.14, 4.3,16, 4.3.18, respectively), are

uncertain over both curves (i) and (ii). Subjects, FH, VC, JV,
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(Figures 4.32.15, 4.3.19, 4.3,22, respectively) show no obvious
signs of matching between Tq and Ty. However, all these
clearance curves exhibit temporal variations thaf are often
non-random, indicating they are of systematic'origin. The
absence of phasic matching in the QJ/Tb curves of: some subjects
indicates that changes in the distribution of particles whilst
they reside in the tracheal/laryngeal region may be of

jmportance in some cases, while the excellent phasic matching

in other cases is good evidence for the ex1stence of large

. \l.
variations in the distribution of particles over the airway

walls -before they are cleared into the trachea. This would be
consistent with the limited observations of MORROW (1965), who
placed a single detector above the carihal ridge of the trachea
and observed a single clearance 'oscillation', having a period’
of about one hour. Some non-random clearance fluctuations were

also observed by ALBERT et al. (1965).

It therefore seems justifiable to consider the origin of
the fluctuations in relation to the deposition and clearance

processes of the human respiratory tract. - However, it is

“‘pointed out that the following discussion is intended only as

helpful Speculatlon.

Although there w111 undoubtedly be a local variation in
the 1n1tlal distribution of inhaled particles over the airways,
b bldeﬁ&iiunb,lit would séeém improbable that
such local variations could persist during the.ciliary transport
process and arrive at the trachea 'intact'. YEATES et al.
(1975) have observed the tracheal transit of several impaction

'bvoli', shortly after dust insufflatioh, so it is just possible

" that some of the early peaks observed in the present work have

such an origin, - Despite thlS, the observat1ons “of non-random
cleafanée fluctuations even up to nine hours after aerosol
administration makes it highly unlikely that.their sole origin
lies in the initial particle distribution. It is generally
accepted that sedimentation is the dominant deposition mechanism

in the smaller airways (TAULBZE and YU, 1975), which would tend

* to.leave a fairly uniform deposit oyer the airway walls. The

posSibility of a local variation in the sedimentation deposit

is hard to predict, but even if such deposits existed they
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would be unlikely to persist during the long ciliary transport
process. Moreover, the slower phase clearance fluctuations
observed in the present work must also be considered. In many
subjects there is a slow but large rise in count rate,

followed by a slow fall, followed by another rise. It would
seem improbable that in the intervening period of low count

rate between peaks represents a specific region of the airways
in which negligible particle deposition occurred., Presumably,
the ciliary . transport fluid entering the trachea at any given
time has its origin over a wide range of different airway paths.

It seems inconceivable that each of these different paths, at

a given point, experience a simultaneous failure in the particle
deposition mechanisms. It may therefore be more reasonable to
consider the possibility of a biological modification to the

inhaled particle distribution.

A number of biological factors may exert a possible
influence on the relative amounts 6f inhaled particles entering
the trachea at different times. Perhaps the most obvious is
the likelihood that the thickness of the ciliary transport fluid
.&ncreases as it 'ascends' the airways (HILDING, 1965). This
arises because material is being cleared from a large area
( ~ O-Sn%) into the comparatively small area of the trachea.

It has even been postulated that a fluid 're-sorption' must

occur in the larger alrwavs 1n order to accommodate this large
.":volume of cleared fluid (KILBURN 1068). A degree of mixing

and overlapping of fluid layers from daughter airways may
.therefore occur at the bifurcations. This .would have the effect
~of faising the specific radioactivity per unit area of an

Iinhaled radio-éerosol. However, since such changes would be
neéessarily slow in character they may perhaps only account for

the more gradual changes observed in the present work.

Another possible biological modifying influence on the
inhaled particle distribution is that of the secretion of mucus
‘ from_the mucous glands that ére found most frequently in the
large airways. Such an influence would depend on there being
an_irregﬁlarity in the mucus emissions as well as a subsequent

delaying effect on the clearance process.
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Finally,'there is the more direct'possible influence of
the cilia themselves, If their beat frequency were to undergo
large temporal vériations in the large airways or trachea,

"clearance fluctuations might result. However, aside from the
slow diurnal changes, more rapid fluctuations have never been
reported by those involved in the direct measurement of
clearance rates in the trachea and elsewhere (SACKNER et al.,
1973; BATEMAN et al., 1978).

In conclusion, no definitive explanation of the observed
clearance fluctnations can be offerad, hnt the halence of

arguments would seem to favour a mainly biological cause.
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dym |subject | fom fwm | fsm fewm fro
DCFM 7020 0088 0 2579 4353

AM 7945 | 0087 0265 -2331 5262

AR ‘8776 0116 -2555 2210 -3895

4L.55 groupay| 7914 0097 0940 -2373 4503
HG 7882 0105 1362 -3528 -2087

-Ré B 8—9!.6 0215 M 11.50 3468 3803

PCE | 790 0 0 3745 3745

6-74 |groupav.| 8106 0107 | 0941 3580 3478
PT *| 9050 | -0325 4525 -3537 0636

PH 9281 0367 3565 4386 .0963

KD 96 4 4 1047 4605 3057 0936

1045  |groupav.| 9325 .0589 | 4232 3650 | 0845
TDW -9L28 | -0636 4365 3992 0434

JH 8647 1682 12870 ‘3276 0819

AD 8382 0492 3636 3573 .0681

13-04 group av.|{ -8819 0937 3624 ‘3613 0646

¥ = average of 2 results

Table 4.2.1: Deposition fractions in variable particle

size study.
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aum éUbje'ct fb fp, inh : exh [enV. +\
DCFM 917 70 1:220 nd.
AM 10-09 62 1:2:50 317
AR 10-15 31 1:0-96 2:30
455 groupav| 9-15 54 1:1-89 “2-71.
HG .10-2'{ 25 1:119 2:°4L8
KB S 1007 .34 1:1-71 *2.95
PCE 10:12 25 1:09L n.d.
6764 |group av.| 1015 28, 1:1-28 2:72
PT *| 1021 7| .32 1:0908 265
PH 10-03 -30 1:1:00 3.10
KD 10-60 24 1:1:29 3.20
10-45  |groupav.| 10-28 .29 13109 2.98
TDW 3-81 ‘49 1:0:67 2:42
JH 9.9 .27 1:0:95 290
AD 990 "l .26 1:1:09 3-52
13:04 groupav 9-88 34 1:0-90 2-95
nd. = not determined
* = average of 2 results

Table 4.2.2: Individual breathing conditions ( f, =

v

10 breaths

= 1-0 1,) in variable particle size study,

T

min.,
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pattern|subject| fom | fww | fswm few f R(D
DCFM | 7020 0088 | . 0 ©2579 | +6353
1. :
AM 7945 0087 0265 2331 5262
Ve =10l [— -
AR 8776 0116 2555 <2210 +3895
fl,.\ -‘-980
groupav.| <7914 0097 0940 +2373 ‘4503
. ATM | 8356 0027 | 0774 1239 | 6316
2. :
‘ FH -+755 6005 0371 1869 5321
Ve = 151 ‘ :
RH 8292 0 1780 12084 4,428
fb =664 .
group av.| 8071 0011 10976 11731 5355
5 vC | 8372 | .0034 - 0 3335 5003
‘ H
MS +7308 0044 10639 1623 5002
v, = 1ol
: JV “8L66 0010 0204 4L 4,56 3796
fb s 6-78
groupav.| 809 -0029 :0281 £31389 6600
X average of 2 results

Table 4.2;3; Deposition fractions in variable breathing

pattern study.
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pattern|subject fb tp1 inh:exh| v erVv.+ Vs
DCFM 917 70 1:2:20 1.0 nd.
1 AM 10-09 62 1:2:50 1.0 317
. AR 10415 231 1:0:96 10 1 2:30
groupav. 9:80 ‘54 1:1-89 1-0 2:7¢,
ATM 6:77 o Ll 10114 15 3.82
) FH 658 -35% 1:1-18 15 456
| RH 657 -27 1:1.13 1.5 326
groupav,| - 664 35 1:1.15 1-5 391
VC 695 66 1:148 | 1.0 378
2 MS * 671 37 1:1:05 10 3-00
' NAY) 667 37 1:1.56 1-0 2-27
groupawv| 678 47 1:139 1.0 '3-02
nd. = not determined
% = average of 2 results

Table 4.2.4: Breathing. conditions in variable breathing

pattern study,
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|subject| dum fom fwm | fsm fem f R
MS 1 453 7312 0045 10873 471 4923
MS 2 466 7304 0042 0405 <1783 5074
MS av. 460 7308 0044 0639 1623 5002
PT 1 10-21 8920 0269 3358 4605 0688
rFi 2 i0-55 9180 0434 5693 v2519 0534
PT qv. | 1038 3050 40352 4525 3537 0636

A, Deposition fractions{
| éubject fy tb1 inh:exh| Ve erv +Vvs
MS 1 6:70 29 1:1-09 - 300
MS 2 672 4l 1:1.01 1 3.00
1MS av 671 37 1:1-05 1 3-00
PT 1 10:20 34 1:0-91 1-‘ 2-65
PT 2 10-22 30 1:1:05 1 265
PT qy | 1021 32 1:0-98" g 2:65

B, Breathing conaitions.

Paple 4.2.5: Reproducibility of results.
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5. CONCLUSIONS AND RECOMMENDATICNS

It is doubtful whether much useful information may be obtained from
the results of the-present work on either the size fraction of reépirable
dust or the size fraction of dust which deposits on the dead space air-
ways. The possible exception to this is the finding that the laryngeal/
pharyngeal region is an important filtration mecharism, particularly at
large particle sizes. In terms of absolute filtraticn efficiency it is
rivalled only by the human nose (HEYDER and RUDOLF, 1977). However,

while the results may add little to existing knowledge of the aerosol
devosition characteristics in the human reaniratory tract they moy well
subtract from it owing to the dcubts cast on the results of other workers
in the field who employ similar techniques. In particuler, such work
normaliy déﬁends on the assumption of a nearly conmpletely effecfive short-
term removal of particles which initially deposited in the dead space air-
vays (LIPPMANH and ALBERT, 1969: FOORD et al, 1978; STAHLHOFFEN et al,
1979). Agreement between the regional deposition results of the present
work and the latter two of these groups is reasonable, in a limited rarge
of conmparison, rarticularly ccncerning the fracticnal clearance after’
about one day. This suggests that despite the widely differing

techniques employed, reasonable 'accuracy'has been obtained in each case.
Whether or not the same comments should apply in the case of total
depdsﬁticn must uitimately depend on a subjective evaluation of the
techniques employed by each group. However, it is the regional -deposition
that is of most practical significance and until the doubts cast on the
validity of such data are satisfactorily resolved the results of all

groups should be regarded only as an upper deposition limit, in the case of
respirable dﬁst, and a lower deposition limit, in the case of the dust fraction
which deposits on the dead space airways. Until then, the present
respireble dust sampling criteria look reasonable (i.e. BMRC and ACGIH),
but those recommended by the Task Group onALung Dynamics (1966) seem toé

high in comparison with the results of the present work.

In the meantire, it is recommended that other techniques be employed,
or invented, to define the true regional aerosol deposition character-
istics in the human respiratory tract. In particular, the use of radio-
opague dusts shéws great promise if a satisfactorily monodisperse test-
aerosol can be produced. Such work has already indicated the possibility

of very lengthy residence times on tantalum dust in the ciliated airways -
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of human volunteers (NADEL et al, 1970), but iﬁterpretation of the degree
of zerosol penetrance is severely complicated by the poor quality -of

such aerosols (SMITH_@E gl,'1976). An interesting incidental effect
sometimes observed by experienced bronchograrhers is that the
bronchographic medium can be rapidly distributed in patterns inter-
preted as alveolar filling (LEITH, 1977). This raises the possibility
of a transfer of deposited particles from the dead space to the
respiratory zones and should certainly be considered as a possible factor

in interpreting the results of the present work.

__ Besides being of value in resolvira questions on the experimental
égéﬁrégy~of fﬂe presént resulis, there are other importan%”féssbhs why
the effectiveness of short-term clearance in the dead space airways
merits further investigation. For example, if the residence times of
dust in the dead gpace are far longer than is presently assumed, then the
calculated radiation dose due to inhaled radionuclides may well be
éeriouSly underestimated:  Such assunptions are also often involved in
the determination of what is, ostensibly, long-term alveolar clearance in
experimental_animals (HATCH and GROSS, 1964)°

The purely qualitative observations on the nature of clearance
patterns in the present work alsc merit further investigation. The' -
relevance of this phenomenon, besides possibly underlying some basic
physical or biological mechanism, lies in the concentration of dust
deposits atéelected points in the lungs. Complications might arise, for
example, in the interpretation of the regional deposition and clearance
patterns of inhaled radioactive aerosols using scintillation cameras .
(LOURENCO et al, 1971). '

N
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APPENDIX 1

The filtéer is in effect ’comprised of two in-series filters

Cd.‘ Cde say, possessing an aerosol deposition efficiency ofEcd; ,

€.de » for inspiration and expiration, respectively.

Referring to Figure A.1,

€Cd: Tcd ~ Ecd = 1 = Ecd
Icd Icd

~, . . -~ . L e o o o A £ an L S )
LOT™bLmpLiIv ALy SUPPUSE Liiau,

€-cde "= Cde =€cdi = Cdi = Ccd'

’
<

.'. Ecd = chl('] -€cd' ) ¢

and, Icd’ = Tcd (1 =€cy')

E - Tcd (4 —€cd' )zil
Tcd

V€ed = 26 —E:cd’z ~  2€cd’  for small values ofCcd

v" €c‘d

Since, assuming equal efficiencies in both directions of flow,

«+ +0<gq <~ 2

When, a, # 1,€cd cannot be related directly to€c y only to€ci ,
or€ce . When Eci >€ce ’ q1 > q,s Whe}" €ci <€C! K
q1 < . when a, = 1, €ci =€ca :Ec ' q1 = ql‘; conditions which are

satisfied by the equation below, a simple approximation only. . -

q = 91 + 93 - eso0csscses equation‘4.2o35
2
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APPENDIX 2

# Now, D = Wi + 8 +Cj +Cq + R +Ce+ Sec + W

I

Jeofp(I) = 1 [Q,.I +C g I =€) +E€g XTI =€, €

+ g, .6 YT =€, <€)
+ €y <Y'I(.‘\ NDIC I PID RTINS & (SR IE -€s)>
+ e \FI0 0001 ) - XTO -G -Es)
- € G’I(w -€w)(1 =€ ) - Cei YT "EHi)>>
+€5 <y'1(1 €01 =EQ) .."E_Cil.Y'I(‘l )1 =€)
- €, 6'1(1 —Ew (1 -5 ) —€ei Y'T(1 €W )0 -€s)>

-€Ce <Y'I(1 L)1 =€) =€, YT S E)

- -€r <Y'I(1 € )1 =€5) =€, XTI ) (1 € )>>)
+E é{'Im ~€w)(1 -€s) -€ai XTI -Ew)(1 -€s)
B U
-Ex \—\"'C_w T Lsd Qi LG w2 t_s)/
-€ce <Y'1(1 A-giw)(1 -€s) -€g JY'IC -, -Eg)
-€q (Y I(1 €, )1 =€) -€¢ X'I(1 =€) (1 =C5 »
-€, 6’1(1 -Ew.)“ -€5 ) ‘Ec.' YI(1 -Cw (1 =€)
-€,q é{ I(1 £€,001 =€) -E€¢ Y'T(1 €, )1 -659
| v | J -ECC 6{‘1(1 -Cy) (1 -65) ~€¢ YT -€, (0 <€)
s

.~ -€, é{ I(1 -€,)(1 <€) €, XTI €, € )))))
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+€ ¢ <Y(1 €1 =€) - a,- € YO =€, 00 -€s')>

+€ <Y(1 ~Ey)(1 € - q,-E YO -€)01 =€)

-€, <y(1 SEU =€9) - ay. € Y1 -€,)(1 €

Cancelling I and simplifying gives,

F(1) = {gw W51 -€,) €, ¥(1-€,000 -€,)

L

€y YO €)1 -€4)

+€q 6{’(1 =€) =€) (1 Ly )>

+ €Ce <Y/(1 —Ew)('l -65)(1 -€'Ci Y(1 -Ens

+€ ¢
+Ew
+C ¢

o€ w

N T N

Y

AN

Y

e N

YI

(1 -EW)(1 {S)(1 -€Ci )(1 "E‘.R)(‘] "'ECQ )>
(1 -€,)(1 €501 =€ )1 €)1 =€, (1 -55)>
(1-€)(1 -€6)(1 = a6 )>

(1 -€y)(1 €)1 - q,.C, V(1 £ 9]

..

Y/ (1 -Cw)(% -€4)
Pi(1 -Cg )

P(1 £R)

P3(1 -€. )

Py(1 =€)

YO - (01 -€)
Py (1 = q.€¢)

Py (1 -€5)

)]

¥
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C f0(I) becomes,
fD(I) =€W +€5(1 "'e:w) +€Ci [PAl + QL-P1 + qg'PJ
+p P +€5 P, {W-Ps +C 5Py +Cy P
. ' ’ »
.. fo(I) =€W[1 + Py + P3:\ + 65{1 -Cyw+ P o+ Pz’]
/ . : l
+ € [P1 + quePy + qu.P) +C, WP, «e.. equation 4,2,48
N
q
xr |
.'"d
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